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PROJECT 1: Effect of Angiogenesis Inhibitors in Preventing
Ovarian Cancer Growth



(4) INTRODUCTION:

New blood vessel development (angiogenesis) is necessary for ovarian cancers to
grow and spread inside the peritoneum (1 -3). Angiognesis is a complex process
involving growth factors and matrix degrading proteases (4). Angiogenesis can also be
inhibited by a number of proteolytic fragments of the extracellular matrix and
coagulation cascade. One of the well-studied antiangiogenic molecule is endostatin,
which, is produced by the proteolysis of collagen type XVIII that is selectively expressed
on vascular basement membrane (5,6). We have earlier shown that a mouse endostatin is
effective in inhibiting ovarian cancer growth in athymic mice (7). Furthermore,
endostatin treatment delayed the appearance of malignant lesions in a transgenic mouse
line, which has been genetically modified to develop mammary adenocarcinomas (8).
These studies demonstrated the potential of using antiangiogenic molecules to prevent
and treat ovarian cancer. While native endostatin was effective in inhibiting cancer
growth, its biological activity can be further improved by genetically redesigning the
molecule to enhance bioavailability, tumor homing and potency. Structure-function
studies are necessary to accomplish this goal. Endostatin binds to integrins and glypicans
expressed on endothelial cell surface (9,10). Regions of endostatin involved in binding
these molecules are not completely understood. During expression cloning of human
endostatin, we identified a mutant protein containing a substitution of proline to an
alanine (P125A) . Pro 125, is located immediately upstream to Asn-Gly-Arg (NGR)
sequence. NGR containing peptides target tumor vasculature and inhibit endothelial
membrane associated aminopeptidase N activity. Therefore investigations were carried
out with the mutant endostatin and the native protein.

(5) BODY:

Hypothesis and Purpose: Ovarian cancer growth and peritoneal spread is dependent
on neovascularization. Furthermore, angiogenic growth factors such as VEGF play an
important role in the development of malignant ascites. Therefore, inhibition
angiogenesis will have a significant impact on the development of ovarian cancer. The
purpose of the present study is to determine the effect of angiogenesis inhibitors on
ovarian cancer growth.

Task 1 : Large-scale production of angiostatin and endostatin. Evaluate their efficacy in
ovarian cancer model systems. This task has been completed. Fermentation conditions
have been optimized to make large-scale production of endostatin in yeast. Major
findings from this study are that mutant endostatin containing a single amino acid
substitution, P125A endostatin was prepared and characterized. Even though substitution
of proline residues are considered to be non-conservative and expected to change protein
folding, P125A endostatin was expressed in soluble form. Circular dichroic studies
showed near identical spectrum when compared to native endostatin. These results
suggested that no major alterations in the secondary structure occurred by P125A
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mutation. P125A-endostatin was found to be more potent in inhibiting ovarian and
breast cancer growth. Tumor bearing mice treated with the mutant endostatin showed
differential inhibition of angiogenic growth factors at the tumor site.

Task 2 : Alternate methods to improve antitumor activity of angiostatin and
endostatin. Angiogenic inhibitors in combination with chemotherapy for example are
likely to be synergistic in inhibiting ovarian cancer growth. Two strategies were
proposed ; a) combination treatment with chemotherapy and an angiogenesis inhibitor
and b) genetic modification of endostatin to improve its bioavailability and potency. For
the later approach, endostatin was modified with specific vascular targeting motifs.

A number of chemotherapeutic drugs were tested for differential effects on endothelial
cells. Interestingly, carboplatin, maphosphamide, methotrexate, melphalan and
chlorambucil induced survival signals in endothelial cells by producing VEGF. VEGF
secretion was transcriptionally upregulated upon treatment and protected endothelial
cells from apoptosis. Neutralization of VEGF by antibodies sensitized endothelial cells
to chemotherapeutic drugs. Based on these observations, in vivo studies were carried out
using human ovarian cancer xenografts in mice. Treatment of ovarian cancer bearing
mice with carboplatin and anti-VEGF antibodies synergistically inhibited tumor growth.
Endothelial cell survival signal therefore offers a mechanistic understanding for
combining antiangiogenic and chemotherapy for better clinical outcome. In fact, our
studies demonstrate a unique mechanism, which may be responsible for the clinical
benefit seen in trials using Avastin (anti-VEGF humanized antibody) and chemotherapy.
We are currently pursuing the molecular mechanism involved in VEGF expression in
endothelial cells following exposure to carboplatin. In a parallel study, we investigated
the effect of P125A-endostatin treatment along with chemotherapy to inhibit ovarian
cancer growth. Ovarian cancer cells were transplanted i.p. to establish tumors for 7 days.
In this orthotopic model, about 40 % of the animals treated with a combination of
carboplatin and P 125A-endostatin remained tumor free for more than 200 days.

Task 3. Investigate genetically engineered endostatin to inhibit ovarian cancer growth.
Since P 125A-endostatin showed improved antiangiogenic activities, it was important to
understand the mechanism of action. Both mutant and native endostatin did not affect the
amino peptidase activity indicating that this enzyme may not be the target for endostatin.
Two synthetic peptides were made on containing the mutation and the other
corresponding to the native sequence. Both peptides are then characterized for their
ability to inhibit endothelial cell proliferation in vitro. RGD addition to P125A-endostatin
enhanced the biological activity even further. Carboxyl terminus modification produced
better activity when compared to the amino terminus mutation. Presence of RGD
increased the amount of endostatin that can localize onto tumor vasculature. P 125A-
endostatin was then microencapsulated into alginate beads for slow release. Slow release
preparations vastly improved inhibition of tumor growth.

Since a slow release formulation gave better antiangiogenic and anti-tumor effect,
we constructed a gene therapy vector to express the mutant endostatin in situ. This
method is a logical progression toward clinical development of antiangiogenic therapy
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for ovarian cancer. We used adenoassociated virus (AAV) for the expression of mutant
endostatin. A single injection of AAV-endo was effective in secreting endostatin for
more than two months. There was a dose dependent increase in endostatin levels in
serum. Single injection of 1 x 109 virus particles at an intramuscular site was able to
inhibit ovarian cancer growth more than 75 %. AAV based gene delivery was effective
when delivered into the peritoneum. Our immediate goal is to complete preclinal studies
and progress towards clinical development of an anti-angiogenic gene therapy protocol.

(6) KEY RESEARCH ACCOMPLISHMENTS:

" P 1 25A-endostatin was expressed in yeast. Biochemical characterization of the
mutant endostatin was carried out.

"* P 125A-endostatin mediated antiangiogenic effect was characterized. Mutant
endostatin was found to bind endothelial cell more efficiently when compared to
the native protein.

"* Mutant endostatin inhibited endothelial cell migration better than the native
endostatin. Consequently, the mutant endostatin was very effective in inhibiting
tumor cell-induced angiogenesis in vivo.

"* P125A-endostatin was able to localize onto tumor vasculature more efficiently
than the native protein. Increased biological activity alone with improved
localization lead to improvement in anti-tumor efficacy.

"* P125A- mutation did not change the accessibility of N-G-R sequence, which is
present immediate to the mutation site. N-G-R sequence targets amino peptidase
N that is expressed on endothelial cells. Neither the native protein nor the mutant
endostatin inhibited amino peptidase activity.

"* Vascular targeting sequence, RGD, addition to mutant endostatin (P125A)
improved its tumor homing properties. Amino terminal addition of RGD sequence
was less effective when compared to carboxyl terminal modification. RGD-
modified P125A-endostatin was highly effective in inhibiting endothelial cell
proliferation and migration.

"* Endostatin-RGD was more effective in inhibiting ovarian cancer growth. Both
bolus injection and slow release formulation of endostatin was evaluated for anti-
angiogenic and anti-tumor activities. Alginate micro encapsulation of RGD-
endostatin ensured slow release and resulted in long-term remission in an ovarian
cancer model. Slow release formulation also helped in reducing the dose by about
7-fold when compared to bolus injections.

"* As an alternate to protein delivery, gene therapy vectors were constructed.
Adenoassociated virus was constructed to express c-DNA encoding P125A-
endostatin. AAV was found to be efficient in expressing the transgene either
given intramuscularly or intraperitoneally.

"* AAV-endostatin was expressed for long-term. Serum levels were found to be
dose-dependent. Even 20 ng/ml secretion was found to be effective in inhibiting
angiogenesis.

"* Injection of a single dose of lxl09 virus particle was sufficient to express
effective levels of P 125A-endostatin for up to two months.

"• AAV-endostatin inhibited ovarian cancer growth very efficiently.
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"* AAV-endostatin when combined with carboplatin therapy resulted in significant
increase in disease-free survival in an orthotopic model of ovarian cancer.

"* A non-invasive imaging method was developed to follow intraperitoneal growth
of ovarian cancer by genetically modifying ovarian cancer cells with DsRed
fluorescence protein.

"* Effect of antiangiogenic gene therapy is being investigated in a surgical debulking
model of ovarian cancer.

(7) REPORTABLE OUTCOMES:

Manuscripts :

1. Yokoyama, Y., Dhanabal, M., Griffioen A.W., Sukhatme, V.P, and Ramakrishnan, S.
Synergy between angiostatin and endostatin: inhibition of ovarian cancer growth. Cancer
Res. 2000 Apr 15;60(8):2190-6.

2. Yokoyama, Y., Green, J.E., Sukhatme, V.P. and Ramakrishnan, S. Effect of
Endostatin on Spontaneous Tumorigenesis of Mammary Adenocarcinomas in a
Transgenic Mouse Model. Cancer Res., 60: 4362-4365, 2000.

3. Schumacher, J.J., Upadhyaya, P., and S. Ramakrishnan. Inhibition of Vascular
endothelial cells by 1,4-Phenylenebis (methylene)selenocyanate - A novel
chemopreventive organoselenium compound. Anticancer Res., 21:1945 - 1952, 2001.

4. Ramakrishnan S, Wild R, Nojima D. Targeting tumor vasculature using VEGF-toxin
conjugates. Methods Mol Biol. 2001; 166:219-34.

5. Griffioen, A.W., Daisy, V., Ramakrishnan S. and Molema, G. (2000) Targeting drugs
to Tumor Vasculature. In Series : ' Methods and Principles in Medicinal Chemistry. Eds.
Kubinyi, H., Mannhold, R., and Timmerman, H.) Drug Targeting. (ed. Molema, G).
Wieley-VCH Verlag GmbH, Germany Pub.

6. Calvo, A., Yokoyama, Y., Smith, L.E., Shih, S-C., Feldman, A., Libuti, S.,
Ramakrishnan, S., Green, J.E. Inhibition of the mammary gland adenocarcinoma
angiogenic switch in C3(1)/SV40 transgenic mice by a mutated form of human
endostatin. Int. J. Cancer, 101: 224-234, 2002.

7. Dings, R.P.M., Yokoyama, Y., Ramakrishnan, S., Griffioen, A.W., and Mayo, K.H.
The designed angiostatic peptide Anginex synergistically improves chemotherapy and
antiangiogenesis therapy with angiostatin. Cancer Research, 2003, 63: 382-285.

8. Yokoyama Y. and Ramakrishnan, S. Addition of integrin binding sequence to a mutant
human endostatin improves inhibition of tumor growth. Int J Cancer. 2004 Oct
10; 111(6):839-48

9. Wild, R., Dings, R.P.M., Subramanian, I., and S. Ramakrishnan. Carboplatin

selectively iduces the VEGF stress response in endothelial cells : Potentiation of
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antitumor activity by combination treatment with antibody to VEGF. Int. J. Cancer 110:

343-351, 2004.

10. Wild, R., Yokoyama, Y., Dings, R.P.M., and S. Ramakrishnan. VEGF-DT385 toxin
conjugate inhibits mammary adenocarcinoma development in a transgenic mouse model
of spontaneous tumorigenesis.
Breast Cancer Res Treat. 2004 May;85(2): 161-71.

11. Yokoyama Y, Ramakrishnan S. Improved biological activity of a mutant endostatin
containing a single amino-acid substitution.
Br J Cancer. 2004 Aprl9;90(8):1627-35

12. Subramanian IV, Ghebre R, Ramakrishnan S. Adeno-associated virus-mediated
delivery of a mutant endostatin suppresses ovarian carcinoma growth in mice. Gene Ther.
2005 Jan;12(1):30-8

Meeting Abstracts

1.Wild, R., Ruud, D., and Ramakrishnan S Carboplatin differentially induces the VEGF
stress response in endothelial cells. Potentiation of anti-tumor effects by combination
treatment with antibody to VEGF. ABSTRACT #1954, PROCEEDINGS OF AACR
April 3, 2000, p 175.

2. Yokoyama, Y. and Ramakrishnan S Genetic modification of human endostatin
RGD-motif potentiates anti-tumor activity. ABSTRACT #3112, PROCEEDINGS OF
AACR April 3, 2000, p 247.

3. Yokoyama, Y. and Ramakrishnan S Synergy between Angiostatin and Endostatin.
KEYSTONE meeting, March 2000, Salt Lake City, Utah.

4. Wild, R. and Ramakrishnan S Targeting Tumor vasculature with VEGF121-DT385
conjugate. KEYSTONE meeting, March 2000, Salt Lake City, Utah.

5. Dings, R.P.M., Y. Yokoyama, D.W. van der Schaft, S. Ramakrishnan, J.Wagstaff,
K.H. Mayo and A.W. Griffloen.
The angiogenesis inhibitor b-pep-25/Anginex potently inhibits tumor growth in vivo.
Abstract # 14, p3. Proc. Am. Assoc. Cancer Res., March 2001.

6. Y. Yokoyama and S. Ramakrishnan.
Enhanced anti-tumor activity by controlled release of endostatin.
Abstract #3160, p588. Proc. Am. Assoc. Cancer Res., March 2001.

7.. Y. Yokoyama and S. Ramakrishnan
Improved inhibition of tumor growth by genetic modification of endostatin with an NGR-
motif. Abstract # 897, p17 9 . Proc. Am. Assoc. Cancer Res., March 2002.
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8. Ruud, PM, Y. Yokoyama, S. Ramakrishnan, V.P. Sukhatme, A. Griffloen and K.
Mayo. Enhanced tumor growth inhibition by anginex in combination with chemotherapy
and other anti-angiogenic therapy. Abstract # 2589, p5 22 . Proc. Am. Assoc. Cancer Res.,
March 2002.

9. I. V. Subramanian, Y. Yokoyama, R. Ghebre, B. Harkness and S. Ramakrishnan.
Transfection of ovarian cancer cells with mutated human endostatin suppresses tumor
growth. Abstract # 4574, p923. Proc. Am. Assoc. Cancer Res., March 2002.

10. L. Dauffenback and S. Ramakrishnan. Noscapine induces apoptosis in a taxol-
resistant ovarian cancer cell line and inhibits recurrence after surgical debulking.
Abstract # 4733, p956. Proc. Am. Assoc. Cancer Res., March 2002.

11. Wange, X., Hong, J., Yokoyama, Y. S. Ramakrishnan and S. Ferrone. Isolation and in
vivo characterization of human anti-human VEGF scFv fragments. Abstract # 4801,
p969. Proc. Am. Assoc. Cancer Res., March 2002.

12. S. Ramakrishnan. Angiogenesis and ovarian cancer. Invited speaker. ASCO
Molecular Therapeutics symposium. Nov. 8-10, 2002, San Diego, CA.

13. I. V. Subramanian, R. Ghebre, Y. Yokoyama and S. Ramakrishnan. Adeno-
associated virus mediated antiangiogenic gene therapy for ovarian cancer: targeted
treatment with mutated endostatin.
Eleventh International Conference on Cancer Gene Therapy. Dec. 12-14, 2002 Abstract #
028.

14. S. Ramakrishnan, Y. Yokoyama, I. Subramanian, R. Ghebre and L.F. Carson.
(Invited Speaker). Antiangiogenic therapies : Preclinical evaluation of a genetically
modified endostatin against ovarian cancer. Third Annual International Conference on
Ovarian Cancer. September 25-28, 2002, Houston, Texas.

15. I. V. Subramanian, Y. Yokoyama, J. Tolar, B. R. Blazar and S. Ramakrishnan.
Antiangiogenic gene therapy of ovarian and breast cancers- Preclinical studies. In : Mayo
Clinic symposium on Angiogenesis : From Bench to Bedside to Bench, October, 2004,
Rochester, Minnesota.

16. Indira V. Subramanian', Tri Minh Bui Nguyen2, Jakub Tolar3, Bruce Blazer3 and S.
Ramakrishnan 1,2 "Adeno-associated virus mediated delivery of a mutant endostatin
inhibits orthotopic growth of ovarian cancer in Athymic mice. American Association for
Cancer Research, Annual Meeting, San Francisco, April, 2005.
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(9) CONCLUSIONS:

Based on the studies carried out during the grant period, we conclude that anti-
angiogenic therapy is useful in inhibiting ovarian cancer. Our studies demonstrate that
human endostatin can be genetically modified to improve its biological activity and
therapeutic efficacy. Mutant endostatin with a single amino acid substitution is able to
bind endothelial cells more efficiently and inhibit angiogenesis better than the native
protein. Additional engineering of endostatin with an integrin targeting moiety further
improved its efficacy to inhibit ovarian cancer growth. Finally, gene therapy approach
using AAV vector is an appropriate strategy to prevent recurrence of ovarian cancer after
chemotherapy. Completion of preclinical studies will pave way for the future clinical
trials using the mutant endostatin to treat ovarian cancer patients.
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ICANCER RESEARCH60, 2190-2196. April 15, 2000] APPENDIX 1

Synergy between Angiostatin and Endostatin: Inhibition of Ovarian

Cancer Growth1

Yumi Yokoyama, Mohanraj Dhanabal, Arjan W. Griffioen, Vikas P. Sukhatme, and S. Ramakrishnan2

Department of Pharmacology [Y Y., S. R.1, Obstetrics and Gynecology, and Comprehensive Cancer Center IS. R.1, University of Minnesota, Minneapolis. Minnesota 55455;
Renal Division, Beth Israel Deaconess Medical Center, Harvard Medical School, Boston, Massachusetts 02215 [M. D., V. P. S.; and Tumor Angiogenesis Laboratory,
Department of Internal Medicine. University Hospital Maastricht, Maastricht, The Netherlands [A. W. G.]

ABSTRACT ovaries, angiopoietin 2 seems to play a crucial role in the regression
of blood vessels (5).

Ovarian cancer is the leading cause of fatality among gynecological Etiology of ovarian cancer is not completely understood. Epidemi-

malignancies. Ovarian cancer growth is angiogenesis-dependent, and an ological studies suggest that ovarian cancer risk is associated with

increased production of angiogenic growth factors such as vascular endo- olorycyle (6) an ariiia inction of assonin iti

thelial growth factor is prognostically significant even during early stages ovulatory cycle (6) and artificial induction of ovulation in infertile

of the disease. Therefore, we investigated whether antiangiogenic treat- patient (7). A vast majority of ovarian cancers arise from the single

ment can be used to inhibit the growth of ovarian cancer in an experi- layer of epithelium surrounding the ovaries (8, 9). Ovarian cancer

mental model system. Mouse angiostatin (kringle 1-4) and endostatin growth is angiogenesis-dependent (10, 11), and secretion of proan-

were expressed In yeast. Purified angiostatin and endostatin were then giogenic growth factors such as VEGF is of prognostic value (12, 13).
used to treat established ovarian cancers in athymic mice. These studies In addition to inducing tumor angiogenesis, VEGF is also a contrib-
showed that both angiostatin and endostatin inhibited tumor growth. uting factor in the formation of malignant ascites in ovarian cancer
However, angiostatin treatment was more effective in Inhibiting ovarian (14, 15). Accumulation of ascites is a characteristic of ovarian cancer.
cancer growth when compared with endostatin in parallel experiments. Ascites fluid provides an ideal microenvironment for tumor growth
Residual tumors obtained from angiostatin- and endostatin-treated ani- and micrometastasis of the peritoneal wall. After surgical debulking of
mals showed decreased number of blood vessels and, as a consequence, the primary tumor and ascites drainage, increased growth of meta-
increased apoptosis of tumor cells. Subsequently, the efficacy of a com-
bined treatment with angiostatin and endostatin was investigated. In the stati Odules as been obevdincovaria ancer patints (61)
presence of both angiostatic proteins, endothelial cell proliferation was
synergistically inhibited. Similarly, a combination regimen using equal similar phenomenon in mice bearing a transplantable tumor.

amounts of angiostatin and endostatin showed more than additive effect in Angiostatin is a proteolytic fragment of plasminogen comprising

tumor growth inhibition when compared with treatment with individual the first 4-kringle domains. It was first identified as a natural inhibitor
angiostatic protein. These studies demonstrate synergism between two of angiogenesis in the serum and urine of tumor-bearing mice (21).
anglostatic molecules and that antianglogenic therapy can be used to Since then, angiostatin has been used to inhibit growth of many
inhibit ovarian cancer growth. experimental tumors in animals using either human (22-25) or mouse

tumor cell lines (26, 27). In parallel to the discovery of angiostatin,

O'Reilly et al. (28) also identified endostatin, a proteolytic fragment
INTRODUCTION of collagen type XVIII. Endostatin is a potent inhibitor of angiogen-

Tumor growth and metastasis require neovascularization, the proc- esis and was isolated from a mouse hemangioendothelioma cell line.
Tumo growtih anewod metastass requirmed neovasarexiztiong theost Recombinant endostatin made in bacteria has been shown to inhibitess by which new blood vessels are formed from preexisting host

vasculature (1). Neovascularization is a complex process involving growth of tumors (29, 30) and to lead to the regression of transplanted
tumors (28). In addition to angiostatin and endostatin, a number of

proteolysis of basement membrane, endothelial cell migration, prolif- other endogen protins, includin c nes such a nter 4

eration, and matrix remodeling. Recent studies have shown that sev-

eral growth factors such as FGFs' (acidic FGF, bFGF) (2), VEGF (3), (31), have been identified to have antiangiogenic activity. Retinal
and angiopoietins (4) participate either alone or in combination to pigment-epithelium derived factor (32) and cleaved form of anti-
coordinate the formation of new blood vessels. Apart from patholog- thrombin (33) are recently described as potent inhibitors of angiogen-
ical corditnate the mationanof inewblod , vessels. Apartfromupatolyog- esis and tumor growth. Thus far no one has investigated whether any
ical conditions (malignancy, retinopathy), angiogenesis regularly oc- of the angiostatic proteins can be used to treat gynecological malig-
curs in female reproductive tissues such as ovaries and endometrium. nancies. Using athymic mice transplanted with a human ovarian
Positive and negative mediators of angiogenesis, probably regulated cancer cell line as an experimental model system, we investigated the

by hormonal changes, orchestrate the cyclical induction and regres- relative potency of recombinant mouse angiostatin and endostatin. In
sion of new blood vessels in ovaries (corpus luteum). At least in this model system, angiostatin was more potent in inhibiting tumor

growth than endostatin was. Furthermore, the combined treatment
Received 9/29/99; accepted 2/18/00. with both angiostatin and endostatin resulted in a synergistic antian-
The costs of publication of this article were defrayed in part by the payment of page

charges. This article must therefore be hereby marked advertisement in accordance with giogenic effect when compared with treatment with either angiostatin
18 U.S.C. Section 1734 solely to indicate this fact. or endostatin alone.

SSupported in part by grants from the United States Army Medical Research and
Materiel Command, Shirley Ann Sparboe Endowment, Women's Health Fund, and
Gynecological Oncology Group of America (to S. R.) and by a grant from the Dutch
Cancer Society (to A. G.). MATERIALS AND METHODS

2 To whom requests for reprints should be addressed, at 6-120 Jackson Hall, 321
Church Street, S.E., Department of Pharmacology, University of Minnesota, Minneapolis, Cell Lines. BCEs were obtained from Clonetics, Inc. (San Diego, CA).
MN 55455. Phone: (612) 624-1461; Fax: (612) 625-8408; E-mail: sunda001@maroon.
tc.umn.edu. HUVE cells, passage 2, were kindly provided by Dr. Vercelotti (University of

3 The abbreviations used are: FGF, fibroblast growth factor; bFGF, basic FGF; VEGF, Minnesota, Minneapolis, MN). MA148, a human epithelial ovarian carcinoma
vascular endothelial growth factor; BCE, bovine adrenal gland capillary endothelial cells; cell line, was established at the University of Minnesota from a patient with
HUVE, human umbilical vein endothelial; PMSF, phenylmethylsulfonyl fluoride; MT, stage III epithelial ovarian cystadenocarcinoma (34). The BCE and HUVE
3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl-2,4-tetrazolium bromide; CAM, chick cho-
rioallantoic membrane; CPAE, bovine pulmonary artery endothelial; FBS, fetal bovine cells were maintained in endothelial cell growth medium (Clonetics) supple-
serum. mented with 10 ng/ml human epidermal growth factor, I izg/ml hydrocorti-
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sone, 12 A.g/ml bovine brain extract, 50 jkg/ml gentamicin sulfate, 50 ng/ml volume was calculated by the following formula: tumor volume

amphotericin-B, and 5% FBS. MA 148 cells were cultured in RPMI 1640 (Life (mm5 ) = (a X b2)/2, where a = length in mm and b = width in mm.
Technologies, Inc., Gaithersburg, MD) supplemented with 10% FBS, 100 Statistical significance between control and treated groups was determined

units/ml penicillin. 100 tjg/ml streptomycin, and 2 mM L-glutamine. by Student's t test. A minimum of five animals was used in each group and the

Purification of Recombinant Angiostatin and Endostatin. Mouse an- experiments were repeated at least twice. Data from independent experiments
giostatin (kringle 1-4) and endostatin have been cloned and expressed in were pooled for statistical analysis.
Pichia pastoris by Dhanabal et al. (30). Pichia clones were cultured in baffled Determination of Vessel Density and Apoptosis. To determine the effect

shaker flasks and induced by methanol as previously described (35). For of antiangiogenic treatments on vessel density and apoptosis, residual tumors

large-scale expression, fermentation was used. Culture supernatants from were surgically resected and snap frozen. Cryostat sections (4 tim) of tumors

shaker flasks were precipitated with ammonium sulfate (50% saturation) and were then treated with PBS containing 0.1% BSA and 5% human serum to

dialyzed against 10 mm Tris-HCI (pH 7.6), 0.5 mm PMSF. Cell-free fermen- block nonspecific binding (background). Sections were then incubated with

tation product was first concentrated by ultrafiltration and then dialyzed 1:50 dilution of an anti-CD31 (mouse) monoclonal antibody conjugated to

against 10 mm Tris-HCI buffer (pH 7.6), 0.5 mm PMSF. Further purification phycoerythrin (Sigma). After 1 h incubation at room temperature, sections

was carried out by heparin affinity column. The heparin column was equili- were washed thoroughly with PBS containing 0. 1% BSA and 5% human serum

brated with 10 mm Tris-HCI buffer (pH 7.6), 0.5 mm PMSF. Samples were and were then examined under an Olympus (New Hyde Park, NY) BX-60

applied to the column at a flow rate of 1.0 ml/min on a fast protein liquid fluorescence microscope at X 10 magnification. Images were captured by the

chromatography (Amersham Pharmacia Biotech, Piscataway, NJ). After thor- Metamorph program for analysis. Detection of apoptosis was carried out by

ough washing to remove unbound proteins, the column was eluted with a using an In Situ Cell Death Detection Kit (Boehringer Mannheim, Indianap-

continuous gradient of 0-1 M NaCI in 10 mM Tris-HCI (pH 7.6), 0.5 mM olis, IN) following the manufacture's protocol. Parts of the tumor samples

PMSF. Endostatin was eluted at about 0.5 M NaCI. Purified endostatin was were also fixed in 10% neutral buffered formalin and processed for histochem-

analyzed on SDS-PAGE (12% acrylamide gel) under nonreducing conditions istry (H&E staining).

by mass spectrometry and N-terminal sequencing.
A mouse angiostatin expressing Pichia clone was cultured in baffled shaker RESULTS

flasks. Culture supematants were precipitated with ammonium sulfate (50%
saturation) and dialyzed against 50 mm phosphate buffer (pH 7.5), 0.5 mm Expression and Purification of Recombinant Mouse Angiosta-
PMSF. Samples were then applied onto a lysine ceramic column equilibrated tin and Endostatin. The Pichia expression system was used to
with 50 mm phosphate buffer (pH 7.5), 0.5 mM PMSF. Matrix-bound proteins prepare recombinant mouse angiostatin and endostatin in soluble form
were then eluted from the column with a continuous gradient of 0-0.2 mm (30). Purification of angiostatin and endostatin was carried out by
E-aminocaproic acid in 50 mm phosphate buffer. Purity of angiostatin was affinity chromatography using lysine and heparin linked to ceramic
analyzed by SDS-PAGE (12%) under nonreducing conditions, particles (matrix) respectively. A typical purification run is shown in

Purified materials were dialyzed against PBS [137 mm NaCI, 8.1 m p
Na-HP0 4 , 2.68 mm KCI. 1.47 mm KHPO4 (pH 7.3)] and stored in aliquots at Fig. 1, A and B. Mouse angiostatin was eluted as a single homogenous

-70oC. peak and contained pure protein with <5% contamination in SDS-

Endothelial Cell Proliferation Assay. Essentially, the method described PAGE (Fig. IC). The apparent molecular weight of the purified

by O'Reilly et al. (28) was used. Confluent BCE and HUVE cells were angiostatin was about M, 42,000 as per the relative mobility on

trypsinized and resuspended in M199 (Life Technologies, Inc.) medium with SDS-PAGE under nonreducing condition. Angiostatin (residues
5% FBS. Cells were then seeded into gelatinized, 96-well culture plates at a Val95 -Gly495 of plasminogen) encompassing kringle 1-4 (19, 24) has

density of 5000 cells/well. After 24 h, different concentrations of angiostatin a total of 361 amino acid residues. Peptide composition analysis
and/or endostatin were added. Twenty minutes later, cultures were treated with (MacVector, 4.1.5) predicts a theoretical molecular weight of Mr

5 ng/ml of bFGF (Life Technologies. Inc.) in the presence of I jg/ml heparin. 41,100, which is very close to the observed value. Endostatin was
The viability of the control and the treated cells was determined by the MTT eluted from the affinity matrix at 500 mm NaCI as a single peak
(Sigma Chemical Co., St. Louis, MO) colorimetric assay (36) after 72 h of
incubation. MTT assay actually determines the metabolic activity of mitochon- containing a Mr 20,000 protein. The preparation of endostatin showed

dria and correlates well with the number of viable cells (36). This assay has small but detectable levels of dimers in SDS-PAGE by silver staining

been previously used to evaluate endothelial cell proliferation (37). and Western blotting (data not shown). Typically. angiostatin was

CAM Assay. The ability of mouse endostatin and angiostatin to inhibit expressed in higher quantity than endostatin in shaker flasks. Yields

angiogenesis in vivo was first tested in a CAM assay. Three-day-old fertilized for angiostatin varied between 15 and 20 mgfL. In contrast, endostatin
White Leghorn eggs were incubated at 37°C for 4 days with rotating everyday, was expressed at a lower level (5- 8 nag/L). A batch fermentation run

A window (1 X 2 cm) was gently cut on day 7. On day 9, sterilized silicon provided about 50-60 mg/L of mouse endostatin from a working

rings (1 cm diameter. I mm thickness) were placed on the CAM. Ten volume of 6 L. Purified endostatin was analyzed by mass spectrom-
micrograms of endostatin or angiostatin were added inside the rings every day etry. Endostatin showed a molecular weight of M, 19,787. In addition,
for 3 days. Control CAMs were treated similarly with sterile saline. At the end try statin showed a molecular weight of Mr 1 n ,
of the experiment, CAMs were fixed with 10% neutral buffered formalin and and M r 59,300 were also observed (Fig. ID). The higher molecular

photographed using a digital camera.
Tumor Growth Inhibition Studies. Female athymic nude mice (6-8 weight peaks correspond to dimeric and trimeric forms of endostatin.

weeks old) were purchased from the National Cancer Institute and allowed to Every batch of endostatin showed a similar profile. However, the

acclimatize to local conditions for I week. Logarithmically growing human proportion of individual component cannot be accurately determined

ovarian carcinoma cells were harvested by trypsinization and were suspended from mass spectrometry (inherent limitation). On the basis of SDS-

in fresh medium at a density of 2 X 107 cells/ml. One hundred microliters of PAGE, the relative amount of higher molecular weight endostatin was
the single-cell suspension was then injected s.c. into the flanks of mice. When <5%. Each batch of endostatin was analyzed for biological activity.
the tumors became visible (7 days after inoculation), mice were randomized For in vivo studies, a single batch was used for each experiment.
into four groups. One group was injected with mouse endostatin sxc. at a dose Biological Activity of Recombinant Angiostatin and Endostatin.
of 20 mg/kg/day for 30 days. A second group of mice was treated with
angiostatin at the same dose. A third group of mice was treated with a A er ativelativty i itroa ian activity inav t

combination of mouse endostatin (20 mg/kg/day) and angiostatin (20 mg/kg/ wreiuse to evlae thelial c tiof the trminan
day) to evaluate the effect of combination therapy. A control group of mice proteins. Inhibition of endothelial cell proliferation was determined
(fourth) was treated with sterile PBS under similar conditions. All injections using BCE and HUVE cells. Purified angiostatin and endostatin

were given s.c. at the neck, which is about 3 cm away from the growing tumor inhibited HUVE cell proliferation by 50% (ICso) at concentrations of

mass. Tumor growth was monitored by periodic caliper measurements. Tumor 10 .tg/mfl and 8.6 jig/mi. respectively. Interestingly, when cultures
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Fig. i. Purification of mouse angiostatin and
endostatin expressed in yeast, and SDS-PAGE anal-
ysis. A, Mouse angiostatin was purified using an
affinity column, lysine linked to ceramic beads. 0 0 0
Angiostatin was eluted by continuous gradient of Fractin Fraction
E-aminocaproic acid (0-0.2 M). B, Mouse endosta-
tin was purified using a heparin affinity chromatog-
raphy and was eluted by continuous gradient of C 1 4 D
NaCI (0-1 M). C. Purified mouse angiostatin and

endostatin were analyzed by electrophoresis in 12%
polyacrylamide gel. Lane I, Purified mouse an- kDo k"a
giostatin: Lane 3, purified mouse endostatin; Lanes ,,. 4
2 and 4, molecular weight markers. D, Mass spec- PA PA|
trum of endostatin. ,*. -

45 45

31 31 431 ,.... I a /

21.5 21.5 " " -

14.5 14.5

were simultaneously exposed to both endostatin and angiostatin, there cultures either alone or together. From the dose-response curves, IC4t,
was a pronounced inhibition of HUVE cells. A representative exper- (a concentration at which BCE proliferation was inhibited to 40% of
iment is shown in Fig. 2A. Combination of angiostatin and endostatin control) values were calculated. These values were then used to
inhibited proliferation by 50% at 0.57 lug/ml (IC5 o). When compared generate isobologram. Data in Fig. 2B show the effect of combination
with IC 50 of individual treatment with angiostatin and endostatin (10 treatment. When compared with the theoretical line (diagonal) repre-
and 8.6 tig/ml, respectively), the combined treatment showed > 16- senting additive effect, all of the values from combination treatment
fold improvement in antiproliferative activity. We also tested the are found to be distributed below (to the left of) the theoretical line.
direct effect of angiostatin and endostatin on tumor cells such as If angiostatin and endostatin acted additively, the values would have
MA148; SIHA, a human cervical cancer cell line; and HUFF, a human fallen directly on the diagonal line. On the other hand, a competitive
foreskin fibroblast cell line. Neither endostatin nor angiostatin inhib- effect between angiostatin and endostatin would have distributed the
ited the proliferation of these cell lines (data not shown). To determine values above (to the right) the theoretical line. The results clearly
whether the increased antiproliferative effect was synergistic or addi- demonstrate that combination of angiostatin and endostatin synergis-
tive, isobolographic analysis was carried out. Different combinations tically inhibits proliferation of endothelial cells.
of concentrations of angiostatin and endostatin were added to BCE Inhibition of Angiogenesis. To study in vivo antiangiogenic ac-

tivity, endostatin and angiostatin were tested in a CAM assay. This
A B assay system is based on developmental angiogenesis and is used to

get an initial indication of angiostatic activity prior to testing in vito
100 3.6. tumor growth models. In a modified CAM assay, 9-day-old fertilized

eggs were used. Angiostatin and endostatin were applied directly on
S 75- 2.7 \1 . the CAM within the confined space of silastic rings. In this assay
Is 4\ * system, both endostatin and angiostatin inhibited development of new

S50- 1.8 .embryonic blood vessels without affecting preexisting vasculature
. .(Fig. 3).

25 , 0.9-o Inhibition of Ovarian Cancer Growth. To test whether mouse
0 .. .. angiostatin and mouse endostatin could inhibit ovarian cancer

o 0 0 .growth, we used the human ovarian carcinoma cell line MA148.
0.01 0. 00 3.7 7.4 11.1 14.8

Concenuration (panil) EnThis model system has been previously used in our laboratory to
n oEndoatatln(•g/ml) determine the effect of anti-VEGF antibodies on tumor angiogen-

Fig. 2. Endothelial cell proliferation assay. Purified mouse angiostatin and endostatin esis and tumor growth (38). MA 148 cells were grown s.c. so that
were tested for their antiproliferative ability using HUVE cells (A). Medium including 5%
of FBS with 5 ng/ml of bFGF was used. E, endostatin; 0, angiostatin; and A, combined changes in tumor growth could be easily monitored. Tumors were
addition of angiostatin and endostatin. Viability of cells was determined by MTT assay. first allowed to establish for 7 days. At this time, small palpable
One hundred percent inhibition is equal to complete reduction of bFGF-induced endo- tumor nodules could be easily seen under the skin. Mice were then
thelial cell proliferation to control cells cultured in the absence of bFGF. B, Combination
effect of angiostatin and endostatin on BCE cells was plotted in an isobologram. The randomized and divided into groups. Angiostatin and endostatin
dotted line shows the theoretical line representing additive effect. Each value is derived were administered s.c. for a period of 30 days. Two independent
from a dose-response curve and represents a dose required to elicit 40% inhibition (1C•)
of BCE proliferation. Statistical significance between endostatin or angiostatin alone and experiments were carried out. Data in Fig. 4 show the relative
their combination was determined using Student's t test. *, P < 0.05; **, P < 0.01. effect of angiostatin and endostatin therapy. Angiostatin was found
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Fig. 3. Antiangiogenic effect of mouse angiostatin and
endostatin on CAM assay. Ten micrograms of mouse an-
giostatin and endostatin in 50 gl of sterile saline were applied

onto the CAMs everyday for 3 days. Control CAMs received
sterile saline. A. Control: B. angiostatin: C. endostatin.

to inhibit ovarian cancer growth better when compared with en- necrosis (data not shown). Collectively, these results show that anti-
dostatin in parallel experiments. For example, after 2 weeks of angiogenic therapy results in reduced tumor angiogenesis leading to
treatment with angiostatin, a mean tumor volume of 200 mm3 was apoptotic death of ovarian cancer cells.
observed. Under similar conditions, endostatin-treated animals Synergistic Effect of Angiostatin and Endostatin on Ovarian

showed a mean tumor volume of 362 mm 3, whereas mean tumor Cancer Growth. Because endothelial proliferation was inhibited bet-
volume of control mice was 589 mm 3. Tumor growth was signif- ter when angiostatin and endostatin were added together, we investi-
icantly reduced during the entire treatment period with angiostatin. gated in an independent study whether angiostatin treatment can be

Effect on Tumor Blood Vessels and Apoptosis. To evaluate the combined with endostatin to improve antitumor effect. Fig. 6 shows
consequence of antiangiogenic therapy, we examined the residual mean tumor volume on day 42. Endostatin and angiostatin alone
tumors histologically. Frozen tumor sections were immunohisto- showed inhibition of tumor growth by 5% and 57%, respectively, in
chemically stained with an endothelial specific antibody against this experiment. However, a combination of angiostatin and endosta-
CD331. Immunofluorescence studies showed that angiostatin- or en- tin showed better antitumor activity with about 81% inhibition of
dostatin-treated tumors decreased the density of blood vessels (Fig. 5, tumor growth. Table 1 summarizes relative tumor volume of control
A, D, and G). The same frozen sections were also analyzed for and treated groups on three different time points. Combination therapy
changes in the viability of tumor cells using a TUNEL assay (Fig. 5. showed more than additive effect on tumor growth inhibition. On day
B, E, H). Serial sections of each tumor were also stained by H&E to 36, there was 1.34-fold improvement in antitumor activity in the
assess necrotic changes (Fig. 5, C, F, and I). When compared with combination group when compared with the expected additive effect.
control tumor sections, endostatin- and angiostatin-treated tumors At this time point, endostatin alone inhibited tumor growth by 20%
showed pronounced increase in apoptosis. Increased incidence of (fractional tumor volume, 0.797 mm 3) when compared with the con-
apoptosis coincided with increase in calcification and necrosis of trol group. With time, there was a progressive improvement in anti-
tumor tissue. However, histopathological analysis of normal tissues tumor activity. On day 42, angiostatin and endostatin combination
from the same animals did not show any increase in apoptosis or group showed a 2-fold higher inhibition of tumor growth over additive

effect (expected fractional tumor volume). In the present study, both
angiostatic proteins were given together in a fixed schedule and dose.

Treatment Therefore, the observed synergism can be further improved by mod-

"- ulating dosage and frequency of administration based on pharmaco-

10 kinetics, distribution, and bioavailability.ST anISUdIO

• 815000

1000- Recombinant forms of angiostatin and endostatin have been ex-
T -pressed in prokaryotic and eukaryotic cells (23, 28, 30). Bacterial

500. / expression systems have often resulted in insoluble proteins necessi-

tating a refolding protocol. However, insoluble endostatin has been
shown to be effective in vivo. Slow release of endostatin from the

01 -- 0 insoluble suspension coupled with proper refolding in vivo is sug-
0 10 20 30 gested to be responsible for the potent inhibition of angiogenesis and

Days after Tumor Transplantation tumor growth (28). Solubility problems can be avoided by expressing
endostatin in other host cells such as yeast. Heterologous expression

Fig. 4. Inhibition of ovarian cancer by angiostatin and endostatin. Human epithelial of mammalian proteins can sometimes result in altered post-transla-
ovarian carcinoma cell line MA148 was injected s.c. into female, athymic mice. After 7

days, to allow tumor establishment, mice were treated with angiostatin and endostatin. tional modifications and heterogeneity at the termini. Indeed, amino
Treatment was continued for 30 days. 0, Control, PBS; *, mouse endostatin: A, mouse terminal heterogeneity has also been observed in yeast-derived en-
angiostatin. Mean tumor volume was determined by caliper measurements. Data from two

independent experiments were pooled and plotted. Statistical significance was determined dostatin (39). In one instance, host (yeast) cells were genetically

using Student's t test. *, P < 0.05: **, P < 0.01. The error bars indicate the SE. altered to reduce proteolytic heterogeneity in the carboxyl terminus of
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Fig. 5. Histochemical analysis. Residual tumors from angiostatin- and
endostatin-treated groups were resected 4 days after the completion of
treatment. A, D, and G, Vessel density as revealed by PE-labeled anti-
CD31 antibody staining. B, E, and H, TUNEL assay. C, F, and I, H&E
staining. A, B, and C, Control; D, E, and F, Angiostatin-treated tumor
sections. G, H, and I, Endostatin-treated tumor sections.

endostatin (40). Sometimes processing of the termini can affect the 4000
biological activity of recombinant proteins. Proteolytic cleavage be-
tween histidine (H3) and glutamine (Q4) residues at the amino ter- 3 T *,
minus has been observed in mouse endostatin. Such truncation results T I I
in the loss of the first three (HTH) residues at the amino terminus.
These three residues are involved in tetrahedral complexing with a 2000
single atom of Zn2

÷ (39). Zinc binding and dimerization have been
implicated in antitumor activity of endostatin. Endostatin preparation10

used in this study showed a homogeneous, major peak corresponding T
to a molecular weight of M, 19,787, which is slightly less than the
expected size. Microsequencing of the amino terminus confirmed that
the first three amino acid residues, HTH, were proteolytically cleaved
in the mouse endostatin. The amino terminus started with a glutamine ,.
residue. Absence of the first two histidines (HI and H3) is expected "
to affect zinc binding. The endostatin preparation used in the present 0
study showed only a small fraction of dimeric and trimeric proteins by be
mass spectrometry. Despite the amino terminal processing, endostatin

Fig. 6. Combination effect of mouse angiostatin and endostatin on ovarian tumor
was very effective in inhibiting endothelial cell proliferation in vitro growth. Female, athymic mice transplanted with MAI 48 cells were treated by angiostatin

and angiogenesis in vivo (CAM). A recent study by Yamaguchi et al. and/or endostatin. Tumor sizes were measured 42 days after inoculation. Statistical
(41) supports our finding that endostatin activity (in vitro and in vivo) significance was determined using Student's t test. *, P < 0.05; **. P < 0.01. Error bars

indicate SE.
may not be dependent on zinc binding. In this particular study,

endostatin was genetically modified to eliminate the Zn2 
± binding

site. Such a construct was still biologically active. Structural features
Table I Combination therapy with angiostatin and endostatin in angiostatin that are important for the antiangiogenic activity are not

Fractional tumor volume (FTV) relative to untreated controls" known. The basic kringle structure itself may be a requirement for

Combination angiostatic activity. For example, kringle 5 of plasminogen (42) as
treatment well as the kringle 2 of prothrombin (43) are potent inhibitors of

Ratio of expected FTV/ endothelial cell proliferation. However, the definitive structure/func-
Day" Endostatin Angiostatin Expected' Observed observed FtVi

36tion correlation has not been established yet. Further mutational

39 0.804 0.439 0.320 0.199 1.608 studies can identify the regions of importance within the kringle
42 0.950 0.432 0.410 0.196 2.092 region, which are important for angiostatic activity.

"FTV (mean tumor volume experimental)/(mean tumor volume control). Potency of angiostatic molecules has been found to vary a lot
"Day after tumor cell transplantation. depending on the cell type used. Ji et al. (42) reported that BCE cells

(Mean FTV of endostatin) X (mean FTV of angiostatin).
d Obtained by dividing the expected F-TV by the observed FTV. A ratio of > I indicates are more sensitive than HUVE cells to kringle 5 in a migration assay.

a synergistic effect, and a ratio of <1 indicates a less than additive effect. Dhanabal et. al. (30) reported that CPAE cells are more sensitive than
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other endothelial cell lines. Therefore, we compared the effect of of angiostatin and endostatin. Compared with expected additive ef-
angiostatin and endostatin on two different endothelial cells, BCE and fects, a 2-fold increase in antitumor activity was observed when mice
HUVE cells. BCE cells were much more sensitive to both angiostatin were treated with equal doses of angiostatin and endostatin. The
and endostatin. We also tested CPAE and human microvascular observed synergy between the two angiostatic proteins can be further
endothelial cells. CPAE cells were as sensitive as BCE cells, and improved by optimizing dosage and schedule of administration. These
mouse microvascular endothelial cells were similar to HUVE cells questions will be addressed in future studies using genetically rede-
(data not shown). signed second-generation angiostatic molecules. Whereas our current

Angiostatin and endostatin effectively inhibited developmental an- studies suggest a potential use of combination therapy using angio-
giogenesis in vivo. We used a modified CAM assay in which test static proteins, one could also achieve better antitumor response by
solutions are applied directly onto a localized area of the CAM. In this combining antiangiogenic therapy with other antitumor therapies
method, the samples stay inside the rings, and new blood vessel (e.g., chemo-radiation). For example, radiation therapy when com-
formation inside the rings then can be compared with normal vascu- bined with angiostatin showed potentiation of antitumor activity (25,
lature surrounding the ring. Another advantage of this method is that 48). In another related strategy, antibodies to VEGF were used in
the blood vessels can be easily fixed by buffered formalin so that it is combination with radiation therapy to achieve improved antitumor
possible to cut CAMs out and observe them in detail. Direct applica- activity (49). Radiation induces elevated expression of VEGF as a
tion of angiostatin and endostatin expressed in yeast clearly inhibited survival factor from tumor cells. Therefore, neutralizing VEGF under
actively growing blood vessels inside the ring. Vasculature outside the these conditions resulted in better inhibition of tumor growth. In
ring was not affected by this treatment, summary, our studies show for the first time that antiangiogenic

Although angiostatin and endostatin have been tested in many therapy can be used to inhibit the growth of ovarian cancer and that
tumor models, the relative potency has not been established in parallel angiostatin can synergize with endostatin in inhibiting tumor growth.
experiments. Angiostatin is found to be effective against Lewis lung
carcinoma at doses ranging from 1 mg/kg (24) and 50 mg/kg (44). REFERENCES
Endostatin, on the other hand, is used in the same model in an
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Abstract through the direct binding to these proteins (9) and appears to interfere
with cell cycle regulation, as often occurs in human cancer. Female

A transgenic mouse model was used to evaluate the effect of endostatin transgenic animals develop mammary adenocarcinomas over a pre-
treatment on spontaneous tumorigenesis. In this model system, female dictable time course, whereas male transgenic mice develop prostate
mice develop multiple mammary adenocarcinomas and male mice develop
prostate cancer. Female mice treated with mouse endostatin during a
12-15-week period showed delayed tumor development by 4-6 weeks and human mammary and prostate carcinomas, the genetically engineered
significantly decreased tumor burden. Furthermore, endostatin treatment mouse model is very useful in evaluating potential therapeutic re-
reduced the number of malignant lesions per mouse. In a separate set of agents in preventive and interventional settings. Using the C3(1 )ITA(
experiments, male mice treated with endostatin showed a survival advan- transgenic model, we investigated the effect of endostatin on tumor
tage, and their life spans were prolonged by 10.5 weeks over control incidence, growth, and survival. Endostatin treatment initiated before
animals. These data demonstrate that mouse endostatin is effective in the development of gross tumor lesions delayed the onset of main-
delaying spontaneous tumor development and growth. mary adenocarcinoma formation. Mice treated with endostatin

Introduction showed reduced tumor burden and number of lesions. In male mice,

endostatin treatment prolonged survival time.

Neovascularization is one of the important steps involved in tumor
growth and metastasis. At least three different mechanisms are rec- Materials and Methods
ognized in the angiogenesis of tumors. These include: (a) vascular

sprotin; () rcrutmen ofcirulaingendthelal rognitrs;and C3(lI)SV40 TAG Transgenic Mice. Phenotypes of male and female C3( I )/
sprouting; (b) recruitment of circulating endothelial progenitors; and TAG transgenic mice have been described previously (8. 10-12). Heterozygous
(c) cooption (1). Cancer cells actively participate in creating an TAG transgenic mice were maintained by breeding with FVB/N mice. All
angiogenic microenvironment, which provides a survival advantage, manipulations of mice were performed in accordance with the University of
Extensive angiogenesis is, therefore, linked to aggressive tumor Minnesota Institutional Animal Care and Use Committee. Animal care was
growth and poor prognosis. Consequently, methods to inhibit the provided in accordance with the procedures outlines in the Guide for the Care
angiogenic process provide a unique opportunity to arrest tumor and Use of Laboratory Animals (NIH Publication No. 86-23, 1985).
growth, either alone or in combination with chemotherapy and radi- Purification of Recombinant Mouse Endostatin. Mouse endostatin has

ation. A number of endogenous antiangiogenic molecules have been been cloned and expressed in Pichia pastoris by Dhanabal et al. (13). A

identified recently. These include angiostatin, endostatin, antithrom- selected Pichia clone was cultured in a 10-liter fermentor (BioFlow 30(1), New

bin fragment, and canstatin (2-4). In addition to proteolytic frag- Brunswick, NJ) and induced to express endostatin by methanol feed (14).

ments, thrombospondin, retinal epithelium-derived factor, 'iterleukin Supernatants from fermentation runs were first concentrated by ultrafiltration
and then dialyzed against 10 mm Tris-HCI buffer (pH 7.6) and 0.5 mt PMSF.

4, and interleukin 12 are also shown to be potent antiangiogenic Further purification was carried out by heparin affinity column. The heparin
molecules (5, 6). Treatment with angiostatic molecules such as en- column was equilibrated with 10 mM Tris-HC1 buffer (pH 7.6) and 0.5 mM
dostatin leads to regression of established tumors in certain model PMSF. Samples were applied to the column at a flow rate of 1.0 mIl/min using
systems (3). Studies on the effect of antiangiogenic therapy on spon- a fast protein liquid chromatography (Amersham Pharmacia Biotech, Piscat-
taneously arising tumors are, however, sparse. Bergers et al. showed away, NJ). After thorough washing to remove unbound proteins, bound pro-
recently that endostatin and angiostatin treatment of RIP-Tag mice teins were eluted with a continuous gradient of 0-1 M NaCl in 10 mm Tris-HCI
could delay pancreatic tumorigenesis and inhibit tumor growth (7). In (pH 7.6) and 0.5 mM PMSF. Endostatin eluted at -0.5 M NaCl Purified

the present study, we investigated the effect of murine endostatin on endostatin was analyzed on an SDS-PAGE (12ck acrylamide gel) under non-
spontaneous growth of mammary adenocarcinomas in a transgenic reducing conditions. Routinely, the samples were subjected to NI-1, terminus

model system developed by Maroulakou et al. (8). In this model microsequencing (10 cycles) and mass spectral analysis. Purified materials
were dialyzed against PBS [137 mm NaCI, 8.1 mM Na2 HPO4, 2.68 mm KCI,

system, the SV40 early-region transforming sequence was cloned and 1.47 mm KHP0 4 (pH 7.3)] and stored in aliquots at -70'.
under the regulatory control of a rat prostatic steroid binding protein Treatment of Female Transgenic Mice. Female C3( 1)/TAG transgenic

[C3(1)] promoter. SV40 Tag functionally inactivates p5 3 and Rb mice develop mammary intraepithelial neoplasia originating in ducts and
terminal ductal lobular units by 3 months of age. Mammary intraepithelial

Received 4/26/00: accepted 6/28/00. neoplasia lesions (15) progress into invasive mammary carcinomas at -4
The costs of publication of this article were defrayed in part by the payment of page months of age. By 6 months of age, all of the female mice die because of

charges. This article mast therefore be hereby marked advertisement in accordance with universal development of multifocal mammary adenocarcinomas with occa-
18 U.S.C. Section 1734 solely to indicate this fact.
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Foundation. tration for a period of 3 weeks. Tumor growth was monitored by periodic
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endostatin treatment. These data are summarized in Figs. 2 and 3. At
100- treatment week 18, -3 weeks after the termination of treatment, tumor burden

1? 80. .(mean) of the control group was 387 mm2, whereas tumors in the
j 8 [endostatin-treated group were barely detectable (4.8 mm 3; Fig. 2). At

;'..0]week 23, -8 weeks after the termination of treatment, tumor burden
" [- of control mice reached a value of 2794 mm3 . At this time point, the

40. " endostatin-treated group showed a tumor burden of 278 mm3, 10-fold
2B reduction in tumor burden. In addition to a decrease in tumor burden,

S20. endostatin treatment also significantly altered the number of tumor
"nodules per mouse. Fig. 3 shows a representative group of female

0 . mice from control (A) and endostatin-treated group (B) at -23 weeks
0 5 10 15 20 25 30 of age. Throughout the observation period, endostatin-treated mice

Age (Weeks) showed a lower number of tumor nodules. At the end of the experi-
Fig. 1. Inhibition of mammary adenocarcinoma development by endostatin. Female ment, the control group of mice had an average of 7.8 lesions, but the

C3(I)/TAc; transgenic mice were treated with 20 mg/kg of soluble mouse endostatin for
3 weeks beginning at 12 weeks of age. All injections were given s.c. Tumor development endostatin treatment group showed a mean of 3.3 nodules/mouse (Fig.
represents the percentage of mice showing palpable tumors. - -, control (n = 14); - , 3C). These data demonstrate that endostatin treatment during the early
endostatin-treated group (n = 5). P = 0.037. phase of spontaneous tumorigenesis delayed tumor development and

significantly reduced tumor burden.
In an earlier study, Bergers et al. reported that Fc-endostatin fusion

caliper measurements, and the number of tumor nodules was also counted, protein was effective against pancreatic islet cell carcinoma in RIP1-
Tumor volume was calculated by the following formula: tumor volume Tag2 transgenic mice (7). Endostatin treatment inhibited angiogenesis
(mm 3) = (a X b2)/2, where a is length in mm and b is width in mm. Statistical and tumor growth more in the prevention and the intervention stage
significance between control and treated groups was determined by Student's than in the regression stage. Fc fusion was used to improve the
I test. th e ofgess ostage. F ion a nd serumprove-the

Treatment of Male Transgenic Mice. In male C3(l)/TAG transgenic mice, pharmacokinetics of endostatin. Bioavailability and serum half-life
hyperplastic changes in the epithelium of the dorsal/ventral regions of the was suggested to be critical in determining the efficacy of endostatin
prostate usually occur as early as 3 months of age. Adenomas develop in about treatment. For example, bacterially expressed endostatin, when given
one-third of animals between 6 and 8 months of age. About 40% of male mice as a suspension, was highly effective against established tumors and
develop invasive prostate adenocarcinomas by 9 months of age (8, 10). For induced regression (3). A recent study using a rat endostatin prepa-
male mice, treatment started at 22 weeks of age, -7 weeks before the ration was administered as a suspension, which inhibited carcinogen-
appearance of visible tumors. Mouse endostatin expressed in yeast was s.c. induced mammary carcinomas in rats (19). Using endostatin as a
injected at a dose of 20 mg/kg/day for 30 days. Injections were given s.c. at the precipitate is believed to result in slow release in vivo. Furthermore,
neck, and the survival of mice was monitored, daily injections of insoluble preparation will result in a progressive

Results and Discussion accumulation of endostatin during treatment. Another strategy is to
administer endostatin twice daily (split dose), which can improve

A number of antiangiogenic inhibitors are currently being studied antitumor activity. In the case of angiostatin, administration two times
for their efficacy to inhibit tumor growth, either alone or in combi- and three times per day showed better tumor growth inhibition than a
nation with chemo/radiotherapy. Recombinant endostatin is expressed once-a-day schedule (20). In a preliminary experiment, radioiodinated
in bacteria as an insoluble protein. When the insoluble form was endostatin was used to determine the clearance rate in mice. These
administered into C57/BI6/J mice transplanted with Lewis lung car- studies showed that >50% of injected endostatin is rapidly cleared
cinomas, T241 fibrosarcomas, or B 16F10 melanomas, tumor regres- from circulation with an a phase of about 5 min (data not shown).
sion was observed (3). Repeated cycles of endostatin treatment led to Consequently, a slow-release formulation will improve the efficacy of
tumor dormancy and a complete cure in mice (17). Endostatin has endostatin therapy significantly.
been expressed in soluble form in yeast (13). The soluble protein was
found to inhibit tumor growth in a number of transplanted tumor
models (13, 14, 18). In the present study using a transgenic animal
model system, we investigated the effect of endostatin on spontaneous
formation of mammary adenocarcinomas in female mice and on 4000,
survival of male mice prone to develop prostate cancer.

Treatment of Female C3(1)/TAG Transgenic Mice by Mouse • 3000-
Endostatin. Female mice were treated at a dose of 20 mg/kg/day,
started at 12 weeks of age and continued up to 15 weeks of age. I

Palpable tumors begin to arise at about 14 weeks of age in these mice. 2000-

Daily endostatin administration for 3 weeks significantly delayed the
appearance of tumors. For example, 50% of the control mice showed 1001000.

visible tumors by 16.7 ± 0.70 weeks of age. However, the endostatin-
treated group showed tumors in 50% of animals about 22.0 ± 2.58 0 -
weeks of age (P = 0.037). In the control group, 100% of mice 15 20 25
developed mammary adenocarcinomas by week 21.3. The endostatin- Age of mice (weeks)
treated group showed delayed appearance of tumors although 100% of Fig. 2. Inhibition of mammary adenocarcinoma growth by endostatin treatment. Tumor
the animals developed malignant lesions by 28.6 weeks of age (Fig. volume of individual nodules of female C3(l)/TAG transgenic mice was determined by

1), well after the termination of endostatin treatment. Because female caliper measurements. i, control; 0, endostatin. Tumor burden represents cumulative
value from all of the tumor nodules from individual mice. Data are expressed as means of

transgenic mice develop multiple mammary tumor nodules, tumor tumor burden; bars, SE. Statistical significance was determined using Student's I test. *.

burden per mouse and number of tumor lesions were determined after P < 0.05.
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Fig. 3. Endostatin treatment decreases the number of tumor nodules/mouse. A, control (PBS-treated) female C3( 1)/TAo transgenic mice, and B, endostatin-treated mice at -23 weeks
of age. Arrows, locations of malignant lesions. C, appearance of palpable tumor nodules over a period was evaluated in control (0l) and endostatin-treated (*) female mice. Data are
expressed as mean number of tumor nodules; bars, SE. Statistical significance was determined using Student's I test. *, P < 0.05.

Treatment of Male C3(l)/TAc Transgenic Mice by Mouse En- In the present study, endostatin was injected from 5 months of age,
dostatin. In a separate experiment, the efficacy of endostatin on the and at this time point, high-grade prostatic intraepithelial neoplasia is
survival of male C3(I)/TAO mice was determined. The male mice are expected to occur in these mice. Additional studies will determine the
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Inhibition of Vascular Endothelial Cells by 1,4-Phenylenebis
(methylene)selenocyanate - A Novel Chemopreventive

Organoselenium Compound
JENNIFER J. SCHUMACHER1 , P. UPADHYAYA2 and S. RAMAKRISHNAN'

1Department of Pharmacology, 2Cancer Center, University of Minnesota, Minneapolis, MN 55445, U.S.A.

Abstract. Organoselenium compound 1,4-phenylenebis(methy- of p-XSC have been documented (2,6), little is known
lene)selenocyanate (p-XSC) was investigated for its effects on regarding the therapeutic potential of p-XSC. Solid tumors
endothelial cell proliferation in vitro and angiogenesis in vivo. are dependent on a vascular network to grow and metastasize
The organoselenium compound, p-XSC, has been shown to (7). The induction of new blood vessels, angiogenesis, is a
prevent carcinogen- induced tumorigenesis in murine model complex process involving the degradation of extracellular
systems with low toxicity. Since tumor growth and metastasis are matrix components, endothelial cell proliferation, migration
dependent on angiogenesis, we investigated the effects of the and tube formation (8). The process of angiogenesis is
organoselenium compound on this process. Human umbilical regulated by a number of stimulatory and inhibitory factors.
vein endothelial cells treated with p-XSC showed concentration Factors influencing angiogenesis can originate from the
dependent inhibition of protein synthesis and cell viability in tumor cells and surrounding stroma. Vascular endothelial
vitro with a TCID50 value of 6 pM. Subsequently, we studied the growth factor (VEGF), basic fibroblast growth factor (bFGF)
effects of p-XSC on experimental angiogenesis. Addition of p- and angiopoietins are important proangiogenic factors (9).
XSC to three-dimensional cultures inhibited endothelial cell tube Some factors acting to inhibit angiogenesis are platelet factor
formation. Furthermore, p-XSC treatment inhibited growth IV, thrombospondin and endostatin (7). It is the overall
factor induced angiogenesis in chick chorioallantoic membrane balance between angiogenic and antiangiogenic stimuli, which
assays and i.p. administration of p-XSC inhibited neova- determines the final biological outcome. Based on this, a
scularization induced by tumor cells implanted subcutaneously number of novel therapeutic strategies to inhibit angiogenesis
into athymic mice. These studies suggest that vascular endo- either by inhibiting endothelial cell proliferation and
thelium is an additional target for the chemopreventive organo- migration, or targeting angiogenic growth factors and/or their
selenium compound p-XSC. receptors are being developed. Antiangiogenic therapies have

some advantages over chemotherapy due to their targeting of
An important class of chemopreventive compounds are the endothelial cells rather than tumor cells themselves: 1)
organic and inorganic forms of selenium (1). The orga- endothelial cells constitute only a small fraction of the total
noselenium compound 1A4-Phenylenebis(methylene)- seleno- tumor mass, 2) endothelial cells do not exhibit classical drug
cyanate (p-XSC) is a more effective and less toxic che- resistance associated with tumor cells, 3) antiangiogenic
mopreventive agent than other organic and inorganic treatment is complementary to direct cytotoxicity induced by
selenium compounds such as selenomethionine and sodium chemotherapeutic agents. In this context, we investigated the
selenite. P-XSC has been shown to be an effective effects of p-XSC on vascular endothelial cells. P-XSC induced
chemopreventive agent against various chemically induced apoptosis and inhibited proliferation and migration of
tumors in animal models at both the initiation and human umbilical vein endothelial (HUVE) cells in a
postinitiation stages. (2) (3-5). While chemopreventive effects concentration dependent manner. P-XSC was not only

active in vitro, but also efficiently inhibited experimental
angiogenesis in vivo.

Correspondence to: S. Ramakrishnan, Ph. D., University of
Minnesota, 6-120 Jackson Hall, 321 Church St. S.E., Materials and Methods
Minneapolis, MN 55445, U.S.A. Ph. 612-626-6461; FAX. 612-
625-8408. Chemicals. P-XSC was synthesized by reacting KSeCN with ot.U-

dibromo-p-xylene and its purity was >99.9% according to HPLC
Key Words: Angiogenesis, chemotherapy, organoselenium. analysis. Details of the methodology and characterization of the pure
tumor vasculature. compound have been described previously (10).
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Figure 1. Effect of p-XSC on endothelial cell viability in vitro. (a) HUVE cells treated with p-XSC for 18 - 24 hours (b) Kinetics of p-XSC induced
(ytotoxicity. Cells were incubated in the presence of 20 1M p-XSC for varying time points after which medium was aspirated and cells washed with fresh
tissue culture medium. Protein synthesis was considered as a measure of cell viability. Data are a mean of triplicate cultures from three independent
experiments +- S.E. Statistically significant differences compared with control cultures are designated by *P< .05 **P<00l.

Cell culture. Human umbilical vein endothelial (HUVE) cell cultures International) and was then allowed to solidify at 37"C for 30 minutes.
were established locally at the University of Minnesota and provided by HUVE cells (2.0 x 104) were seeded on the gel and cultured in the
Dr. Versolatti. HUVE cells were cultured in complete medium (Medium complete medium containing bFGF (1 ng/ml), VEGF (10 ng/ml),
199 containing 10% fetal bovine serum, 10% newborn bovine serum, 1% heparin (40 units/mI). Experimental cultures received various con-
Endogro (Vectec), 1% penicillin/streptomycin and 2 mM L- glutamine). centrations of p-XSC in medium. Cultures were incubated for 18 hours
Early passages (<6) of cultures were used to determine the anti- in a humidified atmosphere of 5% CO2 in air. After incubation, four
proliferative activity of organoselenium compound. MA148 is a trans- different fields in hextuplicate cultures were randomly selected and
plantable epithelial ovarian cancer cell line. Culture conditions have photographed at 40X magnification using a phase-contrast microscope.
been previously described (II1). Apoptosis assay. HUVE cells (2.0 x 104) were seeded in 24-well plates
Ciytotoxicity assay. Twenty thousand HUVE cells were seeded in a and cultured in complete medium containing various concentrations of
volume of 180 [d complete medium in 96-well, flat bottom microtiter p-XSC. The cells were incubated for 18 hours at 37*C in 5%/ CO2 in air.
plates (Fisher Scientific, Itasca, IL). Cells were allowed to attach and 24 Cells were trypsinized, centrifuged at 1,000 x g for 5 minutes and
hours later, treated with varying concentrations of p-XSC in a 20 JAI counted by trypan blue exclusion method. Approximately 1.0 x 103 cells
volume. Stock solution (10mM) of p-XSC was prepared in DMSO and were dried in air and fixed onto glass slides with freshly prepared
further dilutions were made in complete tissue culture medium. Cultures paraformaldehyde solution (4% paraformaldehyde in PBS, pH 7.4) for
were incubated with p-XSC for 18 hours before determining 35S- 30 minutes at room temperature. Cells were permeabilized (0.1%
methionine incorporation into proteins as a measure of cell viability. Triton®) X-100, 0.1% sodium citrate) for 2 minutes on ice and labeled
Intracellular methionine reserve was depleted by 30 minutes incubation with 50 tal TUNEL reaction mixture (as described by Boeringer
in methionine-free RPMI 1640 medium (Gibco-BRL, Grand Island, Mannheim procedure). Slides were then incubated in a humidified
NY). Cells were then pulsed with 1.0 ptCi Redivu L-(35S)-methionine chamber for 1 hour at 37"C and then observed under a fluorescence
(Amersham Life Science Inc., U.S.A.) for I hour at 37*C. After microscope (Olympus Optical Co.).
removing unincorporated radioactivity by washing with tissue culture
medium, cells were lysed with 100 VI of 2.5N NaOH and absorbed onto Chick chorioallantoic membrane (CAM) assay. Fertilized white leghorn
SCS harvesting frames (Skatron Instruments, Sterling, VA). Cell chicken eggs were purchased from the University of Minnesota, St. Paul
associated radioactivity was determined using a liquid scintillation Poultry Nutrition Research Facility. After 3 days of incubation at 37'C,
counter (Beckman, LS-2800). eggs were opened and placed into plastic-wrap cradles. VEGF (10I ng)

+ bFGF (10 ng) +/-p- XSC (1-2 pg) was mixed and air-dried on round
Time dependent cytotoxicity assay. In a 96-well flat bottom microtiter (13 mm diameter) cover slips. Sample preparations were placed on a
plate, 2.0 x 104 HUVE cells were seeded in 180 l1 of complete medium relatively avascular area of the chorioallantoic membrane. Embryos were
and incubated at 37"C to allow cell attachment. Cells were exposed to p- incubated at 37°C for an additional 72 hours and vessel development
XSC (20 iM) for 0 hours - 8 hours (controls received medium only). was assessed as a measure of the number of vessel branch points and
Viability of cells was determined by 35S-methionine incorporation as mean length of vessels within a defined area under the cover slips.
described previously.

In vivo matrigel assay. Athymic NCR nude mice (7-8 week old, female)
In vitro tube formation. According to the method described by Harala- were injected s.c. midway on the right hind flanks with 0.25 ml of ECM
bopoulos et al. (1994) (12), 250 Id extracellular matrix gel (10 mg protein Gel (Sigma, St. Louis, MO) at a final concentration of 10 mg/ml together
mlr1, Sigma E-1270) was added to a 24-well plate (Nalge Nunc with 5.0 x t06 MA148 ovarian cancer cells. Soon after injection, the
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Figure 2. Inhibition of endothelial cell tube formation in vitro by p-XSC. Phase contrast micrographs show the ECM gel surface 24 hours after seeding
HUVE cells in the absence (a) and presence of p-XSC (b) 6 piM, (c) 20 uM, (d) 100 pM. Magnification X40,

ECM gel implants solidified and persisted without apparent dete- exposed (15 minutes) to p-XSC it was sufficient to inhibit
rioration throughout the 7-day assay period. Stock p-XSC (I mg/ml) was endothelial cells (data not shown).
dissolved in DMSO and Cremaphore EL (Sigma, St. Louis, MO.) at a
final concentration of 20 pg. Animals were treated with p-XSC (20
pig/kg) every other day for 7 days (4 injections total). After day 7. animals In vitro tube formation. As an in vitro model for angiogenesis,

were euthanized and the skin flaps associated with the ECM gels were we used the tube formation of endothelial cells on ECM gel
resected and photographed. to examine the effect of p-XSC on angiogenesis. As shown in

Figure 2, HUVE cells were elongated and formed a tubular

Results network on ECM gel. In the presence of varying
concentrations of p-XSC, progressive changes in tube

Dose dependent cytotoxicity of p-XSC on endothelial cells, formation were observed. Significant inhibition was seen at
Initially, the effect of p-XSC on HUVE cell viability was concentrations greater than 6 [tM (19 ptg/mlI). Tube
investigated. HUVE cells were cultured in gelatin coated formation was assessed as a measure of number of branch
wells for 24 hours before addition of p-XSC (0.1 [um - 1.0 points and mean length of tubules. At concentrations of 0, 6
mM). ýtm, 20 ItM and 100 ptMp-XSC, branch points and mean

After 18 hours, morphological changes of cell membrane length of tubules were as follows; 6 and 2.9 cm, 5 and 3.0 cm,
blebbing and cellular debris could be seen in concentrations 2 and 1.53 cm and 0 tubules, respectively. At concentrations
>10 [tMp-XSC. In order to determine the cytotoxic effect of of 100 VtMp-XSC, tube formation was completely abrogated
the organoselenium compound, protein synthesis was and cells were rounded up and detached, possibly due to p-
quantified in treated cultures. Data in Figure 1 show the XSC interference with cell adhesion molecules or induction
concentration dependent decrease in protein synthesis. of apoptosis.
Significant inhibition was observed at concentrations higher
than 2 VtM p-XSC. When compared to control cultures, a 50% TUNEL assay detection of apoptosis. We have shown that
decrease in protein synthesis (TCID5 0) was seen at 5 RsMp- organoselenium inhibits endothelial cell growth, but the
XSC. mechanism of action of p-XSC is not yet clear. To identify if

Maximum inhibition was achieved at 8 RtM p-XSC. Kinetic apoptosis is induced in these cells when exposed to p-XSC, a
studies showed that approximately 1 hour after exposure, TUNEL (TdT-mediated dUTP nick end labeling) assay was
70% inhibition of protein synthesis was elicited at 20 ItMp- used (Boeringer Mannheim). Endothelial cells were exposed
XSC. Apparently, continuous exposure to the drug is not to varying concentrations of p-XSC and DNA strand breaks
necessary for cytotoxicity. Even when cells were briefly induced by apoptosis were identified by measuring
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Figure 3. P-XSC induced apoptosis. Fluorescence ncronscopy of ft lU1;cellh incubated in the prewchie We) and alnemne (a,hjj) of'p-XS( for 1 hour
Negative control (a) incubated in labeling' solution only, shows basal level of'apoptotia cell ssimilar to 11, p- VS( ((j. both contain < l0i 7, 1 'Ei. po-itiive
cells. Positive control (b) shows >00% apoptotic cells induced tiv I uglml lNase 1. cel treated witih 0 A I aml (i), 20 1l p-XS ". revpectivev. (J)
Cumulative data on TUNEL postive apoptotic cells (/, of'total). Magnification X 40.

incorporated fluorescein bound nucleotides (Figure 3). Basal variable results due to variance in blood vessels from egg to
levels of apoptosis did not change when cells were treated egg as well as from distinct regions of the embryo where the
with 6 !tM p-XSC. However, concentrations of p-XSC 20 ItM cover slip is placed.
and greater showed a marked increase in cells undergoing However, in an attempt to quantify new blood vessel
programmed cell death. formation, branch points from pre- existing vessels in control

CAMs were counted and compared to p-XSC (20 [NM)
In vivo angiogenesis assays. The chick chorioallantoic exposed CAMs (Figure 4). Angiogenic growth factor (bF(;F)
membrane provides an excellent in vivo model for treated CAMs showed a mean number of vessel branch points
developmental angiogenesis. Figure 4 shows that after 3 days between 80 - 100 per CAM. CAMs treated with p-XSC
exposure to bFGF and heparin, control CAMs (growth factor averaged 20 - 30 branch points per CAM. This data suggestsp-
+ heparin only) showed an increased number of visible, blood XSC can interfere with growth factor induced angiogenesis.
vessels under the circular cover slip. These vessels branched Further evidence forp-XSC as an antiangiogenic agent is
out from approximately 2-4 main. pre-existing blood vessels, shown in mice injected s.c. with ECM gel containing MA148
Quantification of angiogenesis in CAM assays can yield highly ovarian cancer cells. As described previously, cancer cells
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Figure 4. Antiangiogenic effects of p-XSC in vivo. Representative
photomicrographs o] CIts treated with 100 ng VEGF + 10 ng bFGF +
(a) 1 tg p-XS(, 2g (h 2g ,(c) grwth factone only. Bar 0.5 cm.

A B

C D

Figure 5. Inhibition of MA 148 tuoor cell induced angiogenests in athymic mice byp- XSC. Human ovarian cancer cell line MA 148 (5.0 x 10d) were mixed
with 200 141 ECM gel and subcutaneously injected into mnice. Vehicle andp-XSC were administered i~p. Photomicrographs of ECM gel associated skin from
control (a,b) andp-XS(' treated (cd) mice. Bar, 1. 0 cm
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secrete growth factors such as VEGF and bFGF that induce form tubule structures on supportive membranes like ECM
angiogenesis. P-XSC significantly suppressed growth of new gel. To assess if p-XSC was inhibitory to angiogenesis in vivo,
blood vessel recruitment in athymic, nude mice receiving i.p. we utilized two different model syste,ms. One, the chick
injection of 20 Rtg/kgp-XSC, compared to control mice chorioallantoic membrane was used based on the rapid
receiving vehicle alone (DMSO + Cremephore EL). Figure 5 development of new blood vessels to the developing embryo.
shows blood vessel density from skin flaps of representative P-XSC at a dose of 2 tig was able to inhibit blood vessel
control and p-XSC treated animals with a mean of 33 and 11 sprouting and branching induced by bFGF (10 ng) + VEGF
vessels, respectively. (100 ng). Angiogenesis is defined as the development of new

blood vessels from pre-existing vessels. A method to

Discussion quantitate angiogenesis is measuring vessel branch points
from pre- existing vessels. When CAMs were treated with

The present study demonstrates that 1,4-phenylene- growth factor plus p-XSC, minimal vessel branching was

bis(methylene)selenocyanate (p-XSC), an effective chemopre- observed compared to highly branched control treated

ventive agent, (13),(10),(4) is cytotoxic to vascular endothelial CAMs with growth factor only. In a second model system,

cells and inhibits neovascularization in vivo. At concentrations athymic nude mice were injected with ECM gel embedded

less than 10 [tMp-XSC, morphological changes are observed in with MA148 cells (a human epithelial ovarian cancer cell

HUVE cells, a primary vascular endothelial cell line. The cells line). These cells secrete angiogenic factors such as VEGF

exhibited characteristics of apoptosis with membrane blebbing to initiate new blood vessel formation. When skin

and micronucleation at these concentrations. Similarly, associated with these gels were dissected, there was a

laboratory animals receiving dietary p-XSC showed a high decreased number of blood vessels in mice treated with

incidence of apoptosis in colon tumors when induced with dietaryp-XSC compared to control mice. These studies

azoxymethane (14) possibly due to p-XSC down-regulation of suggest thatp-XSC can inhibit tumor cell induced

protein kinase C (PKC) and tyrosine protein kinase (TPK) in angiogenesis in vivo. Furthermore, i.p. injection of the

colonic mucosa and up-regulation of diacylglycerol kinase organoselenium compound is bioavailable at a distant site

(DGK) (15). In order to more precisely assess cytotoxic from tumor cell induced neovascularization. This is the first

concentrations of p-XSC on endothelial cells, we determined study to show that a synthetic organoselenium compound

cell viability as a measure of protein synthesis. has antiangiogenic effects in multiple in vivo models. There

Based on the dose-response curve, endothelial cells were are many antiangiogenic agents being studied, three of the

found to be as sensitive to p- XSC as some breast cancer cell agents in clinical trials are endostatin (EntreMed Inc.,

lines (4). P-XSC exerts its inhibitory effect within 1 hour of Rockville, MD) SU5416 and SU6668 (SUGEN Inc., San

exposure and removal of p-XSC from culture media within 15 Francisco, CA). Endostatin is a proteolytic cleavage

minutes does not inhibit its effects, suggesting the cellular fragment of the naturally occurring collagen type XVIII

target(s) of p-XSC are affected within a very short time period. (16). It specifically inhibits endothelial cell proliferation

The precise mechanism(s) of inhibition of endothelial cell and angiogenesis and has been shown to completely abolish

proliferation and migration by p-XSC is not yet clear; established tumors in mice (16). SU5416, a novel

however, kinetics of protein synthesis inhibition may offer angiogenesis inhibitor developed by SUGEN Inc. acts by

insight in to its target site(s) of action. Early studies by Ronai blocking the target specific cellular signal transduction

et.al show inhibition of thymidine kinase and protein kinases pathways activated by VEGF (17). Since tumor growth and

PKA and PKC at low doses of p-XSC (4). One down stream metastasis is dependent on angiogenesis, antiangiogenic

effect of p-XSC appears to be induction of programmed cell compounds can be used along with traditional chemo-

death (4). How selenium compounds induce apoptosis therapeutic drugs to improve anti-tumor activity. Our

remains to be elucidated. Many of the intracellular signaling studies suggest that in addition to p-XSC inhibitory effect

pathways mentioned above are crucial for cell viability and on multiple cancer cell lines, it exerts potent cytotoxic

may offer insight as to the mechanism of p-XSC induced effects on endothelial cells in vitro and inhibits angiogenesis

apoptosis. P-XSC is effective against the initiation and post- in vivo. This data suggests a novel chemotherapeutic use

initiation phases of mammary, lung and colon induced forp-XSC in addition to its chemopreventive actions.

cancers (4, 5), yet few studies have been done to investigate Future studies will further determine chemotherapeutic

its effect on later stages of cancer. The goal of this study is to potential of p-XSC.

determine if p-XSC could be used, not only as a chemo-
preventive agent, but also as a chemotherapeutic agent. To be Acknowledgements
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Cancer therapies based on the inhibition of angiogenesis by studies have shown that epithelial and tumor cells from various
endostatin have recently been developed. We demonstrate tissues also express VEGF receptors and respond to stimulation by
that a mutated form of human endostatin (P12SA) can in- VEGF.8-10

hibit the angiogenic switch in the C3(I)rTag mammary can-
cer model. P I25A has a stronger growth-inhibitory effect on Another family of vascular growth factors, angiopoietins, has
endothelial cell proliferation than wild-type endostatin. We recently been characterized.1" Angiopoietin-I mediates cell-cell
characterize the angiogenic switch, which occurs during the interactions between endothelial cells and other neighboring cells,
transition from preinvasive lesions to invasive carcinoma in such as smooth muscle cells.12,' 3 In contrast to VEGF, angiopoi-
this model, and which is accompanied by a significant in- etin-I does not directly stimulate endothelial cell growth. Angio-
crease in total protein levels of vascular endothelial growth
factor (VEGF) and an invasion of blood vessels. Expression of poietin-2 is typically expressed at sites of vascular remodeling in
the VEGF1Ii mRNA isoform, however, is suppressed in inva- the adult' 4 and in tumors, where it stimulates endothelial cell
sive carcinomas. The VEGF receptors fetal liver kinase-I growth and angiogenesis."' 4 Moreover, angiopoietin-2 acts in a
(FIk-I) and Fms-like tyrosine Idnase-I (Fit-I) become highly complementary and coordinated way with VEGF in order to pro-
expressed in epithelial tumor and endothelial cells in the mote tumor angiogenesis.I
mammary carcinomas, suggesting a potential autocrine ef- Inhibition of angiogenesis has emerged as a promising strategy
fect for VEGF on tumor cell growth. Angiopoietin-2 mRNA trgo
levels are also Increased during tumor progression. CD-31 to treat both primary and metastatic tumors by shifting the balance
(platelet-endothelial cell adhesion molecule (PECAM]) stain- from a proangiogenic to an antiangiogenic state. Endostatin, a 20
ing revealed that blood vessels developed in tumors larger kDa fragment derived from the COOH-terminal domain of colla-
than I mm The administration of PI 25A human endostatln gen XVIII, has been shown to have a therapeutic effect on tumor
in C3(I)/Tag females resulted in a significant delay in tumor growth and metastasis in several animal models.'5-' 9 The dose,
onset, decreased tumor multiplicity and tumor burden and schedule and species specificity in the administration of endostatin
prolonged survival of the animals. Endostatin treatment did seem to be critical factors that determine its in vivo effect.' 8

.'
9 We

not reduce the number of preinvasive lesions, proliferation
rates or apoptotic index, compared with controls. However, have previously demonstrated that recombinant mouse endostatin
mRNA levels of a variety of proangiogenic factors (VEGF, significantly inhibits mammary tumor progression in C3(I)/Tag
VEGF receptors Flk-I and Fit-I, angiopoietin-2, Tie-I, cad- transgenic mice.20 This animal model recapitulates many of the
herin-S and PECAM) were significantly decreased in the en- histopathologic and molecular alterations leading to malignant
dostatin-treated group compared with controls. These re- transformation observed in human breast cancer. 2'. 2 Preinvasive
suits demonstrate that P12SA endostatin Inhibits the lesions predictably develop in C3(1)/Tag mice at about 12 weeks
angiogenic switch during mammary gland adenocarcinoma of age and progress to invasive carcinoma over several weeks in
tumor progression in the C3(1)/Tag transgenic model. ma of a eman e tin i a o v el kO 2002 Wiley-Liss. Inc. 100% of female mice.21 ,22

We characterize here the angiogenic switch in C3(I)/Tag mam-
Key words: angiogenesis; endostatin; vascular endothelial growth mary gland adenocarcinomas and evaluate the antiangiogenic
factor; mammary cancer properties of P125A, a mutated form of human endostatin in which

an alanine residue is substituted for proline at position 125. We
The growth and metastatic spread of solid tumors is critically demonstrate that PI 25A has a stronger in vitro inhibitory effect on

dependent on the formation of new blood vessels through angio-
genesis.'. 2 During this process, the effects of proangiogenic factorsdominate over the antiangiogenic factors, resulting in the anglo- Grant sponsor: USMRMC; Grant number: DAMD 17-99-19564; Grant
genic switch.2 A large variety of growth factors modulate tumor sponsor: the Gynecologic Group, Grant sponsor: NIH.
angiogenesis, including those that alter the extracellular matrix as
well as those that promote endothelial cell proliferation and mi- The first two authors contributed equally to this paper.
gration.3 Among the proangiogenic factors described, vascular
endothelial growth factor (VEGF) has been shown to be frequentlyupregulated in a variety of tumors4 and has been well character- *Corrspondence to: Laboratory of Cell Regulation and Carcinogenesis,
ized. Thed 2 high-affinity Vf toreceptorhas fetawell lieriaster- National Cancer Institute, NIH, Building 41, Room C629, 41 Libraryized.4,s The 2 high-affinity VEGF receptors fetal liver kinase- I Drive. Bethesda, MD 20892, USA. Fax: +301-496-8395.(Flk-l) and Fms-like tyrosine kinase-I (Flt-I), members of the E-mail: jegreen@nih.gov
tyrosine kinase receptor family, transduce the activity of this
growth factor.5 The activation of intracellular signaling pathways
by these receptors involves their autophosphorylation and, as a Received 2 April 2002; Revised 5 June 2002; Accepted 6 June 2002
consequence, the stimulation of endothelial cell proliferation (es-
pecially in the case of the Flk-l receptor), migration, tubule DOI 10.1002/ijc.10589
formation, and angiogenesis in vivo.-5- 7 Although the expression of
VEGF receptors was initially localized to endothelial cells, recent
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endothelial cell growth and in vivo tumor growth inhibition in a compare the functional activity between wild-type and P125A
xenograft model than wild-type human endostatin. (mutated) endostatin. Experiments were performed in triplicate.

Our results provide evidence that P125A endostatin inhibits the Tumor growth inhibition in xenograft model
angiogenic switch and mammary tumor progression in a transgenic
mammary cancer model and that human endostatin can be struc- A xenograft model for ovarian carcinoma was used to compare
turally modified to improve its efficacy. the in vivo efficacy of both endostatin proteins. For this purpose,

wild-type and P125A-endostatin diluted in alginic acid were
LAND METHODS dropped into 0.1 M CaCl2 solution to encapsulate endostatin inMATERIAL Aalginate beads. This method was used to allow a slow release of

Mice endostatin and to prolong its effect in vivo. Ovarian carcinoma
Heterozygous C3(l)/Tag transgenic females in the FVB/N back- cells (106 MA148) were injected subcutaneously in the flank of

ground were bred as previously described.21 The chronologic athymic mice (n = 5). Seven days after cell injection, mice were
development of histopathologic lesions in C3(l)iTag mice has randomly distributed and treated with the wild-type and P125A-
been previously described. 21.22 Virgin 12-week-old FVB/N female endostatin (dose 20 mg/kg) encapsulated in alginate beads by
mice were used as controls. subcutaneous injections, once a week. Tumor growth was mea-

All studies were carried out in accordance with the guidelines of sured by calipers.
the Animal Care and Use Committee and the procedures outlined Treatment of C3(1)/Tag transgenic animals
in the Guide for the Care and Use of Laboratory Animals (NIHpublication No. 86-23, 1985). Female C3(l)/Tag transgenic mice (n = 8) weire treated at 12weeks of age by daily intraperitoneal injection of P125A human

Cloning, expression and purification of wild-type and mutant endostatin (20 mg/kg weight). Control animals (n = 10) received
human endostatin (p125a) PBS over the same period of time.

The following primers were used to amplify human endostatin: Body weight (measured weekly) and tumor volume (evaluated
GGGGAATTCCACAGCCACCGCGACTTCCAG (sense, 5'-3') twice a week) were measured in transgenic animals after the onset
and GGGGCGG CCGCCTACTTGGAGGCAGTCATGAAGCT of tumor formation. Mammary tumor size was measured with a
(antisense, 5'-3'). The PCR products were cloned into pPICZ-a caliper, and tumor volume was calculated using the formula:
vector and sequenced. After sequencing, clones containing wild- largest diameter X (the smallest diameter) 2 X 0.4.2-1 Three animals
type endostatin and additional clones containing a spontaneous of each group were euthanized at 15 weeks of age upon termina-
single-point mutation at a position 125 (P125A) were identified. tion of the treatment. The remaining animals were followed after"The wild-type (P125) and the mutated endostatin (P125A) were cessation of therapy up to 25 weeks of age. Animals were eutha-
subsequently cloned under the control of alcohol oxidase (AOX) nized when tumors reached 1.5 cm 3 or animals appeared sickly.
promoter and expressed in Pichia pastoris. Whole-

Large-scale production of the modified endostatin was carried
out in a 10 L bioreactor. Briefly, an overnight seed culture was Transgenic and control animals were euthanized by CO 2 as-
inoculated into basal salt medium with glycerol as the carbon phyxiation. Mammary gland whole-mount preparations were
source until the wet weight of the cultures reached about 200 g/L. spread onto a slide and fixed in 70% ethanol for 30 min. After
Glycerol feed was then restricted, and methanol was introduced as rehydratation in distilled water, tissues were stained by immersion
the sole carbon source. Expression was maintained for 100 hr in a solution consisting of 0.2% carmine and 0.5% aluminium
under the following conditions. Feed rate of methanol medium was potassium sulfate (in H20) overnight. The sections were dehy-
adjusted to about 75 ml/hr allowing slow growth (mut+ strain) drated through a progressive increase in ethanol concentration to
during the induction phase. Temperature was maintained at 29 0C, 100%, cleared in xylene and mounted in Permount (Fisher Scien-
and the dissolved 02 levels varied between 40 and 60%. The tific, Fair Lawn, NJ).
bioreactor (New Brunswick BioFlow 3000, Chicago, IL) was For histology, mammary glands were immediately fixed in fresh
automatically controlled to regulate 02 feed, agitation and temper- 4% paraformaldehyde overnight, embedded in paraffin, cut (4 ýLm
ature. Every 24 hr, a small aliquot of the culture was aspirated to in thickness) and stained with hematoxylin and eosin. Histopatho-
determine cell density, viability and protein induction (SDS-PAGE logic lesions were evaluated following the criteria previously
15% gel). After completion of the incubation, cultures were har- described.22 For CD-31 immunostaining, the dissected tissues
vested and centrifuged at 15,000g to remove cells. Cell-free su- were immediately immersed in O.C.T. (Tissue-Tek, Sakura, Japan)
pernatant was then concentrated and desalted by buffer exchange and frozen on a mixture of dry ice and isopentane (Fluka, Mil-
using a Millipore (Bedford, MA) tangential flow membrane cas- waukee, WI).
sette (5,000 m.wt cutoff). Concentrated medium from the biore-
actor was then aliquoted and stored at -70'C until purification. Immunohistochemistry and TUNEL analysis

Initial purification of the wild-type and mutated endostatin was Paraffin sections were rehydrated through decreasing concen-
accomplished by affinity chromatography on heparin linked to trations of ethanol. The antigen retrieval technique was used for all
ceramic beads (Sigma, St. Louis, MO). Samples were loaded at a immunohistochemistry. Slides were immersed in citric acid (pH 6)
rate of 1.0 ml/min, and the matrix was washed with Tris-HCl and heated in a microwave oven twice for 5 min. Mouse mono-
buffer (0.01 M, pH 7.6) to remove unbound proteins. Absorbance clonal (Neomarkers, Freemont, CA) and rabbit polyclonal (Santa
at 280 nm was continuously monitored. Bound proteins were Cruz Biotechnology, Santa Cruz, CA) anti-VEGF antibodies were
eluted by a salt gradient (0-1.0 M NaC1). Typically, endostatin is used at a 1:200 dilution. Rabbit polyclonal antibodies, anti-Flt-I
eluted from the column at 300 mM NaCI. Eluted proteins were and anti-Flk-I (Santa Cruz Biotechnology), were used at a 1:100
then further purified by a Mono-S column using FPLC. Loading dilution, and mouse monoclonal anti-Ki-67 antibody (Dako,
and washing were carried out in 0.01 M Tris-HCI, pH 7.6. Bound Glostrup, Denmark) was diluted 1:10,000. Cryostat sections were
proteins were eluted by a NaCI gradient (0-1.0 M). Purified stained with anti-CD-31 antibody (PharMingen, San Diego, CA) at
proteins were filter sterilized and stored at -70 0 C. Protein purity a 1:100 dilution. The avidin-biotin complex method (Vectastatin
was confirmed by gel analysis. ABC Elite kit, Vector, Burlingame, CA) was used to visualize the

bound antibodies. Omission of the primary antibody and replace-
Endothelial cell proliferation assay ment of the primary antibody by nonimmune IgG were used as a

Bovine adrenal gland capillary endothelial cells (BCE) were negative control for immunohistochemistry.
obtained from Clonetics (San Diego, CA). The endothelial cell Apoptotic cells were identified using the TUNEL in situ end-
proliferation assay was performed as previously described' to labeling technique (Apoptag; Oncor, Gaithersburgh, MD). Labeled
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cells for Ki-67 and for TUNEL staining were quantified using a PCR primers targeting murine VEGF, Fit-I, Flk-1, angiopoi-
Zeiss Axioplan microscope and Optimas software (version etin-2, Tie-I, platelet-endothelial cell adhesion molecule (PE-
6.51.199, Media Cybernetics). At least 1,000 cells/section of mam- CAM; CD-31), VE-cadherin (cadherin-5) and cyclophilin weremary gland were counted in randomly selected fields. Final data designed by using Primer Express software (Applied BioSystems,
were expressed as a percentage of positively stained epithelial cells Foster City, CA) and are listed in Table 1 (5' to 3').The specificity
with respect to the total number of epithelial cells examined, of each primer to the sequence of choice was confirmed using the

NCBI Blast module (http://www.ncbi.nlm.nih.gov/). All the prim-Protein extraction and ELISA analysis ers were synthesized by Genemed Synthesis (South San Francisco,
Tissues were homogenized in RIPA buffer containing protein- CA). To verify each primer set, amplicons generated from the PCR

ase inhibitors (I X PBS, 1% NP40, 0.5% sodium deoxycholate, reaction were analyzed for their respective specific melting point
0.1% SDS, 10 ptg/mL phenylmethylsulfonyl fluoride [PMSF]), temperatures using the first derivative primer melting curve soft-
maintained at 4°C for 45 min and cleared by centrifugation. ware supplied by Applied BioSystems. Quantitative analysis of
Protein concentration was measured with the Bio-Rad (Hercules, gene expression was performed using the SYBR Green master mix
CA) Protein Assay according to the manufacturer's instructions, kit (Applied BioSystems) and the ABI Prism 7700 Sequence

Murine VEGF concentrations in mammary gland and tumor Detection System (TaqMan). SYBR Green dye intercalation into
lysates were measured using a quantitative sandwich enzyme the minor groove of double-stranded DNA reaches an emission
immunoassay (Quantikine; R&D Systems, Minneapolis, MN) ac- maximum at 530 nm. The level of gene expression was calculated
cording to the manufacturer's instructions. Briefly, each sample after normalizing to the cyclophilin level in each sample and is
was incubated in duplicate wells of a microplate coated with presented as relative units. Samples were analyzed in triplicate to
anti-VEGF polyclonal antibody. Unbound substances were assess the accuracy of the measurements.
washed from the plate, and peroxidase-linked anti-VEGF poly- Statistical analysis
clonal antibody was added. After incubation and further washing, The 2-sided Student's t-test was used to evaluate whether sig-
H 20 2 and tetramethylbenzidine were added. The reaction was nificant differences existed between the mean values of the groups
stopped with HCI, and optical densities were read at 450 nm anal differe n -Whitey test was ued o a e tumop
(correction wavelength, 540 nm) on a Multiskan plate reader analyzed. The Mann-Whitney test was used to analyze tumor
(Titertek, Huntsville, AL). VEGF concentrations were calculated v alum es.
by comparison with a standard curve generated using a 4-param- survival curves.
eter logistic curve-fit and on-board software. VEGF concentrations
were normalized to total protein concentrations. RESULTS

RNA extraction and RT-PCRfor VEGF isoforms Wild-type endostatin and mutant P125A endostatin were ex-pressed in soluble form in Pichia pastoris. Both proteins were
Total RNA was extracted from frozen tissues using the RNeasy purified to near homogeneity. The wild-type and P125A-endostatin

mini kit (Qiagen, Valencia, CA) according to the manufacturer's contain 183 amino acid residues. The expected molecular weight
protocol. The quality of the RNA was assessed by running aliquots of wild-type endostatin is 20,095 and that of the P1 25A mutant is
on formaldehyde-agarose gels. Two micrograms of total RNA 20,068. MacVector protein analysis software was used to deter-
were incubated with DNAseI (Life Technologies, Gaithersburg, mine the expected molecular weight from the primary sequence.
MD) for 20 min. Reverse transcription was performed with the P125A substitution does alter the pI of the protein (pI 9.91). In
SuperScript II kit (Life Technologies), according to the manufac- SDS-PAGE, both wild-type and P125A-endostatin migrated to a
turer's protocol. The cDNA was amplified with Taq polymerase relative position corresponding to 21 kDa under nonreducing con-
(Life Technologies) using a PTC-100 M.J. Research thermocycler ditions (Fig. la).
(Watertown, MA). The sequence of the primers for the detection of
VEGF1 20 , VEGF,, and VEGF,,s and the conditions used for the Biologic activities of wild-type (P125) and mutant (PI25A)
PCR were adjusted from those previously described. 24 The fol- endostatin
lowing primer sequences were used: 5'-ctg ctc tct tgg gtg cac tg-3' Inhibition of endothelial cell proliferation. To evaluate whether
(forward primer, located in exon 1) and 5'-cac cgc ctt ggc ttg tca the PI25A mutation affected the biologic activity of endostatin, an
ca-3' (reverse primer, located in exon 8). The conditions used for inhibition assay of endothelial cell proliferation was performed.
PCR were as follows: 40 cycles at 94°C for I min, 56°C for 2 min Serum-starved endothelial cells were stimulated with human basic
and 72°C for 3 min. Negative controls included the omission of the fibroblast growth factor (FGF). Growth factor-induced endothelial
reverse-transcriptase. cell proliferation was inhibited by both wild-type and mutant

endostatin. Dose-response curves demonstrated a better inhibitory
Quantitative real time RT-PCR analysis effect of P125A-endostatin compared with the wild-type protein

For cDNA preparation, I ý±g total RNA was treated with DNase (Fig. l b). A concentration of I Rig/ml wild-type endostatin was
I (Ambion, Austin, TX) to remove any contaminating genomic required to inhibit proliferation by 8.6%, whereas PI25A-endosta-
DNA. The DNased RNA (100 ng) was then converted into cDNA tin produced a similar level of inhibition at a concentration of 0.33
by using murine leukemia virus reverse transcriptase (Life Tech- jig/ml. At a concentration of 3 jig/ml, wild-type endostatin inhib-
nologies). ited proliferation by 22.2%, and an equivalent inhibition was

TABLE I -TaqMan PRIMER SEQUENCES'

Gene Forward Reverse

Ang-2 1478- -TTAGCACAAAGGATTCGGACAAT- - 1500 1598- -TTTTGTGGGTAGTACTGTCCATTCA- -1574
Flt-I 2421- -GAGGAGGATGAGGGTGTCTATAGGT -- 2445 2536-- GTGATCAGCTCCAGGTTTGACTT -- 2514
FLK-1 4570--GCGCTGCTGTGGTCTCACTAC--4590 4632--CAAAGCATTGCCCATTCGAT--4666
Tie-I 742- -CAAGGTCACACAGACGGTGAA- -762 863- -GCCAGTCTAGGGTATTGAAGTAGGA- -839PECAM 1652- -GAGCCCAATCACGTTTCAGTTT- -1673 1769- -TCCTTCCTGCTTCTTGCTAGCT- -1748
VE-cadherin 1853- -TCCTCTGCATCCTCACTATCACA- -1875 1974- -GTAAGTGACCAACTGCTCGTGAAT- -1951
VEGF 805- -GGAGATCCTTCGAGGAGCACTT- -826 933- -GGCGATTTAGCAGCAGATATAAGAA-- 909

'Ang-2, Angiopoietin-2; Fit- 1, Fms-like tyrosine kinase; KDR, PECAM, platelet-endothelial cell adhesion molecule; VE, vascular endothelial;
VEGF, vascular endothelial growth factor.
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FIGURE 1- Comparison be-
tween wild-type endostatin (P125)
and P125A mutated human en-
dostatin. (a) SDS-PAGE (15%)
for wild-type (lane 2) and P125A-
endostatin (lane 3) shows a sin-
gle band of 21 kDa under nonre- C
ducing conditions for both types
of endostatin. Protein markers 341.
(lanes 1 and 4). (b) Inhibition of
endothelial cell proliferation.
Growth factor-induced (FGF)
endothelial cell proliferation is
inhibited by both wild-type and
mutant endostatin. However,
P125A-endostatin has a signif-
icantly increased inhibitory ef-
fect on BCE cell growth com-
pared with wild-type endostatin I l
(p < 0.05). Open circles, wild-
type endostatin; closed circles,
P125A-endostatin. The experi-
ments were done in triplicate.
(c) Mean tumor growth of
MA148 cells in nude mice
treated with wild-type endosta-
tin, P125A-endostatin or PBS.Tumor growth is significantly

inhibited by both wild-type and
P125A-endostatin, compared with
PBS-treated (control) mice. No
statistical differences were found
between wild-type and P125A-
endostatin groups. Open circles,
wild-type endostatin; closed cir- 0
cles, P125A-endostatin; squares, 0 10 20 30 40 N
PBS. Bars indicate SEM. Five
animals per group were used. IDV Aftw [3mkm

observed by P125A-endostatin at a concentration of 1.23 ýLg/ml. mm3 on day 50. Animals treated with wild-type or P125A-endosta-
Based on these data, P125A endostatin appears to be about 2- to tin exhibited a significant reduction in tumor growth (p < 0.05)
3-fold more potent in inhibiting endothelial cell proliferation com- compared with untreated animals. On day 50, mice treated with
pared with the wild-type protein. Experiments were performed in wild-type endostatin had a mean tumor volume of 564 mm, 3 , an
triplicate, inhibition of 67.8% compared with controls. Throughout the ob-

Inhibition of tumor growth in a xenograft model of ovarian servation period, mice treated with P125A-endostatin exhibited the
cancer. The ability of wild-type and P125A-endostatin to inhibit slowest tumor growth. At the termination of the experiment on day
tumor growth in vivo was assessed using the MA148 ovarian 50, P125A-endostatin-treated mice exhibited a mean tumor vol-
carcinoma model xenografted into nude mice. Tumors in the ume of 351 mm, 3, a reduction of 80% in tumor volume (statisti-
control mice grew exponentially, reaching a mean volume of 1,747 cally significant, p < 0.05) compared with controls, although this
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was not statistically different from mice treated with the wild-type 100 pg/mg total protein). During the transition from preneoplastic
endostatin (Fig. lc). Five animals per group were used. lesions to invasive tumors in transgenic animals, an 8-fold increase

in VEGF levels was found (Fig. 2a). Three mice per group were
The angiogenic switch in C3(1)/Tag mammary gland tumors used for these experiments.

To determine alterations in the expression of several major Immunohistochemical analysis revealed relatively weak VEGF
regulators of angiogenesis during mammary tumor progression in staining in the epithelial cells and in most endothelial cells of the
C3(i)/Tag transgenic mice, we studied the expression patterns of blood vessels in the mammary glands of 12-week-old nontrans-
the angiogenic factors VEGF and angiopoietin-2. genic FVB/N. MIN lesions in 12-week-old C3(l)fTag mice also

Immunohistochemical analyses of VEGF receptors Flk- 1 and stained positively for VEGF (Fig. 2b). However, tumors from
Fit-I, and the endothelial marker CD-31 (PECAM) were also 18-20-week-old animals stained strongly positive for VEGF
examined during tumor progression. As previously described,2 L22  (Fig. 2c). Both the tumor cells and the endothelial cells stained
C3(I)tTag transgenic females develop preinvasive lesions in the strongly positive. The substitution of nonimmune serum for the
mammary glands (mammary intraepithelial neoplasia [MIN) at primary antibody produced no staining (result not shown). The 2
about 12 weeks of age, followed by the development of invasive different antibodies used for VEGF staining gave identical staining
carcinomas at about 16 weeks of age. Total VEGF protein levels patterns.
were dramatically increased (p < 0.001) during the transition from Evaluation of the VEGF isoforms by RT-PCR revealed that
preinvasive mammary intraepithelial neoplasia to invasive carci- normal mammary glands and mammary glands with preinvasive
noma, as evaluated by ELISA (Fig. 2a).Twelve-week-old FVB/N lesions expressed the 3 VEGF isoforms, VEGF,., VEGF 1, and
nontransgenic females and 12- or 15-week-old transgenic C3(1)/ VEGF18 5 . Tumors, however, expressed VEGF, 2 o and VEGFIM
Tag females exhibited similar levels of VEGF protein (less than but not VEGF,,, (Fig. 3).
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FIGURE 2o-aVascular endothelial growth factor (VEGF) protein expression in mammary glands and tumors from C3( )/Tag females or control
animals. (a) ELISA analysis. Mammary glands from control FVB/N females have a mean value of 82 ± 12.1 pg/mg total protein at 12 weeks
of age. Mammary glands from 12- and 15-week-old C3(1)/Tag females with preinvasive lesions have similar values (93 ± 15 and 70 ± 8.9
pg/mg total protein, respectively). However, tumors from 18-week-old C3(1I)Tag females exhibit an 8-fold increase (p < 0.001) in VEGF protein
values. Three mice per group were used in these experiments. (b) Immunohistochemical analysis of mammary glands of 12-week-old C3(1)/rag
females with preinvasive lesions shows VEGF staining in the epithelium of the ducts and end buds. Normal mammary glands of control animals
at the same age exhibit the same pattern of staining. (c) Mammary tumor of a 20-week-old C3(1)/Tag mouse with stronger staining for VEGF
than epithelial cells in preinvasive lesions. (Magnification X400.)
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VEGF18 -- 6bp

VEGF164

VEGF120

FIGURE 3- RT-PCR for vascular endothelial growth factor (VEGF) isoforms in mammary glands and tumors from C3(l )/Tag females or
control animals. Mammary glands from transgenic animals with preneoplastic lesions (12- and 15-week-old) and from FVB/N control mice
express the 3 VEGF isoforms. The expected size for VEGF 1,o (431 bp), VEGFJ.4 (563 bp) and VEGF18s (635 bp) bands are found in these
animals. Tumors from 18- or 20-week-old females only express VEGF 12o and VEGFIM, but not VEGF188 .

Immunohistochemistry for the VEGF-receptor Flk-l revealed mm 3 in size (Fig. 5d). Larger palpable tumors were highly vascu-
that mammary epithelium from 12-week-old control FVB/N mice larized (Fig. 5ej).
exhibited barely detectable staining in the epithelium (Fig. 4a),
whereas the endothelial cells of some blood vessels stained posi- P125A-endostatin inhibits mammary adenocarcinoma
tively for Flk-l. In mammary glands from 12-week-old transgenic development and growth, decreases tumor number and prolongs
animals, Flk-I staining was detected in the cellular apex and basal the survival of C3(kl)Tag mice
compartment of the premalignant epithelial cells (Fig. 4b,c). Inva- To evaluate whether P125A-endostatin is able to inhibit tumor
sive carcinomas were characterized by strong Flk-I staining in angiogenesis in C3(1)/Tag mice, we treated 12-week-old animals
both tumor (Fig. 4d) and endothelial cells. The VEGF receptor (n = 8) with the highly active form of endostatin, P125A, daily for
Fit-l, however, was undetectable by immunohistochemistry in 3 weeks. The administration of P125A-endostatin for this 3-week
epithelial and endothelial cells, in both 12-week-old FVB/N con- period significantly delayed tumor onset (p = 0.0 11, Fig. 6a).In
trol mammary glands and MIN lesions in C3(1)/Tag mammary the control group, the earliest tumor onset occurred at 16 weeks of
glands (Fig. 4e). However, both tumor cells and blood vessels age, whereas in the endostatin-treated group, tumor onset occurred
stained positively for Fit-I in invasive carcinomas (Fig. 41). at 18 weeks of age. By this age all the animals in the control group

had developed tumors, whereas only I endostatin-treated animalThe angiogenic switch in C3(1)/Tag mammary tumors was also had palpable tumors. However, despite the delay in tumor appear-
characterized by an increase in angiopoietin-2 mRNA levels dur- ance, 100% of the treated mice developed palpable tumors by 21
ing the transition from MIN to adenocarcinoma. Tumors from weeks of age. Three mice per group were used in these experi-
18-week-old transgenic animals exhibited a 2.5-fold increase (p < ments.
0.01) in angiopoietin-2 mRNA levels compared with that observed Tumor burden in the group of animals treated with endostatin
in transgenic mice with preinvasive lesions or nontransgenic mice was very significantly decreased, compared with controls, from
(data not shown). week 16 to week 21 (p < 0.01, Fig. 6b). In the control group, the

Tumor vascularization was studied using CD-31 immunostain- mean cumulative tumor burden was 1,481 ± 510 mm 3 at 19 weeks
ing. In mammary glands of C3(1)/Tag mice with preinvasive of age (I month after the cessation of treatment). However, in the
lesions, endothelial cells of the capillary network surrounding the group of animals treated with endostatin, the mean value was 70 ±
adipocytes (Fig. 5a,b) and larger vessels within the mammary 32 mm 3 at the same age (an approximate 20-fold decrease). At 22
glands stained positively for CD-31. No staining was observed in weeks of age (the end point of survival for the control animals), the
the epithelial cells, as expected. Normal mammary glands from mean cumulative tumor burden for control animals was 2,420 ±
nontransgenic control mice exhibited a similar staining pattern for 820 mm,3, whereas the group of animals treated with endostatin
CD-31 (data not shown). No CD-31 staining was observed in more exhibited an approximately 2-fold decrease, with a mean value of
advanced lesions, such as high-grade MIN and early invasive 1,230 ± 331 mm3 (p < 0.05).
carcinomas (microscopic), which were found in most animals after A significant decrease in the mean number of tumors per animal
15 weeks of age, indicating that blood vessel recruitment had not (MNT) was observed in mice treated with endostatin compared
yet occurred (Fig. 5c). Intratumoral vessels were observed by with controls, from 16 weeks to 19 weeks of age. At 18 weeks of
CD-31 staining when tumors reached an approximate volume of I age, the MNT for controls was 1.2 ± 0.3, whereas for treated
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FIGURE 4 - Immunohistochemi-
cal analysis of VEGF receptors
(Flk-1 and Flt-1) in mammary
glands and tumors from C3(l)/Tagfemales or control animals. (a) In
control animals, no staining for

" • FlIk- 1 is observed in the epithelium,
W* 'Aand faint staining is seen in blood

vessels. (b) Flk-1 stains positively
in MIN lesions in 12-week-old
transgenic animals, mainly in the
apex (arrow) and basal zone of the
epithelium. (c) An increase in

S4• Flk-I immunostaining is observed
A • in more advanced lesions. (d)

Strong Flk-1 staining is observed
-0 • -in tumors. (e) Lack of FIt- 1 immu-

Snostaining in a preinvasive mam-
mary lesion from a 12-week-old
C3(1)/Tag mouse. The same result
is observed in normal mammary
glands from control females (not

P shown). (f) Tumor cells from
C3(l)/Tag animals exhibit strong
staining for Flt- I. (Magnification,
a, c, d, X200; b, e, f, X400.)

animals it was significantly lower, 0.2 - 0.2 (p < 0.05). At 19 endostatin-treated animals. Mammary gland whole mounts and
weeks of age, the MNT remained significantly different (p < histologic analysis revealed that both groups of animals had the
0.05): 1.8 ± 0.2 for controls, and 0.8 ± 0.3 for treated animals, typical pathologic lesions found in C3(1)/Tag mice at this age,
However, due to the prolonged survival of endostatin-treated an- with multiple MIN lesions and some high-grade MIN. Control
imals after this age and the lack of continued treatment with mice had 22.1 ± 7 MIN lesions per mammary gland, whereas
endostatin, the MNT became similar for both groups by 20 weeks P! 25A-endostatin-treated mice had 27.2 ± 8.2 MIN lesions, which
of age (2.2 ± 0.2 for controls and 2.6 ± 0.6 for treated mice), was not statistically different. Cellular proliferation, as evaluated

Survival curves demonstrated that endostatin-treated animals by Ki-67 staining, was observed only in epithelial cells in bothlived significantly longer than PBS-treated mice (3-4-week in- treated and untreated mice. No endothelial proliferation was ever
crease in survival, p = 0.0086, Fig. 6c). No signs of toxicity or observed at this stage of tumor progression. Quantification of
weight loss were observed as a result of the endostatin treatment. Ki-67-positive cells was similar between both groups of mice

(82 ± 12.7 in controls and 79 ± 10.9 in treated mice). Similarly,P125A-endostatin downregulates the expression of angiogenic TUNEL staining was positive for apoptosis only in epithelial cells,
factors in preinvasive mammary glands but does not inhibit MIN but not in endothelial cells, in both treated and untreated animals.
formation The apoptotic index of epithelial cells was similar in controls and

To determine the preventive effect of endostatin on the angio- endostatin-treated mice (12.3 ± 7.2 in controls and 12.1 z 9.7 in
genic switch and tumor development in C3(l)/Tag mice, analyses treated mice).
were performed on mammary glands at 15 weeks of age (after Despite similarities in histopathology, differences in mRNA
cessation of treatment) to identify changes in the histopathology, levels of angiogenic factors were found between control animals
rates of proliferation and apoptosis, as well as mRNA levels of a and animals treated with endostatin as measured by real-time
battery of angiogenic factors. RT-PCR. VEGF mRNA levels were decreased about 50% (p <

Histopathologic evaluation showed no remarkable differences in 0.01) in mammary glands from treated animals, compared with
lesion formation at 15 weeks of age between the control and controls. Total VEGF protein levels were also measured by
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FIG;URE 5 - CD-31 (PECAM) immunostaining in mammary glands and tumors from C3(1)/Tag females. (a) At 12 weeks of age, numerous
blood vessels positive for CD-31 can be observed surrounding the adipocytes or the premalignant epithelium. but not inside the epithelium. (b)MIN lesion in a 15-week-old female, showing similar CD-31 staining to that seen at 12 weeks of age. (cý High-grade MIN in a I15-week-oldmouse. No blood vessels invading the MIN lesion are apparent. (d) In small tumors (approximately I mm" in size,), intratumoral blood vesselinvasion is observed. (e) Larger tumors are highly vascularized. (f) Another tumor with a more glandular histologic pattern, also exhibiting
abundant vascularization. (Magnification, a, c, X200; b, X400; d-f, X40.)

ELISA, in 15-week-old PBS- or P125A-treated mice. Control treated with endostatin, compared with the animals treated with
animals had an average value (± SEM) of 71.3 ± 7.2 pg PBS. PECAM (CD-3 1) mRNA levels were decreased by 33% (p <
VEGF/mg total protein. Mice treated with P125A-endostatin ex- 0.05).
hibited significantly lower values compared with controls (48.1 ±+
9, p < 0.05; approximate 32% decrease). Angiopoietin-2 mRNA DSUSOlevels were also significantly decreased, by 44% (p < 0.01). DSUSO
Endostatin treatment resulted in a significant decrease in mRNA Previous studies have shown that the administration of murine
levels of VEGF receptors Flk- 1 (33%; p < 0.05) and Fht-I1 (27%; endostatin inhibits tumor growth and metastasis in mouse mod-
p < 0.05). Tie- I and cadherin-5 mRNA levels were decreased by els.15--• However, in our experience, the efficacy of human en-
31% (p < 0.05) and 19% (p = 0.1), respectively, in the mice dostatin in mouse models has been problematic. We observed no
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tin on mammary tumor growth and sur-80 . Eadostatin vival. (a) Comparison of tumor inci--- I dence between endostatin-treated and
untreated females. There is a significantS60- delay in tumor incidence between the
groups (p = 0.011). (b) Tumor burden in

, 40- endostatin-treated animals was very sig-
nificantly decreased from week 16 to
week 21 (p < 0.01), compared with con-C 20. trol mice (**,p <0.01; *,p <0.05. (c)
Survival curves. The increase in survival
in the P125A-endostatin-treated mice is

0 . . . . . . statistically significant (p = 0.0086).
15 16 17 18 19 20 21 22 23 24 25 Eight C3(l)/Tag transgenic mice were

Age (weeks) treated with P125A-endostatin, and 10
mice were injected with PBS (controls).

effect on mammary tumor development and progression when tated form of human endostatin (P I25A) demonstrated increased
C3(1)/Tag mice were treated with human endostatin (Calvo and inhibition of endothelial cell proliferation and in vivo xenograft
Green, unpublished observations). In the present study we have tumor growth compared with wild-type endostatain.
characterized a mutated form of human endostatin that exhibits Due to this enhanced activity, we decided to investigate further
enhanced activity compared with the wild type. the inhibitory effects of P125A-endostatin on C3(1)/Tag mammary

The spontaneous PI25A mutation that occurred during the clon- gland lesion progression. We have demonstrated that a limited
ing process is located immediately before the NGR, a endothelial course of P125A-endostatin retards tumor onset and decreases
cell homing motif for endostatin. 32 Through the use of phage tumor growth and multiplicity. P125A-endostatin appears to in-
display libraries, this motif was shown to contain homing se- hibit the angiogenic switch and tumor growth by downregulating
quences for tumor vasculature. 3 2 Our characterization of this mu- the expression of a variety of proangiogenic factors at the prein-
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vasive to invasive transition stage. The therapeutic efficacy of loss of VEGF1 s mRNA in C3(1)/Tag tumors remains unclear and
P125A-endostatin on mammary tumor development in transgenic is being investigated further.
mice is similar to that for recombinant murine endostatin, on which Histopathologic examination of the mammary glands from 15-
we have previously reported. 20  week-old mice (immediately after the treatment period) revealed

Some studies have suggested that the main effect of endostatin no differences between the control and treated animals. Both
might be related to the prevention of primary tumor development groups had similar histopatholgic alterations, both qualitatively
as well as metastatic progression, rather than regression of large and quantitatively, consisting of low-grade MIN and, less fre-
established tumors.16J5 7 Bergers et aL18 demonstrated in the RIPI- quently, high-grade MIN lesions. The proliferation and apoptosis
Tag transgenic model of pancreatic islet cell carcinoma that re- indexes were also similar between both groups. Interestingly, we
combinant endostatin is highly effective in inhibiting tumor pro- did not observe positive TUNEL staining in the endothelial cells of
gression from hyperplastic lesions to invasive carcinomas but that animals treated with endostatin. This result suggests that endosta-
endostatin has much less effect in treating large, established tu- tin does not cause apoptosis of endothelial cells in preinvasive
mors. Moreover, in other mouse models in which transplantable mammary lesions. It has been reported that endostatin induces
tumor cell lines have been used, the strongest therapeutic effect has apoptosis in endothelial cells in vitro.31 Bergers et al. 18 noted that
been described when endostatin was given shortly after the im- RIPI-Tag transgenic mice treated with endostatin in a prevention-
plantation of tumor cells. 25 Similar preventive effects have been type study had no changes in histology, blood vessel density or
observed with angiostatin.26 apoptotic index at the preinvasive stage. However, apoptotic fig-

C3(1)/Tag females develop preinvasive alterations in the mam- ures were observed (in both endothelial and tumor cells) in animals
mary glands at about 12 weeks of age and invasive carcinomas treated with established invasive tumors.
after about 16 weeks of age. 21,22 We have shown in the present Our results suggest that the preventive effect of endostatin is
study that the transition from preinvasive lesions to invasive car- mediated by effects other than apoptosis in this mammary tumor
cinomas is accompanied by an increase in expression of the model. This is consistent with our observations comparing the
proangiogenic factors VEGF and angiopoietin-2, as well as VEGF expression of a battery of angiogenic factors in preneoplastic
receptors FIk-I and Fit-l, thus establishing a mechanism for the mammary glands between endostatin-treated or untreated mice.
angiogenic switch in this tumor model. Even though we have Endostatin treatment resulted in the downregulation of VEGF,
observed VEGF expression in epithelial and endothelial cells in Flk-l, FI-i, angiopoietin-2, PECAM (CD-31), Tie-I and cad-
the virgin normal mammary gland, the expression of Flk-I and herin-5 mRNA levels. Total VEGF protein levels were also de-
Flt-I is very low and is restricted to endothelial cells. Flk-1 is first creased in P125A-treated mice compared with controls. This
expressed in epithelial cells in preinvasive lesions, whereas Fit- I is downregulation of angiogenic factors prior to or during the angio-
undetectable at this stage. In contrast, both epithelial and endothe- genic switch would presumably lead to a disruption of the normal
lial cells of tumors express high levels of Flk-I and FIt-I. process of tumor angiogenesis and, therefore, to the inhibition of

These results suggest that angiogenesis in this model of mam- tumor growth that we have observed in C3(l)/Tag mice. In addi-
mary tumor progression is activated not only by an increase in tion, any tumor-promoting effects through potential VEGF auto-
VEGF but also by an increase in the expression of VEGF recep- crine mechanisms would also be inhibited.
tors. Since we have demonstrated that VEGF receptors are local- Shichiri and Hirata3l have recently demonstrated in vitro that
ized on the tumor epithelial cells, our results suggest that VEGF the main effect of endostatin on endothelial cells is a strong
may be acting as an autocrine factor on tumor cells in addition to inhibition of cell migration, rather than the induction of endothelial
its paracrine effects on endothelial cell growth. Other studies have cell apoptosis or cell cycle arrest. These authors have demonstrated
also suggested that VEGF may have autocrine effects. For in- that endostatin downregulates genes associated with cell migration
stance, in the rat hormone-induced mammary tumor model, Xie et and angiogenesis, such as endothelin-I, ETB receptor, integrin yv,
aL9 showed coexpression of VEGF and its receptors in tumor cells. integrin-133, FAK, cadherin-5 and PECAM. We similarly demon-
Enhanced expression and activation of Flk-i has recently been strate in vivo that endostatin is associated with reduced expression
reported in human breast carcinoma as well, in which an increase of cadherin-5 and PECAM. Our results are consistent with the
in VEGF levels has been also described. 27  notion that a major effect of endostatin is the prevention of

Although the overall amount of VEGF in C3(1)/Tag mammary endothelial cell recruitment, migration and vessel formation. This
adenocarcinomas is higher than that in control mammary glands or explanation would be consistent with the strong inhibition of
in mammary tissues with early MIN lesions, there is also a change endostatin on rapid tumor growth in animal models but only
in the isoforms of VEGF that are being produced. It has been modest effects on large established tumors.
shown that VEGF isoforms act in different, yet coordinated ways In summary, we have demonstrated that the downregulation of
to promote tumor angiogenesis.30 The RT-PCR analysis presented angiogenic factors in C3(1)/Tag transgenic mice by the P125A
in our study demonstrates that normal and mammary glands with mutated form of human endostatin is associated with the inhibition
MIN lesions express the 3 VEGF isoforms 120, 164 and 188. of tumor growth. These results suggest that endostatin might be
However, there is no expression of the VEGF,,, mRNA isoform effective in inhibiting the transition of ductal carcinoma in situ to
in the invasive carcinomas. A recent study has similarly demon- invasive carcinomas and warrant further investigation.
strated that, unlike VEGF,20 and VEGF, 65 , VEGFJ5 s mRNA is
not increased in several types of tumors. 2s However, another report
has described elevated levets of VEGF... associated with in-
creased tumor aggressiveness in lung cancer.29 VEGF,55 remains ACKNOWLEDGEMENTS
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The Designed Angiostatic Peptide Anginex Synergistically Improves Chemotherapy
and Antiangiogenesis Therapy with Angiostatin'
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ABSTRACT (Sigma Diagnostics, St. Louis, MO) was dissolved in PBS (32.5 mg/kg) and
administered i.p. once every 3 days. Angiostatin (20 mg/kg) was administeredRecently, we demonstrated that the designed peptide anginex displays daily s.c. in the neck, as described previously (9).

potent antianglogenic activity. The aim of the present study was to inves- Culture. MA148, a human epithelial ovarian carcinoma cell line, was
tigate anginex treatment as a single-agent therapy and to test Its ability to cultured on noncoated flasks using 10% fetal bovine serum, 1% penicillin/
improve conventional chemotherapy and antiangiogenesis therapy. In a streptomycin in RPMI 1640. Cultures were split 1:3 every 3 days. Mouse
human ovarian carcinoma mouse model, anginex inhibited tumor growth angiostatin (kringle 1-4) was cloned and expressed in Pichia pastoris (10),
by 70%. When anginex was combined with a suboptimal dose of carbo- with culturing, elution, and purification done as described previously (9, 1I).
platin, tumors regressed to an impalpable state. Anginex plus angiostatin
worked synergistically to inhibit tumor growth. Assessment of microvessel Ovarian Carcinoma Mouse ModeL Female athymic nude mice (nu/nu,
density suggested that the antitumor activity of anginex is mediated by 5-6 weeks old) were purchased from the National Cancer Institute and allowed
angiogenesis inhibition. In any of the experiments, no sign of anginex- to acclimatize for I week. Human ovarian MA148 epithelial carcinoma cells
Induced toxicity was observed, were cultured, harvested, and inoculated s.c. into the right flank of the mouse

as described previously (9). In the initial experiment, treatment was initiated
after randomizing mice and implanting osmotic minipumps (Durect, Cuper-

INTRODUCTION tino, CA) into the left flank. The pumps had a treatment span of 28 days, which
started on the same day as the inoculation of the ovarian carcinoma cells.Neovascularization, or angiogenesis, is the process of new capillary Subsequently, studies were carried out in a therapeutic intervention model with

outgrowth from preexisting blood vessels. Sustained angiogenesis is established tumors to test the capacity of anginex to inhibit tumor growth and
one of the essential alterations in cell physiology that collectively to test it in conjunction with angiostatin. In this latter model, treatment was
dictate malignant growth (1). Angiogenesis is required for solid initiated 7 days postinoculation with the MA148 cells. To test the ability of
tumors to grow beyond the size of approximately 1-2 mm3 . A highly anginex to enhance conventional chemotherapy, carboplatin was used in com-
vascularized tumor is associated with poor clinical prognosis, not only bination with anginex in the same intervention model.
because of the potential for exponential tumor growth but also be- Tumor volume was determined by measuring the size of the tumors on the
cause of the increased access capacity to the capillaries (2), which flanks of the mice. The diameters of tumors were measured using calipers
supposedly facilitates metastasis formation (3). Consequently, meth- (Scienceware, Pequannock, NJ), and the volume was calculated using the
ods to inhibit angiogenic sprouting provide a unique opportunity to equation to determine the volume of a spheroid: (a' X b X Hl)/6, where a is
arrest tumor growth and prevent metastasis, either alone or in corn- the width of the tumor, and b is the length of the tumor.
bination with conventional therapies. Combination of angiogenic in- Immunohistochemistry. Tumor tissues were embedded in tissue freezing
hibitors with radiation (4, 5), gene therapy (6), or chemotherapy (7) medium (Miles, Inc., Elkart, IN) and snap frozen in liquid nitrogen. Prepara-
has been shown to be successful. Recently, we reported the design of tion and procedures were done as described previously (12). Samples were
anginex, a 0-sheet-forming peptide 33-mer, with potent in vitro anti- subsequently incubated in a 1:50 dilution with phycoerythrin-conjugatedanginex ac3-sheet-forming p8).heptid -m e, wthe potent s y v ere ati- monoclonal antibody to mouse CD-31 (platelet/endothelial cell adhesion mol-angiogenesis activity (8). The aims of the present study were to ece ;PainnSnDgoCAoraFT-nuatdCN'Ablecule 1; PharMingen, San Diego, CA) or a FITC-conjugated PCNA3 (Ab-1;
investigate anginex treatment in vivo as a single-agent therapy and in Oncogene, San Diego, CA) to stain for MVD or proliferation, respectively.
combination with conventional chemotherapy and the structurally After a I-h incubation at room temperature, slides were washed with PBS and
unrelated antiangiogenic angiostatin. Here, we show that although immediately imaged in an Olympus BX-60 fluorescence microscope at X200
anginex alone significantly inhibits tumor growth, treatment in com- magnification. Sections were also stained for cell death using a TUNEL assay
bination with a suboptimal dose of carboplatin results in tumor re- carried out according to the manufacturer's instructions (in situ cell death
missions to microscopic disease, and treatment in combination with detection kit, fluorescein; TUNEL; Roche). Although the TUNEL assay de-
angiostatin demonstrates a synergistic effect at inhibiting tumor tects apoptosis, it cannot be ruled out that TUNEL will also stain for necrosis,
growth. The present data warrant further development of anginex for where extensive DNA fragmentation may occur. Digital images were acquired
clinical use. and processed using Adobe Photoshop (Adobe Inc., Mountain View, CA).

Vessel density was quantified as described previously (12). Statistical analysis
was performed using Student's I test.

MATERIALS AND METHODS Toxicity Assays. As an indirect measurement of general toxicity, body
weights of mice were monitored twice weekly using a digital balance (OhausReagents. Anginex and control peptide Bpep28 were synthesized as de- Florham). To determine hematocrit and creatinine levels, blood samples were

scribed previously (8). 3pep28 is 91% homologous and 67% identical peptide extracted by tail vein bleedings I day after terminating treatment, and blood
compared with anginex but has no antiangiogenic activity (8). Carboplatin was collected in heparinized microhematocrit capillary tubes (Fisher, Pitts-

burgh, PA). For hematocrit levels, samples were spun down for 10 min in aReceived 9/11/02; accepted 11/14/02. microhematocrit centrifuge (Clay-Adams), and the amount of hematocrit was
The costs of publication of this article were defrayed in part by the payment of page determined using an international microcapillary reader (IEC, Needham, MA).

charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact. To obtain creatinine levels, a kit was purchased from Sigma Diagnostics andSSupported by Department of Defense Grant DA/DAMD 17-99-1-9564 (to K. H. M. used according to the manufacturer's instructions.
and S. R.) and NIH Grant CA-96090 (to K. H. M.).2

To whom requests for reprints should be addressed, at Department of Biochemistry,
Molecular Biology and Biophysics, University of Minnesota Health Sciences Center, 312 ' The abbreviations used are: PCNA, proliferating cell nuclear antigen; MVD,Church Street, Minneapolis, MN 55455. Phone: (612) 625-9968; Fax: (612) 624-5121; microvessel density: TUNEL, terminal deoxynucleotidyl transferase-mediated nick end
E-mail: mayoxO0I@tc.umn.edu. labeling.
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RESULTS A
Anginex Inhibits Tumor Growth in Vivo. Mice inoculated with 240- •*

MA 148 ovarian carcinoma cells were randomized and treated system- 220 -" -
ically with anginex for 28 days using osmotic minipumps starting the 200 I
day of inoculation. A control peptide, 3pep28, which is 91% sequen- 180 -
tially homologous and 67% identical to anginex, was used to control 160 -
for peptide content. Another set of animals was treated with vehicle 1 140 20 3S vehicle
containing BSA to control for protein content. As illustrated in Fig. 1, E 120,
treatment with anginex resulted in a dose-dependent inhibition of = 100
tumor growth that was maximal at 10 mg/kg/day as compared with o angmnex
vehicle-treated animals. At this dose, anginex inhibited about 70% of so-tumor growth. At half this dose, tu~mor growth was inhibited by only •. 40 -_. :
50%, whereas a higher dose (20 mg/kg/day) did not result in enhanced T oplan

efficacy (Fig. 1). Tumors from 3pep28-treated mice did not differ in 20
size from tumors in the BSA-vehicle-treated animals. Moreover, combination
treatment with BSA or 13pep28 did not result in altered tumor growth ',0 10 15 20 25 30 35 40as compared with treatment with saline alone (data not shown). treatment Time (days post-inoculation)

Anginex Inhibits Tumor Growth of Established Tumors and B
Improves Conventional Chemotherapy. Because initial animal ex- 300o wgh
periments were performed using an experimental setup in which
treatment was started at the time of tumor inoculation (a system that 250-
models treatment of minimal residual disease), anginex was also
tested using the MA148 model in an intervention setup where treat- ° 200

22ý vehiclement was initiated after tumor establishment. In these experiments, we l
anginex inhibited tumor growth by approximately 50% (Fig. 28). _ " 1 , 2 3

:= 50 ol 010 • 30 35

In an attempt to improve the efficacy of platinum-based chemo- T - angiosatan
therapy, anginex was administered to tumor-bearing mice that were 1- anginex
concurrently treated with a suboptimal dose of carboplatin. Carbo- E 100
platin treatment resulted in an effective reduction of tumor growth; I-
however, when it was combined with anginex, no tumor mass could so combmnaion
be palpated in these mice (Fig. 2A). One week after termination of -
treatment the tumor reestablished. o

Anginex and Angiostatin Act Synergistically to Inhibit Tumor 0 10 15 20 25 30 35 40
Growth. Using optimized treatment regimes for angiostatin (9) and treatment Time (days post-inoculation)anginex, we found that both anginex and angiostatin, administered Fig. 2. The mean tumor growth curves in a human ovarian carcinoma model treatedseparately, inhibited tumor growth comparably by approximately 50% with anginex, carboplatin, angiostatin, or a combination treatment. A, groups shown are
in the same ovarian tumor model. On the basis of those findings, the defined as follows: 0, vehicle containing BSA (n = 11); 0, anginex (10 mg/kg/day,

n = 11); X, carboplatin (n = 12); *, a combination group (n = 12). Carboplatin was
given in a suboptimal dosage (32.5 mg/kg) once every 3 days i.p. 8. groups shown are
defined as follows: 0, vehicle containing BSA (n = I1); A, angiostatin (20 mg/kg/day,

1600 n = 11); 1, anginex (10 mg/kg/day, n = I ); V, a combination group (n = 12). In both
experiments, treatment was given for 28 days starting on day 7 postinoculation. The
vehicle and anginex were given by osmotic minipump implanted s.c. in the flank, and1400 end of treatment angiostatin was given daily by s.c. injections in the neck (9). The data are shown as means

2 of tumor burden. Error bars. SEs. The tumor volumes were determined three times a1200 week. The insets in both A and B show body weights of mice during treatment as an
C indirect measurement of toxicity.

1000

S800
interaction between angiostatin and anginex was examined. Combi-

600- nation therapy of angiostatin with anginex resulted in enhanced tumor
4 00 growth inhibition (80%; Fig. 2B), which was deemed to be synergistic

' 400- (Table 1).
Toxicity. Animals treated with anginex (alone or in combination

regimens) did not show any sign of toxicity as assessed by unaltered
0- behavior, weight gain during experiments, normal hematocrit and

015 20 25 30 creatinine levels, and macro- and microscopic morphology of internal
Time (days post-inoculation) organs on autopsy. Body weights of mice were monitored as an

Fig. I. Anginex causes significant tumor growth inhibition. The mean tumor growth of indirect measurement of general toxicity. In experiments in which
human epithelial ovarian carcinoma cell line MA148 is shown in athymic mice treated carboplatin was administered, the weights of mice actually fell ini-with a dose range of anginex administered by minipumps implanted in the left flank of and on termination of to car-
animals (V, 5 mg/ikg/day, n = 14; 0, 10 mg/kg/day, n = 16; *, 20 mg/kg/day, n = 8).
Controls (I-) contained PBS with BSA (n = 13) and PBS with 5 mg/kg/day P3Me28 (0, boplatin. This was taken as a sign of mild reversible toxicity. Anginex
n = 8) and 10 mg/kg/day Opep28 (A, n = 4), which did not differ from each other. The did not augment this toxicity. One day after the termination of
treatment period was initiated on the day of tumor inoculation (day 0) and lasted for 28
days as indicated by the arrow. Data from three independent studies are shown and treatment, blood was drawn, and hematocrit and creatinine levels were
represent the mean tumor volume in mm

1 
(-SE). determined as a measure of bone marrow and kidney toxicity, respec-
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Table I Combination therapy ofanginex with carboplatin and angiostatin FTV relative tively. Hematocrit levels reported as a percentage of RBCs (vehicle,
to untreated controls' 50.2 - 2.9; anginex, 51.3 ± 2.5; carboplatin, 49.3 ± 2.8; and

A. Carboplatin combination 47.2 ± 2.4) and creatinine levels reported in A.M (vehicle,
Combination treatment Ratiod 46.8 ± 8; anginex, 48 ± 1.4; carboplatin, 55.5 ± 12.6; and combi-

Expected FTV/ nation 42 ± 5.3) showed no significant differences in the study
Day' Anginex Carboplatin Expected' Observed observed FTV involving carboplatin. The study combining anginex and angiostatin

20 0.28 0.28 0.08 0.05 1.6 treatment showed similar hematocrit levels reported as a percentage of
25 0.28 0.22 0.06 0.01 6 RBCs (vehicle, 49 -_ 1.7; anginex, 49.2 -_ 2.6; angiostatin,
32 0.48 0.25 0.12 0.0 12.4 47.8 ± 2.1; and combination, 48.3 ± 1.9) and creatinine levels35 0.57 0.24 0.13 0 a --35 0.57 0.24 0.13 0reported in Am (vehicle, 46.8 ± 6.4; anginex, 48 + 1.4; angiostatin,

B. Angiostatin 41 ± 0.4; and combination, 39.2 ± 5.9).

Combination treatment Ratiod Histological Analysis of MVD, Cell Death, and Proliferation.
Expected FTV/ Anginex treatment resulted in a decrease of tumor MVD, suggesting

Day" Anginex Angiostatin Expected' Observed observed FTV that the antitumor activity of anginex is the result of angiogenesis
25 0.42 0.64 0.27 0.19 1.4 inhibition. Angiostatin demonstrated a similar result. Although ang-
29 0.51 0.41 0.21 0.14 1.5 inex and angiostatin acted synergistically on tumor growth inhibition,
32 0.44 0.65 0.29 0.22 1.3
35 0.57 0.64 0.37 0.24 1.6 this was not reflected in the MVD assessment (Fig. 3B). Aside from
"FTV, fractional tumor volume (mean tumor volume experimental)/(mean tumor vessel density (including number, size, and length; see Ref, 12), the

volume control). digital approach discriminates branch points, end points, and vessel
"Day after tumor cell transplantation. lengths. Some of these architectural paraeters did change in com-
"(Mean FTV of anginex) X (mean FTV of other experimental group)."Obtained by dividing the expected FTV by the observed FTV. A ratio of greater than bination treatment relative to single-agent treatment. For example,

I indicates a synergistic effect; a ratio of less than I indicates a less than additive effect, combination treatment revealed a synergistic reduction in the number

of branch points (data not shown). Tumors from anginex-treated

A B
7000- woo0

1, G 7000.

40000

12000.,2000-

1000 1000

0 . 0.

C D
Fig. 3. Immunohistochemistry analyses. After snap freezing

tumor tissues, 1 O-inm sections were made and stained for MVD 1000- 1000.
by using anti-CD-31 antibodies (A and 8), cell death by
TUNEL (C and D), and proliferation by PCNA (E and F). all
expressed in number of white pixels. The procedure and quan- 80. Go-

tification were deseribed previously (12). A, C, and E show
quantification of studies involving anginex and carboplatin. A. 1600G
D, and F show quantification of studies involving anginex,
angiostatin, or combination therapy. Error bars, SEs. As de-
termined by using Student's t test relative to the vehicle group:
•P < 0.05; a*, P < 0.03; *.*, P < 0.01.
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animals showed a convincing MVD reduction (P < 0.01), whereas tivity. Angiostatin showed the same trend. Combination therapy,
tumors from carboplatin-treated animals showed a smaller, albeit however, did not yield an increased MVD reduction. This may be
significant, MVD reduction (P < 0.05; Fig. 3A). Tumors treated with explained by the fact that differences in architecture are not repre-
the combination of anginex and carboplatin could not be stained sented in the MVD value assessed either digitally or manually. The
because all tumors disappeared 3 weeks after initiation of treatment. digital approach discriminates for architectural parameters, some of

Although combination of anginex and angiostatin also showed a which did change in combination treatment relative to single-agent
synergistic effect in the increased amount of cell death (P < 0.03), as treatment. For example, combination treatment revealed a synergistic
determined by TUNEL analysis, angiostatin by itself did not trigger reduction in the number of branch points (data not shown).
increased cell death compared with the vehicle group (Fig. 3D). As This study adds credence to the proposal that cancer treatment using
expected, carboplatin did show an increase in the amount of cells antiangiogenesis agents is more effective when performed in combination
undergoing cell death (P < 0.01). A down-regulation in proliferation, with other agents. However, it might be that only mixtures of antiangio-
as determined by PCNA staining, was revealed in all treated groups genic compounds would provide sufficient potency to be evaluated
compared with controls and was significant for anginex- and combi- properly in early clinical trials. Currently, clinical evaluation of anti-
nation-treated groups (P < 0.01; Fig. 3, E and F). angiogenic compounds is in its infancy, and although a stand-alone

approach using an antiangiogenic agent shows promise, combination
DISCUSSION therapy may provide for the best evaluation of these agents and, in the

end, may be more beneficial. The present results suggest that combina-
Induction of angiogenesis by malignant cells has been shown to tion of antiangiogenic agents with chemotherapeutic agents will produce

play a pivotal role in the process of tumor proliferation and metastasis a greater effect than combinations of antiangiogenic agents alone. At the
(13). Inhibition of angiogenesis is, therefore, a promising way to arrest very least, this study indicates that combining the antiangiogenic com-
tumor growth and prevent metastasis. Because of the need for new pound anginex with conventional chemotherapy allows the dosage of the
antitumor agents with improved potency, stability, selectivity, and chemotherapeutic to be reduced while maintaining the ability to effect
ease of delivery, we used a novel approach in designing the 13-sheet- tumor growth reduction.
forming peptide anginex (8). Anginex acts specifically on activated
endothelial cells to trigger apoptosis, presumably by preventing cell
adhesion and subsequent induction of anoikis (8). Here, we demon- ACKNOWLEDGMENTS
strate that anginex is an antiangiogenic compound with antitumor We thank V. P. Sukhatme for providing us with the angiostatin clone.
activity when administered systemically as a single-agent therapeutic.

Because antiangiogenic agents can potentiate cytotoxic cancer ther-
apies (7), anginex was tested in combination with the chemothera- REFERENCES
peutic carboplatin. Platinum agents are the most widely used drugs in 1. Hanahan, D., and Weinberg, R. A. The hallmarks of cancer. Cell, 100: 57-70, 2000.
the first line of defense against ovarian cancer (14, 15). In a recent 2. Williams, S. G., Buscarini, M., and Stein, J. P. Molecular markers for diagnosis,

staging, and prognosis of bladder cancer. Oncology (Basel), 15: 1469-1470, 1473-
study, single-agent carboplatin proved to be just as effective as car- 1474, 1476-1484, 2001.

boplatin plus paclitaxel in women requiring chemotherapy for ovarian 3. Weidner, N. Angiogenesis as a predictor of clinical outcome in cancer patients. Hum.
Pathol., 31: 403-405, 2000.cancer. The favorable toxicity profile of carboplatin alone suggested 4. Gorski, D. H., Mauceri, H. I., Salloum, R. M., Gately, S., Hellman, S., Beckett, M. A.,

that this is a reasonable option as a single-agent chemotherapeutic Sukhatme, V. P., Soft, G. A., Kufe, D. W., and Weichselbaum, R. R. Potentiation of
(16). An additional advantage of carboplatin is that, in contrast to the antitumor effect of ionizing radiation by brief concomitant exposures to angiosta-

tin. Cancer Res., 58: 5686-5689, 1998.
other agents such as taxanes cyclophosphamide and vincristine, it is 5. Mauceri, H. J., Hanna, N. N., Beckett, M. A., Gorski, D. H., Staba, M. J., Stellato,

not an antiangiogenic by itself. Because carboplatin has been shown K. A., Bigelow, K., Heimann, R., Gately, S., Dhanabal, M., Soff, G. A., Sukhatme,

to be a very powerful anticancer drug in the model used here, a V. P., Kufe, D. W., and Weichselbaum, R. R. Combined effects of angiostatin and
ionizing radiation in antitumour therapy. Nature (Lond.), 394: 287-291, 1998.suboptimal dose was used. Both anginex and carboplatin inhibited 6. Wilczynska, U., Kucharska, A., Szary, J., and Szala, S. Combined delivery of an

tumor growth, but the combination of the two blocked tumor growth antiangiogenic protein (angiostatin) and an immunomodulatory gene (interleukin- 12)
in the treatment of murine cancer. Acta Biochim. Pol., 48: 1077-1084, 2001.completely, and palpable tumors regressed to undetectable sizes in all 7. Teicher, B. A., Sotomayor, E. A., and Huang, Z. D. Antiangiogenic agents potentiate

animals. Moreover, tumors remained undetectable until at least 1 cytotoxic cancer therapies against primary and metastatic disease. Cancer Res., 52:

week after termination of the treatment, after which tumors reestab- 6702-6704, 1992.
lished themselves, tndicating the continued presence of microscopic 8. Griffioen, A. W., van der Schaft, D. W., Barendsz-Janson, A. F., Cox, A., Struijker

Boudier, H. A., Hillen, H. F., and Mayo, K. H. Anginex, a designed peptide that
disease, which was unresponsive to carboplatin and apparently inde- inhibits angiogenesis. Biochem. J1, 354: 233-242, 2001.

pendent of angiogenesis. 9. Yokoyama, Y., Dhanabal, M., Griffioen, A. W., Sukhatme, V. P., and Ramakrishnan,
S. Synergy between angiostatin and endostatin: inhibition of ovarian cancer growth.

Whereas numerous investigators have focused on the anticancer Cancer Res., 60: 2190-2196, 2000.

effects from endostatin in their tumor model studies, we chose to use 10. Dhanabal, M., Ramchandran, R., Volk, R., Stillman, 1. E., Lombardo, M., Iruela-Arispe,

angiostatin because in the same MA148 tumor mouse model, M. L., Simons, M., and Sukhatme. V. P. Endostatin: yeast production, mutants, and
antitumor effect in renal cell carcinoma. Cancer Res., 59: 189-197, 1999.

Yokoyama et aL (9) found that angiostatin was considerably more II. Mohanraj, D., Olson. T., and Ramakrishnan, S. Expression of biologically active

effective at inhibiting tumor growth than endostatin. Here, we found human vascular endothelial growth factor in yeast. Growth Factors, 12: 17-27, 1995.
12. Wild, R., Ramakrishnan, S., Sedgewick, J., and Griffioen, A. W. Quantitative assess-that although treatment with angiostatin or anginex showed essentially ment of angiogenesis and tumor vessel architecture by computer-assisted digital

the same capacity to inhibit tumor growth, combination of the two image analysis: effects of VEGF-toxin conjugate on tumor microvessel density.

produced a dramatically enhanced inhibitory effect. This syner Microvasc. Res., 59: 368-376, 2000.
i rgy 13. Alvarez, A. A., Krigman, H. R., Whitaker, R. S., Dodge, R. K., and Rodriguez, G. C.between angiostatin and anginex suggests that their mechanisms of The prognostic significance of angiogenesis in epithelial ovarian carcinoma. Clin.

action are different and that they can augment each other as antian- Cancer Res., 5: 587-591, 1999.
giogenic agents. These data, therefore, provide a validation for com- 14. Harries, M., and Kaye, S. B. Recent advances in the treatment of epithelial ovariancancer. Expert Opin. Investig. Drugs, 10: 1715-1724, 2001.bination therapy, if not for mixtures of angiogenesis inhibitors, to 15. Tattersall, M. H. N. Ovarian cancer chemotherapy: carboplatin as standard. Lancet,

improve the treatment of cancer. 360: 500-501, 2002.
16. ICON. Paclitaxel plus carboplatin versus standard chemotherapy with either single-

agent carboplatin or cyclophosphamide, doxorubicin, and cisplatin in women with
growth inhibition by anginex is explained by its antiangiogenic ac- ovarian cancer: the ICON3 randomised trial. Lancet, 360: 505-515, 2002.

385



* •APPENDIX 6

Int. J. Cancer: 111, 839-848 (2004) Publication of the International Union Against Concer

© 2004 Wiley-Liss, Inc.

ADDITION OF INTEGRIN BINDING SEQUENCE TO A MUTANT HUMAN
ENDOSTATIN IMPROVES INHIBITION OF TUMOR GROWTH
Yumi YOKOYAMA' and S. RAMAKRISHNAN".2"3.

'Department of Pharmacology, University of Minnesota, Minneapolis, MN, USA
2Department of Obstetrics and Gynecology, University of Minnesota, Minneapolis, MN, USA
3Comprehensive Cancer Center, University of Minnesota, Minneapolis, MN, USA

Tumor vasculatures express high levels of avp3lavs3 and tin interacts with a.1s, and ".j3 3 integrins on the surface of
asp,3 integrins. Consequently, peptides containing the RGD endothelial cells in an RGD-independent manner. Another antian-
(Arg-Gly.Asp) sequence, which is present in ligands of inte. giogenic protein, tumstatin, derived from the NC-i domain of
grins, is effective in targeting therapeutic reagents to tumor collagen IV a-3 chain, also binds to otr33 integrins in an RGD-
vascular endothelium. In our study, we investigated whether
the biologic activity of endostatin can be enhanced by the independent manner.'0
addition of an integrin targeting sequence. RGD sequence These studies suggest that endostatin and tumstatin can trans-
was added to either the amino or carboxyl terminus of en- duce antiangiogenic signals by binding with integrins present on
dostatin containing a point mutation, P I 2$A-endostatin. Ear- endothelial cells. However, a number of independent studies have
lier we have shown that the PI 25A mutation did not affect reported that RGD-dependent interactions on the endothelial cell
the biologic activity of endostatin but in fact had better surface can also inhibit angiogenesis. This is consistent with the
antiangiogenic activity when compared to the native mole- observation that RGD peptides and cyclic peptides containing the
cule. Further modification of P12SA-endostatin with the
RGD motif showed specific and increased binding to endo- RGD motif are potent inhibitors of tumor angiogenesis." There-
thelial cells, and the increased binding coincided with im- fore, we hypothesized that by introducing the RGD sequence into
proved antianglogenic properties. Both amino and carboxyl human endostatin, we might promote both RGD-dependent and
terminal RGD-modification of P I 2A-endostatin resulted in -independent signaling via integrins, resulting in potent antiangio-
greater inhibition of endothelial cell migration and prolifer- genic activity.
ation. RGD modification increased tumor localization with- To test this hypothesis, human P125A-endostatin 2. 1 was ge-
out affecting the circulatory half-life of P1 25A-endostatin, netically modified to incorporate an ROD sequence and expressed
and RGD-modifled PI 2SA-endostatin was found to be more
effective when compared to the P12SA-endostatin in inhib- in yeast. P 125A-endostatin has a point mutation and is biologically
iting ovarian and colon cancer growth in athymic mice. Coin- active in inhibiting tumor angiogenesis. In vitro, cell-binding stud-
;lete inhibition of ovarian tumor growth was observed when ies showed that endothelial cells bound to RGD-modified P1 25A-

12SA-endostatin-RGD was encapsulated into alginate endostatin coated plates significantly higher than to plates coated
beads. These studies demonstrate that addition of a vascular with unmodified P125A-endostatin. The increased binding was
targeting sequence can enhance the biologic activity of an completely blocked by anti ota3._ antibody or RGD peptide. RGD-
antiangiogenic molecule. modified-endostatins were more potent in inhibiting bFGF-in-
© 2004 Wiley-Liss, Inc. duced endothelial cell proliferation and migration when compared

Key words: endostatin; angiogenesis; RGD; vascular targeting; co- to P125A-endostatin. RGD-containing P125A-endostatin was also
Ion cancer; ovarian cancer more effective in inhibiting tumor growth in athymic nude mice.

Our studies further show that slow release of RGD-modified
endostatin microencapsulated with alginate beads completely in-

Establishing a new blood supply, or neovascularization, is im- hibited established ovarian cancers in athymic mice. These studies
portant for tumor growth and metastasis.' Formation of new blood suggest that antiangiogenic activity of P125A-endostatin can be
vessels is a complex process involving endothelial cell prolifera- further improved by adding an RGD sequence.
tion, matrix degradation, migration, tube formation and matura-
tion. Tumor cells along with stromal and inflammatory cells col-
lectively create a proangiogenic microenvironment. 2 ,3 Angiogenic MATERIAL AND METHODS
growth factors such as vascular endothelial growth factor (VEGF), Cells and animals
fibroblast growth factor (FGF) and angiopoietins stimulate endo- Bovine adrenal gland capillary endothelial cells (BCE) were
thelial cells to proliferate and migrate to form new blood vessels, obtained from Clonetics (San Diego, CA). Human umbilical vein
In addition to growth factor recegtor-mediated signaling, interac- endothelial cells (HUVEC), passage 2, were kindly provided by
tion between cell surface-anchored integrins and extracellular ma-
trix components constitutes an additional pathway necessary for
angiogenesis. In fact, 2 cytokine-mediated, integrin-dependent an- Grant sponsor: USARMY; Grant number: DAMI7-99-1-9564; Grant
giogenic pathways have been described. One of these pathways is sponsor: Minnesota Ovarian Cancer Alliance (MOCA); Grant sponsor:

Gynecologic Oncology Group; Grant sponsor: Sparboe Endowment; Grantassociated with a,p, integrin, which selectively influences bFGF- numbers: DA12104, CA 089652.
mediated angiogenic signals. 4 A second, nonoverlapping pathway
is represented by crosstalk between ot[,35 integrin and PKC-depen-
dent growth factor-mediated signaling (VEGF, IGF, TNF-cs). 4 .5 *Correspondence to: S. Ramakrishnan, Department of Pharmacology,
Tumor angiogenesis can therefore be inhibited either by blocking 6-120 Jackson Hall, 321 Church Street, S.E., University of Minnesota,
the interaction between aj33 /035 and RGD containing extracellular Minneapolis, MN 55455. Fax: +612-625-8408.
matrix or by interfering with angiogenic growth factors. E-mail: sunda001@umn.edu

Angiogenesis is regulated by a delicate balance between pro-
and antiangiogenic factors present in the microenvironment of Received I December 2003; Revised 27 February 2004; Accepted 2
tumor tissues. A number of proteolytic fragments of extracellular March 2004
matrix 6 and coagulation factors are capable of inhibiting angio- _
genesis. Endostatin is a proteolytic fragment of a collagen type DOI 10.1002/ijc.20336
XVIII.7 Endostatin is believed to be sequestered by glypican and Published online 20 May 2004 in Wiley InterScience (www.interscience.
presented to integrins.8 Rehn et al.9 recently showed that endosta- wiley.com).
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Dr. Vercelotti (University of Minnesota). Human colon carcinoma PerSeptive Biosystems, Framingham, MA) (excitation 485 nm;
cells, LSI74T, were obtained from American Type Culture Col- emission 530 nm).
lection (ATCC, Rockville, MD). MAI48, a human epithelial ovar- Binding of P125A-endostatin and RGD-modified P125A-en-
ian carcinoma cell line was established locally at the University of dostatins to HUVEC was also determined by using ['2 5 1]-labeled
Minnesota from a patient with stage III epithelial ovarian cysta- proteins. ['25I]-labeling was carried out by the lodogen method.
denocarcinoma.' 4 Human primary melanoma cell line WM35, HUVEC was harvested in 1 mM EDTAIPBS and was resuspended
which expresses o.,13 3 integrin, was provided by Dr. J. lida and Dr. in 0.1% BSAIPBS. Five microliters of [ 25 1]-endostatin (27380
J.B. McCarthy (University of Minnesota). Culture conditions of cpmlpxg) or [' 25 1]-RGD-P125A-endostatin (32908 cpm/lpg) were
these cell lines have been previously described.' 5 WM35 cell line added to 40,000 HUVEC cells in 100 p.1 of 0.1% BSA/PBS. Cells
was cultured under the same conditions as MA148. were incubated at room temperature for 1 hr and then washed with

0.1% BSA/PBS twice. [123l]-P125A-endostatin and ['251]-RGD-Cloning and expression of human endostatin P125A-endostatin bound to HUVEC were detected by a y-counter
The yeast expression system, Pichia pastoris, was purchased (Packard, Meriden, CT).

from Invitrogen (San Diego, CA). Restriction enzymes and Taq
DNA polymerase were purchased from Boehringer Mannheim Endothelial cell-proliferation assay
(Indianapolis, IN). Essentially, the method described by O'Reilly et al. was used. 7

We have earlier described a mutant endostatin with a single Proliferating cells were quantified by 5'-bromo-2'-deoxyuridine
amino acid substitution at the position 125, P125A-endostatin.12.13  (BrdU) incorporation (Roche, Indianapolis, IN) according to the
This clone was further modified to incorporate the RGD sequence manufacturer's instructions.
either at the amino terminus or at the carboxyl terminus. The
following sets of primers were used to modify P125A-endostatin Endothelial cell-migration assay
by PCR. (i) RGD-human P1 25A-endostatin: Up [5']: GGGGAAT- The migration of endothelial cells was determined by using
TCAGAGGAGATCACAGCCACCGCGACTI'CCAG; Down Boyden chambers (Neuro Probe, Gaithersburg, MD). Polycarbon-
[3']: GGGGCGGCCGCCTACTTGGAGGCAGTCATGAAGCT; ate filters (pore size 12 pLm) were coated with 0.2% gelatin for I
(ii) Human P125A-endostatin-RGD: Up [5']: GGGGAATTCCA- hr at 37 0 C. HUVEC were harvested in 2 mM EDTA in PBS and
CAGCCACCGCGACTTCCAG; Down [3']: GGGGCGGCCGC- prelabeled with 5 p.M 5(6)-CFDA for 10 min at 37°C. Cells were
CTAATCTCCTCTCTI'FGGAGGCAGTCATGAAGCT. resuspended .in 0.5% FBS, M199 medium and then preincubated

Amplified fragments were purified by using a DNA extraction with P125A-endostatin, RGD-endostatin or endostatin-RGD for
kit (Amicon, Beverly, MA), digested with EcoRI and NotI and 60 min at 37°C. Basic FGF (25 p.1 of 25 ng/ml 0.5% FBS, M199
cloned into pPICZa-A vector. DNA sequencing was carried out by medium) was added to the lower chambers. HUVEC (200,000
Applied Biosystems sequencer (ABI 377 at the Advanced Genetic cells/mI, control and treated) were added to upper chambers. After
Analysis Center of the University of Minnesota) to verify the 4 hr of incubation at 37°C, endothelial cells that had migrated to
identity. Plasmid DNA was then linearized at the Sacd site and the bottom side of the membrane were counted in a fluorescence
electroporated into the yeast host strain X-33 (Invitrogen). Recom- microscope (Olympus) using FITC filters (magnification 200x).
binants were selected on Zeocin containing plates and character- Two independent experiments were carried out.
ized for expression of mutant endostatins. All endostatin constructs
used in this study had the P125A substitution. Detection of bcl2 and bax mRNA

HUVEC were treated with P125A-endostatin or RGD-modified
Purification of recombinant proteins endostatins at a concentration of 50 nM. After 48 hr, the cells were

Pichia clones were cultured in baffled shaker flasks and induced trypsinized, and total RNA was extracted by using the RNeasy
by methanol as previously described.' 5 For large-scale prepara- Mini kit (Qiagen, Valencia, CA) according to the manufacturer's
tions, a fermentation procedure was used. A mouse angiostatin protocol. Reverse transcription was carried out with the Super-
expressing Pichia pastoris clone (kindly provided by Dr. V.P. Script II kit (Invitrogen) using I p.g of total RNA. DNA of bcl2 or
Sukhatme) was cultured under similar conditions. P125A-endosta- bax was determined by PCR using primers of the Amplifluor
tin and angiostatin were purified according to published methods.' 5  Universal Amplification and Detection System (Intergen, Pur-

chase, NY). As a control, the following human GAPDH primers
Cell attachment assay were used: Up [5']: CCACCCATGGCAAATTCCATGGCA;

One nmole/well endostatin preparations or RGD peptide [(H)4 - Down [3']: TCTACACGGCAGGTCAGGTCCACC.
(G) 3 -R-G-D-(G)3-C] or 0.2% gelatin were used to coat 96-well
polystyrene plates. The plates were incubated at 4°C overnight and Tumor localization
then blocked with 2% BSA in PBS at 37°C for 2 hr. HUVEC, LS 174T cells were injected subcutaneously in both sides of the
MA148 (negative control) or WM35 (positive control for otl3_ flanks of female, athymic nude mice (8 weeks old). Tumor size
integrin-expressing cell line) were harvested by PBS containing I reached about 500 mm3 on day 10. Tumor-bearing mice were
mM EDTA and prelabeled for 10 min at 37°C with 5 p.M 5-(and- randomized into 3 groups of 3 to 4 mice in each group. P125A-
6)-carboxyfluorescein diacetate, succinimidyl ester (5(6)-CFDA), endostatin, RGD-endostatin or endostatin-RGD was injected at a
a vital, fluorescence dye (Molecular Probes, Eugene, OR). After dose of 20 mg/kg subcutaneously. Nineteen hours after injection,
washing with Hank's balanced salt solution (HBSS), fluorescence- tumor tissues (6 to 8 tumor samples per group) and representative
labeled cells were resuspended in EGM medium (HUVEC) or normal tissues were surgically removed. This time point was
RPMI 1640 medium supplemented with 10% FBS (MA148, chosen to minimize overwhelming serum levels from obscuring
WM35). The cells were incubated with or without competitors (1 the tissue-bound endostatin. For comparison, serum samples were
ILg anti-o,3 3 integrin monoclonal antibody (LM609, Chemicon, also collected from the mice at the time of sacrifice. Tissues were
Temecula, CA), 1 p.1 anti-acx 5 , integrin monoclonal antibody snap-frozen and homogenized in RIPA buffer containing protein-
(JBS5, Chemicon) or anti-HLA monoclonal antibody (negative ase inhibitors (PBS, 1% NP40, 0.5% sodium deoxycholate, 0.1%
control; G46-2.6, BD PharMingen, San Diego, CA) or 25 nmole/ SDS, 10 I.g/ml PMSF), maintained at 4'C for 45 min and cleared
well RGDS or RGES peptides (Sigma Chemicals, St. Louis, MO) by centrifugation. Human endostatin concentrations in serum and
for I hr at 37'C. Cells were then added to wells at a density of tissue lysates were measured using an enzyme-linked immunoas-
40,000 cells/well (HUVEC and MA148) or 30,000 cells/well say (Cytimmune, College Park, MD) according to the manufac-
(WM35). After a 1 hr incubation at 37'C, plates were washed turer's instructions. Endostatin standards were also prepared in
twice with HBSS to remove unbound cells. Cells bound to the RIPA buffer. Statistical significance was determined by Student's
wells were assayed by a fluorescence plate reader (Cyto Fluor It; t-test.
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Determination of circulatory half-life P125A-endostatin was modified to incorporate an RGD motif at
About I million cpm of [1251]-labeled P125A-endostatin or the amino (designated as RGD-endostatin) or carboxyl (endosta-

RGD-endostatin was injected intravenously. Mice were bled at tin-RGD) terminus.
different time points from the tail vein, and total radioactivity in RGD-endostatin increases endothelial cell attachment in vitro
aliquots of serum samples was determined. RGD-peptide is well known for its binding to integrins on the

Determination of vessel density and apoptosis surface of endothelial cells. To determine whether addition of
To determine the effect of antiangiogenic treatments on vessel RGD-motif to P125A-endostatin could enhance its binding to

density and apoptosis, residual tumors from experimental (total of endothelial cells, cell attachment assays were performed. As a
10 mice) and control (5 mice) groups were surgically resected and positive control, 0.2% gelatin-coated wells were used. Number of
snap-frozen. Cryostat sections (10 lim) of tumors were fixed in cells attached to gelatin-coated wells was considered as 100% to
cold acetone, air dried and then treated with PBS containing 0.1% calculate relative binding. HUVEC attached to endostatin-coated
BSA and 5% human serum to block nonspecific binding (back- wells (Fig. la). BSA-blocked wells were used as a negative
ground). Sections were then incubated with 1:50 dilution of an control. In this assay system, P125A-endostatin-coated wells
anti-CD31 (mouse) monoclonal antibody conjugated to phyco- showed about 60% cell attachment, which was further increased by
erythrin (MEC 13.3, BD PharMingen, San Diego, CA). After 1 hr RGD-modification (Fig. la). RGD-endostatin (p < 0.05) and
incubation at room temperature, sections were washed thoroughly endostatin-RGD (p < 0.01) showed about 80% cell attachment.
with PBS containing 0.1% BSA and 5% human serum followed by Parallel experiments with RGD-containing synthetic peptide
washing with PBS and then examined by an Olympus BX-60 showed similar binding of HUVEC. Under the experimental con-
fluorescence microscope. Images (7-10) were captured by the ditions used, a preparation of recombinant murine angiostatin
Metamorph program for analysis. Detection of apoptosis was (kringle 1-4, expressed in yeast) did not increase endothelial cell
carried out by using an In Situ Cell Death Detection Kit (Boehr- attachment over the control values (Fig. la).
inger Mannheim, Indianapolis, IN) following the manufacturer's Cell attachment studies were repeated using human microvas-
protocol. Parts of the tumor samples were also fixed in 10% neutral cular endothelial cells (MVEC) and bovine adrenal gland capillary
buffered formalin and processed for histochemistry. endothelial cells (BCE). These studies showed a profile similar to

results obtained with HUVEC (data not shown). Then experiments
Tumor growth inhibition studies (bolus injection) were carried out to determine the specificity of RGD-mediated

Female athymic nude mice (6-8 weeks old) were obtained from enhanced binding to endothelial cells (Fig. lc). Presence of RGD
NCI and acclimatized to local conditions for 1 week. Logarithmi- sequence (COOH or NH2 terminus) increased endothelial cell
cally growing human colon carcinoma cells (LSI74T) were har- attachment by 40% over unmodified endostatin. This was com-
vested by trypsinization and suspended in fresh medium at a pletely blocked by RGD containing synthetic peptide. As an ad-
density of I X 107 cells/mi. One hundred microliters of the ditional control, an epithelial ovarian tumor cell line, MA148, was
single-cell suspension were then subcutaneously injected into the used in cell attachment assays. Results shown in Figure ld suggest
flanks of mice. When the tumors became visible (3 days after that RGD-containing peptide did not facilitate MA148 cell attach-
inoculation), mice were randomized into groups of 5 mice each. ment. Human endostatin (native and RGD-modified)-coated wells
The mice were treated with P125A-endostatins, RGD-endostatin again did not show any significant increase in tumor cell attach-
s.c. at a dose of 20 mg/kg/day for II days. A control group of mice ment when compared to control wells blocked with BSA alone.
(n = 5) were treated with sterile PBS under similar conditions. All However, if an RGD motif were to be introduced into BSA,
injections were given subcutaneously near the neck, about 2 cm HUVEC attached to the wells very efficiently (Fig. lb). A syn-
away from the growing tumor mass. Tumor growth was monitored thetic peptide containing RGD sequence was used to chemically
by periodic caliper measurements. Tumor volume was calculated link it to BSA containing activated thiol groups. CGGGRGD
by the following formula: peptide has a free thiol group at the aminoterminus. Using a

heterobifunctional cross-linking reagent, N-succinimidyl 3-[2-
Tumor volume (mm 3) = (a X b 2)/2 pyridyldithiol propionate (SPDP; Pierce Chemicals, Rockford,

where in a = length in mm, b = width in mm, a > b. IL), CGGGRGD peptide was linked to bovine serum albumin
(RGD-BSA). Based on molecular weight shift in SDS-PAGE, an

Statistical significance between control and treated groups was average of 5 RGD moieties were introduced into each BSA mol-
determined by repeated measurement analysis of variance. ecule.

Tumor growth inhibition studies: slow release from alginate In addition to cell attachment studies, we also examined the
beads direct binding of endostatin to HUVEC by using [12 5 ]-labeled

Alginic acid extracted from Macrocystis pyrifera was purchased endostatins. Data in Figure le show that about 0.65 pmole of
from Sigma Chemicals (St. Louis, MO). A 4% solution of alginic radioiodinated endostatin bound to 10' cells, about 1 X 104 mol-
acid in water was sterilized by autoclave. P125A-endostatin prep- ecules per cell. Under similar conditions, about 1.2 pmole of
arations made in 2% alginic acid were dropped gently into 0.1 M [' 2 5 I]-RGD-endostatin bound to HUVEC (a 2-fold increase in
CaC12 solution using a fine needle under aseptic conditions. The binding). These studies suggest that endostatin binding to endo-
beads were kept at 4*C overnight and washed with sterile water thelial cells can be specifically increased by RGD modification.
before the subcutaneous implantation into tumor-bearing mice Neither amino nor carboxyl terminal modifications caused any
(MA148 ovarian cancer cell line). A BCA kit was used to deter- steric hindrance to RGD-mediated binding to endothelial cells.
mine concentration of protein encapsulated into alginic beads. Because endostatin has been known to bind a%3, and tvp,,
P125A-endostatins encapsulated in alginate beads were adminis- integrins, blocking antibodies to integrins were used to study the
tered 4 times at a dose of 20 mg/kg/mouse once a week. Control interaction between HUVEC and RGD-modified endostatins.
and the experimental arm of the study had 5 mice in each group. Binding of HUVEC to P1 25A-endostatin was blocked by antibod-

ies to asp , (27.0% inhibition) and oLA3 (51.4%; Fig. If). Binding
RESULTS of HUVEC to endostatin-RGD was blocked by these 2 antibodies

more evenly (%003, 31.3%; oj0 3, 34.8%) under similar conditions.
First, we evaluated whether human P125A-endostatin could be A recent study showed that activity of endostatin was impaired in

modified at either of its termini without compromising its biologic fibronectin-deficient mice.' 6 Since %P13, and a,0 3 bind to fibronec-
activity. Addition of His-Tag or Myc epitope Tag did not affect the tin, we investigated whether endostatin and endostatin-RGD can
ability of P125A-endostatin to inhibit endothelial cell proliferation block the binding of HUVEC to fibronectin (Fig. Ig). Native
or migration in vitro (data not shown). Based on these results, endostatin inhibited the binding of HUVEC to fibronectin by
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FIGURE 1 - Improved endothelial cell attachment by RGD motif. HUVEC (a-c) or MA 148 (d) cells prelabeled with 5(6)-CFDA were added
into triplicate wells coated with P125A-endostatins, angiostatin, RGD-peptide at a concentration of I nmole/well or 0.2% gelatin. Bound cells
were quantified by a fluorescence plate reader. (b) HUVEC attachment to RGD-modified BSA. (c) Competitive inhibition of endothelial cell
binding to RGD-modified endostatins by RGD peptide. Stippled bars show cell attachment in the presence of RGD-petde (50 nmoleiwell).
(a,b,d) One hundred percent is equal to the number of cells bound to 0.2% gelatin-coated wells. (e) Direct binding of [ I]-P125A-endostatin
or [12 51]-RGD-endostatin to HUVEC. (f) Competitive inhibition of HUVEC binding to P125A-endostatin (open bars) and endostatin-RGD
(closed bars) by monoclonal antibodies against integrin a,0 3 and os 1 . (g) Competitive inhibition of HUVEC binding to fibronectin by native
endostatin, P125A-endostatin and endostatin-RGD. (Qg) One hundred percent is equal to the number of cells treated with control IgG. Data are
expressed as a mean (columns) t SD (bars). Statistical significance was determined using Student's r-test. *p < 0.05.
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24.6%, and P125A-endostatin and endostatin-RGD inhibited A
slightly better than the native molecule, 36.1% and 40.0%, respec-
tively. 0

dostatintintegrin (1),a nonendothelial cell line overexpressing 75 *
v1j33 was used. Human melanoma cell line WM35 expresses

higher levels of ojv33 integrin but no detectable levels of %P3 3 and
ajp35 based on flowcytometric analysis (data not shown). Repre-
sentative photomicrographs of cell attachment to coated wells are
shown in Figure 2b-g. Unlike HUVEC, WM35 cells did not attach
to endostatin-coated wells (18%, which is similar to BSA-blocked
control wells) (Fig. 2ab). However, WM35 cells specifically at-
tached to RGD-endostatin-coated wells (60%) (Fig. 2a,c). To
determine whether the increased binding of RGD-endostatin was
indeed specific, 2 methods were used. In I experiment, a mono- pj•A.-gFjM ÷ . .. +
clonal antibody to anti-orj33 integrin was used to block the inter-
action. As a control, isotype-matched mouse IgG was used at a RGD-Eadomuda - + ÷ + + +
similar concentration. Preincubation of WM35 cells with the
anti-avI33 integrin antibody completely blocked cell attachment noavt 3 - - + - -

to RGD-endostatin (Fig. 2a,d). The control antibody did not camterl IgG - - + + °
prevent WM35 cells from binding to RGD-endostatin-coated RCGI . . . . ÷
wells (Fig. 2a,e). In a second series of experiments, synthetic
peptides were used as competitive inhibitors. Inclusion of RGES . . . . . ÷
RGDS peptide in the medium completely prevented attachment
of WM35 cells (Fig. 2aJ), whereas a control peptide, ROES, B
did not affect WM35 cells from attaching to RGD-endostatin-
coated wells (Fig. 2a,g). Endostatin-RGD was also tested in
WM35 cell attachment and showed similar profile as RGD-
endostatin (data not shown).

Inhibition of endothelial cell proliferation
To determine whether the modification of human endostatin

affects the biologic activity, endothelial cell proliferation assays D
were carried out by BrdU incorporation. Inhibition of bFGF-
induced proliferation was determined in the presence of different
concentrations of endostatin preparations. Data in Figure 3a show
that at 1 p.M, endostatin inhibited bFGF-induced BCE cell prolif-
eration by 42.1%, which is similar to findings in our previous
study. 12 Addition of RGD motif at the amino or carboxyl terminal
end of endostatin further enhanced the basal antiproliferative ac-
tivity. Amino terminal modification of endostatin with RGD se-
quence showed 57.7% inhibition of bFGF-induced proliferation. FG
Interestingly, RGD-modification at the C-terminal end was much
more effective and completely inhibited bFGF-induced BrdU in-
corporation into DNA (100%). To determine whether the intro-
duction of the RGD sequence leads to nonspecific inhibition, we
determined the effect of RGD-P125A-endostatin on nonendothe-
lial cells. Human aortic smooth muscle cell (AoSMC, Clonetics),
human ovarian cancer cell (MA148) and human melanoma cell
(WM35) were not affected by either P125A-endostatin or RGD-
modified P125A-endostatins. FIGURE 2 - Specificity of RGD-endostatin binding. A human mela-

noma cell line, WM35, overexpressing a,03s integrin was used to
To determine whether the enhanced inhibition of endothelial determine the specificity of RGD-endostatin-mediated cell attachment.

cell proliferation was due to RGD moiety and endostatin, the effect (a) Number of cells attached to wells coated with different reagents
of synthetic peptides containing RGD sequence was tested under was quantified. Cells attached to 0.2% gelatin-coated wells were used
similar conditions. Unlike the RGD-modified endostatins, the syn- as 100% to calculate the relative number of cells bound to endostatin
thetic peptides did not inhibit endothelial cell proliferation at 1.0 or RGD-endostatin-coated wells. Data are expressed as a mean (col-
pLM concentration. However, RGD peptide inhibited endothelial umns) ± SD (bars). Statistical significance of differences was deter-
cell proliferation at higher concentrations (> 10 p.M). In a parallel mined using Student's t-test. **p < 0.01. (b-g) The cell attachmentwas examined by an Olympus BX-60 microscope at IOOX magnifi-set of cultures, RGDS peptide was admixed with unmodified cation. Representative field of attached cells are shown. (b) P125A-
endostatin to determine whether 2 independent bindings could lead endostatin- and (c-g) RGD-endostatin-coated wells. Binding of
to improved antiproliferative activity. Data shown in Figure 3b WM35 cells to RGD-endostatin-coated wells was completely blocked
clearly suggest that at the concentrations tested, the free peptides by preincubation with an anti-human ctvA 3 antibody (d) or RGDS
either alone or in the presence of endostatin did not significantly peptide (f). Negative controls include anti-HLA antibody (e) and
change the basal level of inhibition seen with endostatin alone. RGES peptide (g).

These studies suggest that RGD moiety engineered into endostatin
molecule acquires enhanced antiproliferative activity, perhaps by
cross-linking as3 1 and av03/00v35 integrins.
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A c tion (101.4%) of bFGF-induced cell migration. In a parallel study,
f ISOROD containing synthetic peptide was also evaluated for its ability

. to inhibit cell migration. Free peptide did not show any inhibition
i100 at 50 nM. When a mixture of an equimolar concentration of

i : ,endostatin and peptide was used, there was no enhancement in the
basal activity of endostatin. As a negative control, RGES peptide

i was used, which did not affect cell migration.
SThese results suggested that the RGD moiety should be ano IN 100 integral part of endostatin in order to inhibit endothelial cell

B• D migration better. This conclusion was further validated by an
iSO 1 12 - additional control experiment using RGD containing peptides that

In ito were chemically linked to a control protein, BSA, via a thiol group.
J I F Accessibility of RGD in the BSA conjugate was validated in cell

75 attachment assays (Fig. lb). Endothelial cells attached to RGD-
4 4.BSA coated wells very well (84% when compared to gelatin-

mediated attachment). Cell attachment was similar to RGD-pep-
0 I tide and RGD-endostatin. In spite of high binding to endothelial

a ,cells however, chemically linked RGD-BSA did not inhibit mi-
gration ofendothelial cells at equimolar concentrations (10-50 nM

II ~concentration, data not shown). These studies suggest that the_ RGD sequence alone at the concentrations tested does not inhibit
.• endothelial cell proliferation and migration, although it enhances

r E the inhibitory activity of endostatin.
Downregulation of bcl2 mRNA

E Li Endostatin and RGD peptides are independently known to affect

apoptotic pathways.'T,71 As a preliminary study, we determined
whether RGD modification changes the levels of a key antiapop-

'1 ,totic molecule, bcl-2. Relative levels of bcl-2 and bax transcripts
1 *, were determined by RT-PCR in endothelial cells treated with

endostatin preparations. Endothelial cells treated with bFGF
1 ishowed an increase in bcl-2-specific transcripts when compared toj control cultures (-bFGF). Treatment with P125A-endostatin at a

concentration of 50 nM decreased mRNA levels of bcl2. RGD-
modified endostatin also downregulated bcl2 levels significantly
when compared to bFGF-treated control cultures (Fig. 3e) but to
the same degree as P125A-endostatin. Parallel studies showed no

FiGuiR 3 - (a) Inhibition of endothelial cell proliferation. Purified significant change in bax transcript levels in treatment with either
P125A-endostatin, RGD-endostatin or endostatin-RGD was added to of the endostatin preparations (data not shown).
BCE cultures treated with 5 ng/ml bFGF for 4 days. Open squares,
P125A-endostatin; closed triangles, RGD-endostatin;closed circles, RGD modification increases tumor localization of endostatin
endostatin-RGD. (b) Specificity of RGD-modified endostatin mediated To assess whether the improved endothelial cell binding in vitro
inhibition of endothelial cell proliferation. P125A-endostatin, RGD-
endostatin, endostatin-RGD, RGDS or RGES-peptide were used at a could translate into enhanced tumor homing in vivo, tumor local-
concentration of I p.M. As a control, I liM RGDS or RGES-peptide ization studies were carried out. P125A-endostatin, RGD-endosta-
was mixed with equimolar concentration of P125A-endostatin and tin and endostatin-RGD were injected subcutaneously into human
added to BCE cells. (c) Improved inhibition of endothelial migration colon cancer-bearing athymic mice. Relative levels of endostatin
by RGD-motif. Effect of P125A-endostatin (open bars), RGD-en- in the tumor tissue when compared to serum levels are shown in
dostatin (stippled bars) and endostatin-RGD (closed bars) on endothe- Figure 4a. P125A-endostatin accumulation in tumors was consid-
lial cell (HUVEC) migration was determined using Boyden chambers, ered as 100%. RGD-modified endostatins localized more than
Basic FGF (25 ng/ml) was used to induce migration of endothelial 2-fold higher when compared to P125A-endostatin (Fig. 4a).
cells. (d) Specificity studies: P125A-endostatin, RGD-endostatin, en-
dostatin-RGD, RGDS or RGES-An amount of 50 rtM RGDS or Another pharmacologic property that can affect biologic effi-
RGES-peptide was mixed with 50 nM P125A-endostatin and added to cacy in vivo is clearance rate. Therefore, serum half-life was
HUVEC. The 0% indicates the basal level of migration of HUVEC in compared. Figure 4b shows the beta phase of clearance. Both
the presence of bFGF. (e) Endostatin-induced changes in bcl2 tran- unmodified and RGD-modified endostatin showed a similar half-
script levels in endothelial cells. Data are expressed as mean (col- life. The a phase of P125A-endostatin and RGD-endostatin was
umns) - SE (bars). Statistical significance was determined using 5.3 t 1.53 min, 2.3 t 1.14 min, respectively, and the 13 phase of
Student's t-test. **p < 0.01, *p < 0.05. P125A-endostatin and RGD-endostatin was 9.1 t 2.27 hr, 8.9 t

2.40 hr, respectively (Fig. 4b). The differences seen in the ax phase
and 13 phase were not statistically significant. Collectively, theseIncreased inhibition of endothelial cell migration by endostatin results suggest that RGD-modification does not alter serum clear-

containing RGD motif ance but facilitates tumor tissue accumulation.
To evaluate whether RGD motif can affect the ability of en-

dostatin to inhibit endothelial cell migration, Boyden chamber- Inhibition of colon cancer growth by bolus injection of
based migration assays were performed (Fig. 3c). Basic FGF was RGD-modified endostatin
used to induce endothelial cell migration. Endostatin treatment at To test whether RGD modification of endostatin could improve
50 nM inhibited bFGF-induced migration by 50.6%. Relative to antitumor activity, we used first an LSI74T xenograft model
this, RGD-endostatin and endostatin-RGD showed statistically system. LS174T tumors grow very fast and were allowed to
significant improvement in the inhibition of cell migration. Cul- establish for 3 days. At this time, small palpable tumor nodules
tures treated with RGD-endostatin showed 86.3% inhibition, and could be easily seen. Mice were then randomized and divided into
endostatin-RGD-treated cultures showed almost complete inhibi- groups. RGD-endostatin and P125A-endostatin were administered



GENETIC MODIFICATION OF ENDOSTATIN 845

A

700- 7

11 600-

I a.3 500-
4 40

o300-

100 T

FIGURE 4 -Tumor uptake and half-life studies. (a) Human colon 0
carcinoma cells (LS 174T) were injected s.c. into female athymic nude 0 5 10 i5
mice. When the tumor size was around 500 mm' (10 days after
inoculation), endostatin preparations were injected at a dose of 20 Days After Tumor Cell INection
mg/kg subcutaneously. Endostatin levels are expressed as a percent of
serum levels, and tumor tissue accumulation of P1I25A-endostatin was FIGURE~ 5 - Improved inhibition of human colon cancer growth by
considered as 100%. (b) Half-life (P3 phase) of P125A-endostatin bolus injection of RGD-endostatin. Human colon carcinoma cell line
(empty bar) and RGD-endostatin (solid bar) are shown. Data are LS174T was injected s.c. into female athymnic mice. After tumor
expressed as mean percentage of injected dose. Statistical significance establishment (3 days), mice were randomized and treated with
was determined using Student's t-test. **p < 0.01, *p < 0.05. P125A-endostatin Or RGD-endostatin subcutaneously about 2 cm

away from tumor sites at a dose of 20 mg/kg/day. Treatment was
continued for I1I days. Open squares, control, PBS; closed triangles,

subcutaneously at a dose of 20 mg/kg/day for a period of 11I days. P1I25A-endostatin; closed circles, RGD-endostatin. Mean tumor vol-
As shown in Figure 5. RGD-endostatin inhibited tumor growth ume of contro is shown. Statistical significance was determined by
significantly better than unmodified endostatin. In this model sys- repeated measurement analysis of variance. The error bars indicate SE.
tem, the control tumors reached a size of about 500 mm3 by day
14. Endostatin treatment inhibited the tumor growth by about 30%
under the conditions tested. In contrast, groups of animals treated carboxyl modification, we used bolus injection. Amino terminal
with RGD-endostatin significantly decreased the tumor growth by modification with RGD inhibited tumor growth by 28% when
78% when compared to the control animals (p = 0.005). compared to the untreated control group. Carboxyl terminal mod-

ification of endostatin with RGD moiety showed a moderate im-
Effect on tumor blood vessels and apoptosis provement in tumor growth inhibition (57% inhibition) (data not

To evaluate the consequence of antiangiogenic therapy, we shown).
examined the residual tumors histologically. Frozen tumor sections Subsequently, we investigated whether the slow release of
were stained with anti-CD3 1 PE conjugate. Both native and RGD- Pl25A-endostatins using alginate microspheres could improve the
modified endostatin treatment resulted in reduced vessel density antitumor activity in the ovarian cancer model system. Alginic
(Fig. 6a-c). The same frozen sections were also analyzed for acid, which is a naturally occurring biopolymer, has been used as
changes in the apoptosis of tumor cells using a TUNEL assay (Fig. a matrix for entrapment and delivery of a variety of biologic
6 d-J). Serial sections of each tumor were also stained by H & E agents. Ovarian cancer cell line MA 148 was injected s.c. into the
to assess histologic changes (Fig. 6g-i). H & E and TUNEL flanks of athymic mice. After 7 days, alginate beads containing
staining revealed that RGD-endostatin induced more apoptosis in endostatin preparations were administered to groups of mice. En-
tumor tissue (Fig. 6fi ) when compared to control (Fig. 6d~g) and dostatins were given once a week, 4 times, at a dose of 20 mg/kg.
P125A-endostatin treated tumors (Fig. 6e,h). A quantitative anal- Control group of mice received vehicle-encapsulated alginate
ysis of apoptotic index is shown in Figure 6j. RGD-endostatin- beads on a similar schedule. Unlike bolus, daily injections, admin-
treated tumors showed an apoptotic index of 7.91 ± 2.40%. This istration of P1I25A-endostatin in alginate formulation showed sig-
value is about 45-fold higher than the control tumors (0.176 ± nificant antitumor activity (Fig. 7). Tumor growth was inhibited
0.048). Native endostatin-treated tumors showed an apoptotic in- throughout the experiment. For example, 40% of P1I 25A-endosta-
dex of 1.32 ± 0.774%, an increase of 7.5-fold over the control tin-treated animals did not show any tumor growth up to 42 days,
tumors. at which time control animals had a mean tumor volume of 1,150

mm.3 Subsequently, the tumors began to grow and reached a sizeSlow release of PI2SA-endostatin and endostatin-RGD by of about 1,300 mm' by day 60. Interestingly, the endostatin mod-
alginate beads: improved ant itumor activity ified with ROD motif when delivered in alginate beads showed a

In a preliminary study, we compared the relative effects of complete inhibition of tumor growth for 75 days (Fig. 7). Tumor
amino (RGD-endostatin) and carboxyl (endostatin-RGD) terminal growth was suppressed for a prolonged time even after the cessa-
modification by daily injection. Ovarian cancer cell line MA148 tion of P125A-endostatin-RGD treatment. These studies demon-
was subcutaneously injected into female, athymnic mice. Groups of strate that RGD-modification of Pl2SA-endostatin can improve
5 mice were treated either with vehicle or with the respective the antitumor activity of endostatin and that a slow release formu-
RGD-modified proteins. Mice were injected daily (i.p.) with 20 lation can be used to inhibit tumor growth very effectively.
mg/kg of P125A-endostatin preparations starting on day 7 until
day 28. Bolus injection of P1I 25A-endostatin alone did not inhibit DSUSO
tumor growth significantly. However, slow-release formulation of DSUSO
P125A-endostatin by alginate encapsulation inhibited tumor Our previous studies identified human endostatin with a single
growth significantly.' 2 For the purpose of comparing amtino vs. amino acid substitution, P125A-endostatin. P125A mutation re-
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FIGURE 6 - Histochemical analysis. Residual tumors from P125A-endostatin- and RGD-endostatin-treated groups were resected I day after the
completion of treatment. (a-c) Vessel staining by anti-mouse CD3 I-PE conjugate; (d-J) TUNEL staining for apoptotic cells; (g-i) histology (H
& E staining). Yellow scale bars = 250 p.m. (a,dg) Control; (be,h) P125A-endostatin-treated tumor sections; (cfi) RGD-endostatin-treated
tumor sections. Quantification of apoptotic cells showed a marked increase in RGD-endostatin-treated animals (j). Statistical significance was
determined using Student's t-test. * p < 0.05. The error bars indicate SE.

suited in better antiangiogenic activity when compared to the sequence. Theoretical prediction using Swiss Protein-View
native molecule.' 2 In our present study, we introduced a vascular- software suggests 4 hydrogen-bonding possibilities when the
targeting, integrin-binding motif to P125A-endostatin and investi- RGD sequence was introduced at the carboxyl terminus com-
gated its effect on biologic activity in vitro and in vivo. Endostatin pared to 3 hydrogen bonding with neighboring amino acid
binds to Glypican and integrins.',9., 9 Glypican is believed to se- residues at the amino terminus (data not shown). The mere
quester endostatin and present it to integrins on endothelial cells, presence of the RGD sequence was not sufficient to enhance
Of the 2 integrins (ot.31, aor33 ) known to interact with endostatin, activities, since RGD-BSA or RGD mixed with endostatin did
binding to ot513, appears to be biologically relevant. Blocking O5.s0i not lead to improvement at the concentrations tested. Thus, the
integrin mediated interaction with endostatin (immobilized) and RGD moiety in the context of endostatin is necessary for
inhibited endothelial cell migration. 9 While retaining this interac- enhanced biologic activity against endothelial cells.
tion, RGD modification of endostatin is likely to provide additional
binding to integrins, such as ota•3I•c5 3,. Both of these integrins The mechanism underlying the enhanced activity of RGD-
play an important role in tumor neovascularization. Interestingly, a modified endostatin is yet to be fully understood. Endostatin has
recent study using competitive inhibition by peptides showed that been reported to decrease bcl2 levels in endothelial cells,' 7' 8 and
endostatin may bind to endothelial cells via an RGD-dependent RGD peptide itself is known to interact with caspases and induce
manner.20 However, endostatin does not have an RGD sequence. apoptosis when delivered to intracellular sites.2' Studies on the
Therefore, RGD-mediated direct binding of native endostatin is internalization rate and compartmentalization of RGD-endostatin
not possible. It is possible that endostatin could complex with a may provide mechanistic insight into the enhanced biologic activ-
matrix protein, which may contain a surrogate RGD moiety that ity. It is possible that these 2 independent events in combination
could participate in the interaction with integrins. Further studies can account for the pronounced effects seen on endothelial cells.
are necessary to characterize this interaction. Independent binding Our studies suggest that RGD-modified endostatin downregulated
to these integrins can affect the biologic activity. Indeed, when transcripts for the antiapoptotic protein bcl2 without changing the
endostatin was modified with RGD sequence, there was increased levels of bax, a constituent of proapoptotic signals. The extent of
binding to endothelial cells. Increased endothelial cell attachment reduction seen in bcl2 levels was greater in RGD-endostatin-
to RGD-endostatin was highly specific, since it could be com- treated cultures when compared to P125A-endostatin, but the
pletely blocked by a synthetic peptide containing RGD sequence. difference was not statistically significant. Therefore, it is likely

The RGD motif also improved the ability of endostatin to that changes in other molecules such as bcl-x may be contributing
inhibit endothelial cell proliferation and migration. COOH- to the increased apoptosis observed in RGD-endostatin-treated
terminal addition of RGD resulted in enhanced inhibition when endothelial cells. Further studies are necessary to understand the
compared to NH 2 -terminal addition of RGD. These differences mechanism by which increased apoptosis is brought about by
can be attributed to peptide folding and presentation of RGD RGD-modified endostatins.
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FIGURE 7 - Complete inhibition of human ovarian cancer growth by
alginate beads encapsulated P125A-endostatin-RGD. Inhibition of

)0 0 ovarian cancer growth by endostatin-RGD encapsulated into alginate
beads. Arrows represent the treatment schedule. Squares, alginate bead

0 •control; closed triangles, P125A-endostatin; open triangles, endosta-
tin-RGD. Mean tumor volume is shown. Statistical significance was
determined by repeated measurement analysis of variance.

colon cancer cells form rapidly growing tumors in athymic mice.
In this model system, administration of RGD-endostatin showed a
significant improvement in tumor-growth inhibition when corn-

FIGURE 6- CONTINUED. pared to unmodified P125A-endostatin given at similar doses.
Consistent with our earlier studies using mouse endostatin,

ovarian cancer growth in athymic mice was not significantlyTumor vasculature is known to overexpress otP 3, and a5lfs affected by bolus injections of human endostatin.15 However,
integrins. Therefore, peptides containing RGD sequence are very RGD modifications showed improvement in antitumor activity
effective in delivering cytotoxic drugs or antibodies to tumor even when given as bolus injections. Delivery of P125A-endosta-
vasculature. 22,23 Increased binding to endothelial cells combined tin and native endostatin as a slow-release formulation indeed
with a potential for targeting by RGD moiety improved tumor showed significant antitumor activity.' 2 This observation is also
localization and bioavailability of endostatin. RGD-endostatin, for confirmed by other recent studies showing improvement in effi-
example, accumulated 2-fold higher in tumor tissues when com- cacy of endostatin by slow-release administration. 26 -2s P125A-
pared to endostatin alone. Increased accumulation was achieved endostatin and RGD-endostatins were encapsulated into alginate
without any changes in the serum clearance. Pharmacokinetic beads. Microencapsulated P125A-endostatin treatment of animals
studies demonstrated that RGD modification did not alter the showed significant inhibition of tumor growth when compared to
serum half-life. Increased accumulation of RGD-endostatin corre- control animals throughout the study. However, tumors began to
lated with greater anfiangiogenic effects. Morphometric analysis grow after the discontinuation of treatment. In comparison, en-
revealed that RGD-endostatin treatment reduced vessel density in dostatin-RGD treatment under similar conditions produced long-
tumor tissues. A reduced number of blood vessels coincided with term remissions. Tumor growth was completely inhibited for 75
increased apoptosis of tumor cells. These results confirm other days after tumor cell transplantation. These studies demonstrate
recent studies showing improved therapeutic efficacy of many that addition of a vascular targeting sequence to P125A-endostatin
biologic response modifiers by genetic modification. TNF-a engi- further improves its biologic activity. RGD sequence facilitates
neered to contain NGR sequence, for example, exhibited improved tumor localization. Enhanced biologic activity in combination with
antitumor activities.24 RGD motif introduced into adenoviral coat improved pharmacologic properties significantly potentiated the
proteins improved gene transfer efficacy into integrin otP3f-posi- antitumor effect of P125A-endostatin.
tive cells. 25

Enhanced biologic activity and tumor targeting can potentially ACKNOWLEDGEMENTS
improve the inhibition of tumor growth. Two different tumor
models were used to assess the effect of RGD-endostatins. LS 174T The authors thank Dr. R.L. Bliss for statistical analysis.
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Vascular Endothelial Growth Factor (VEGF) functions as a the absence of neovascularization, tumor cells undergo apoptosis
key regulator in tumor anglogenesis. In addition, VEGF is an and fail to expand.6 Tumor angiogenesis is mediated by both tumor
important survival factor for endothelial cells under chemical cells themselves and the stromal cells creating a unique microen-
or physical stress. In our report, we show that treatment of vironment. Several growth factors have been identified as potential
endothelial cells with the chemotherapeutic agent carbopla-
tin significantly increased the expression of VEGF. Further- regulators of angiogenesis. However, VEGF and its tyrosine ki-
more, neutralization of secreted VEGF with specific poly- nase receptors, VEGF-RI (Fht-1) and VEGFR-2 (KDR/FIk-I),
clonal anti-VEGF antibodies or monoclonal antibody have been implicated as key components in the vascularization of
sensitized endothelial cells to carboplatin treatment and in- a tumor.7 Direct proof for this hypothesis comes from a multitude
creased apoptosis several-fold. Interestingly, carboplatin of experiments, where the disruption of the VEGF signaling path-
treatment did not alter VEGF expression in tumor cells, way inhibited angiogenesis in vitro and solid tumor growth in
Similarly, antibody to VEGF did not change the chemosensi- vivo."-18
tivity of tumor cells to this drug. Most importantly, tumor-
bearing animals treated with carboplatin showed an increase In addition to its central role in regulating tumor angiogenesis,
in VEGF immunoreactivity in the tumor vasculature, con- VEGF is also a survival factor for endothelial cells. VEGF expres-
firming the in vfto studies. Based on these observations, we sion is induced by hypoxia, which was shown to rescue newly
determined whether neutralization of VEGF could enhance formed endothelial cells in the retina that were exposed to low
the anti-tumor activity of carboplatin in an in vivo ovarian oxygen environment.' 9 VEGF is also able to save newly formed
cancer model system. A combination therapy consisting of a tumor vessels from undergoing apoptosis.2 °0 21 Moreover, VEGFsuboptimal dose of carboplatin (32.5 mglkglnj., q3dxS; i.p.) was shown to inhibit endothelial cell apoptosis induced by tumor
and polyclonall anti-VEGF antibody (2 mglinjl., q3d x 10; i.p.)
significantly enhanced solid tumor growth inhibition over necrosis factor-alpha and anchorage disruption.2,2-2 Therefore,
individual monotherapies and included multiple complete VEGF seems to play an important dual role in the progression of
responses. These findings suggest that VEGF is a critical a cancer, which include the direct stimulation of neovasculariza-
endothelial cell specific survival factor that is induced by tion and the concomitant protection of tumor vessels.
carboplatin and contributes to the protection of tumor vas- Various reports have shown that antiangiogenic therapies po-
culature during chemotherapy treatment. In addition, these
results provide evidence for a potential mechanism that un- tentiate cytotoxic anticancer therapies in several in vivo modelderlies enhanced anti-tumor activity achieved with chemo- systems.24- 26 Particularly, carboplatin-based therapies were re-
therapy and anti-VEGF antibody combination treatment reg- sponsive to combination treatment with either the antiangiogenic
linens as recently reported In a number of clinical trials. We agents anginex or TNP-470, potent inhibitors of endothelial cell
conclude that a similar type of combination therapy may be proliferation and migration.26 .27 However, the exact mechanism of
applicable to many types of malignancies since VEGF expres- action of this combination strategy is not fully understood. In this
sion was differentially induced in the tumor host environ- report, we show that carboplatin significantly increases the expres-
ment (Le., tumor vasculature) and not in the tumor cells
themselves; hence, this phenomenon may be independent of sion of VEOF in endothelial cells in vitro and in tumor vessels in
the type and origin of the primary cancer.
0 2004 Wiley-Liss, Inc. Abbreviations: H&E, hematoxylin and eosin; HRUVEC, human umbilical
Key words: angiogenesis; antibody; carboplatin; chemotherapy; vein endothelial cells; PBS, phosphate-buffered saline; TCIC, tissue cul-
VEGF ture inhibitory concentration; VEGF, vascular endothelial growth factor.
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vivo. Neutralization of VEGF by specific polyclonal antibodies Cell proliferation assays
significantly increased the sensitivity of endothelial cells to carbo- Cells (HUVEC or MA148) were seeded in their respective
platin. In contrast, antibody to VEGF did not augment the chemo- complete medium at a density of I X 104 cells/well into 96-well
sensitivity of tumor cells in vitro. We also show that a combination plates and allowed to attach overnight. Carboplatin and/or anti-
therapy that consists of carboplatin and polyclonal anti-VEGF bodies were then prepared in different dilutions using the appro-
antibody produced a more than additive antitumor effect with priate culture medium and added to the cells. Forty-eight hours
multiple complete responses in an ovarian cancer xenograft model after treatment, cells were treated with MTT (Sigma Chemical
system. Our findings suggest that carboplatin treatment induces the Co.) at 0.5 mg/ml for 4 hr. Medium was then removed and 100 p.l
VEGF stress response in tumor vessels and by concomitantly dimethyl sulfoxide (Sigma Chemical Co.) was added to each wells.
blocking this survival mechanism, significantly enhanced inhibi- Absorbance was measured at 560 nm with 650 nm background
tion of tumor growth can be achieved, readings subtracted. In a parallel study, carboplatin-induced cyto-

toxicity of HUVEC was determined in the presence of monoclonal
MATERIAL AND METHODS antibody (MAb) to VEGF and MOPC-2 1. Carboplatin was used at

Cell culture 3 different concentrations (5.4, 27 and 54 p.M). Both MOPC-21
and MAb to VEGF were added in the final concentration of 5Human umbilical vein endothelial cells (HUVEC) were kindly pLg/mil. After 24 hr cell viability was assessed by MTl' assay.

provided by Dr. G. Vercellotti (University of Minnesota, Minne-
apolis, MN) and maintained in complete EGM medium (Clonetics, Apoptosis assay
San Diego, CA) in tissue culture flasks precoated with 0.1% Cells (HUVEC/MA148) were seeded in their respective com-
gelatin (Sigma Chemical Co., St. Louis, MO). HUVEC cultures plete medium at a density of 3 X 104 cells/well into 8-well
were used between the 2nd and 4th passage for experiments. A chamber slides (Nalge Nunc, Naperville, IL) and allowed to attach
primary culture of human aortic smooth muscle cells (AOSMC)
was obtained from Clonetics and cultured in SMC medium as overnight. Carboplatin and/or antibodies were then added to the
suggested by supplier. MA148 (human epithelial ovarian carci- wells. Samples were incubated for 48 hr and then analyzed fornoma cell line) and HUFFI (human foreskin fibroblast cell ln)apoptosis by TUNEL assay (Boehringer Mannheim, Germany).
no maintained in RPM! 1640 medium (Life tellnline) Digital images were acquired using a fluorescence microscopewere intand n RPMentedium (LifeTechnologies, equipped with an Optronics (TEC 470) single chip cooled camera.Grand Island, NY) supplemented with 10% fetal bovine serum Metamorph image analysis software (Image 1, Westchester, PA)
(FBS, Cellgro, Mediatech, Washington, DC) and penicillin/strep- was used to store the images as TIFF files. Fields were chosen
tomycin (Cellgro). The cultures were split 1:3 every 3 days. All randomly to ensure objectivity of sampling. The files were then
cell lines were maintained at 37'C and 5% CO,. opened in Adobe Photoshop (Adobe Inc., Mountain View, CA)

Anti-VEGF antibody and the apoptotic index was estimated by counting the number of
Polyclonal anti-VEGF antiserum was developed in rabbits by a TUNEL positive pixels per field using a histogram analysis.

hyperimmunization protocol using recombinant human VEGF165 Tumor model
as previously described.28 The antibodies were purified from the
serum by affinity chromatography using a Protein A agarose Exponentially growing MA148 cells (human epithelial ovarian
column (Sigma Chemical Co.). Similarly, control antibody was carcinoma cell line) were harvested by trypsinization, washed
obtained from the same rabbits before immunization and purified twice with Hanks' balanced salt solution (Cellgro, Mediatech,
by Protein A affinity chromatography. Purified lgG fractions were Washington, DC) and resuspended at 2 X 107 cells/mil in serum-
dialyzed in phosphate-buffered saline (PBS, pH 7.6) and concen- free RPMI 1640 medium. One hundred microliters of the suspen-
trated to 20 mg/ml by ultrafiltration using a YM-30 membrane sion was then injected subcutaneously into the flanks of 6-8-
(Millipore, Bedford, MA). Antibody samples were then filter ster- week-old female, athymic, nu/nu mice (National Cancer Institute,
ilized by a 0.2 pLm filter (Millipore, Bedford, MA) and stored in Bethesda, MD) and the tumors were allowed to establish. On day
aliquots at -20°C. Antibody purity was assessed by SDS-PAGE. 10, the animals were randomized and treatment was initiated.
ELISA and Western blots were used to determine specificity of the Carboplatin was administered at a suboptimal dose (32.5 mg/kg)
antibody preparations. 8 .2 8 A monoclonal antibody to human by i.p. injections once every 3 days for 5 doses (q3dX5; i.p.).
VEGF (Clone 4) was purchased from Neomarkers (Fremont, CA). Polyclonal anti-VEGF IgG or preimmune control IgG treatment (2
Antibody was dialyzed against cold HBSS before usage. As a mg/dose) was given i.p. once every 3 days for a total of 10
negative control, a isotype matched IgG-1 (MOPC-21) was pur- injections (q3dx 10; i.p.). Control animals received equal amounts
chased from Pharmingen (San Diego, CA). of sterile PBS. Tumor growth was monitored by caliper measure-

ments and tumor volumes were calculated by the formula (tumorMeasurement of VEGF levels volume (mm3) = a X b 2 
X ir/6), where a represents the larger

MA148 or HUVEC were plated in their respective complete diameter and b represents the smaller diameter of the tumor.
medium at a density of 3 X 10W cells/well in a 6-well plate, For histological examination of the tissues, representative sat-
allowed to attach overnight and exposed to various concentrations ellite animals were sacrificed and tumor specimens were harvested
of carboplatin (Sigma Chemical Co.). HUVEC were seeded on at either the conclusion of the carboplatin treatment regimen (day
plates pretreated with 0.1% gelatin. At 24 and 48 hr time points 22) or anti-VEGF IgG treatment schedule (day 40), as indicated.
after carboplatin treatment, VEGF levels in the conditioned media
were measured by ELISA (Cytimmune, College Park, MD) and Serum levels of VEGF
normalized to viable cell number as determined by Trypan Blue A group of 8 MA148 tumor-bearing mice were used to deter-
exclusion (Sigma Chemical Co.). Human foreskin fibroblast mine changes in mouse VEGF levels after carboplatin treatment.
(HUFFI) cells were plated in complete medium at a density of 1 X Average tumor volumes in these mice were 1,466 to 1,481 mm3

.
10W cells/well in a 12-well plate, allowed to attach overnight and Carboplatin was given to 4 mice at a similar dose and schedule as
exposed to 3 concentrations (54, 135 and 270 p.M) of carboplatin. described before. The rest of the 4 mice served as a control. Blood
At 24 and 48 hr time points after carboplatin treatment, human samples were obtained from the mice 1 week after the 4th injec-
VEGF levels in the media were measured by ELISA (R&D Sys- tion. Serum levels of mouse VEGF was determined by ELISA
tems, Minneapolis, MN) according to manufacturer's instruction. (R&D Systems, Minneapolis, MN).
AOSMC were plated at the density of 5,000 cells per well. Car-
boplatin was at concentrations of 1, 2 and 5 p.g/ml. After 48 hr Histology and immunohistochemistry
culture supernatans were collected for VEGF measurements using Hematoxylin and eosin (H&E) stainings of paraffin embedded
an ELISA. tissue sections were used for general histological examination of
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the tissue specimens. Frozen sections were prepared for the stain- HUVEC. Therefore, endothelial cell populations appear to be less
ing of VEGF and tumor blood vessels in carboplatin-treated spec- sensitive to carboplatin than tumor cells.
imens vs. PBS control animals. Harvested tumor tissues were
embedded in tissue freezing medium (Miles, Inc., Elkhart, IN), Carboplatin differentially upregulates VEGF expression in
snap frozen in liquid nitrogen and subsequently cut into 10 p-m endothelial cells
thick sections. Next, tissue specimens were slowly brought to To further elucidate the apparent resistance of endothelial cells
room temperature, air dried and subsequently fixed in cold acetone to carboplatin treatment, we investigated the role of Vascular
for 10 min. The slides were then allowed to air dry for 1 hr and Endothelial Growth Factor (VEGF), a known endothelial cell
washed 3 times for 5 min in PBS, pH 7.5. The samples were then survival factor, under these conditions. Both ovarian and endothe-
blocked with PBS containing 0.1% bovine serum albumin for 30 lial cell cultures were treated with their respective TCICso of
min at room temperature. The tissue sections were stained for carboplatin and VEGF levels in the conditioned media were mea-
VEGF with a mouse monoclonal anti-VEGF antibody [VEGF sured by ELISA. Carboplatin treatment did not alter the level of
Ab-3 (JH121), Neomarkers, Fremont, CA; 1:20 dilution], which VEGF secreted by the tumor cell line at both 24 and 48 hr time
reacted to VEGF preparations from different species for 1 hr at points (Fig. 2a). VEGF concentrations ranged between 47.8 and
room temperature. Next, the sections were washed in PBS and 58.4 pg/1 X 106 cells. However, treatment of HUVEC with car-
incubated with FITC-labeled rabbit anti-mouse IgG antibody boplatin resulted in a 5-fold increase of VEGF levels at 24 hr (22.8
(Sigma Chemical Co., 1:20 dilution) for 1 hr at room temperature. pg/l X 106 cells for control vs. 129.4 pg/i x 106 cells for carbo-
In addition, we simultaneously incubated the slides with phyco- platin treated cultures). An even more pronounced effect was seen
erythrin (PE) conjugated to a monoclonal antibody to PECAM- 1 at the 48 hr time point with a 12-fold increase in VEGF levels in
(PE conjugated anti-mouse CD31, 1:50 dilution, Pharmingen) to carboplatin treated HUVEC (17.9 pg/I X 106 cells for control cells
stain for blood vessels. The slides were washed 3 times with PBS, vs. 224.2 pg/I X 106 cells for carboplatin treated cells). These
pH 7.5, and immediately imaged in an Olympus BX-60 fluores- values were statistically significant as determined by the Student's
cence microscope. t-test (p < 0.038). Human fibroblast (HUFFI) cells did not exhibit

an increase in the VEGF levels after various concentrations (54,
Statistical analysis 135 and 270 p-M) of carboplatin treatment. The human VEGF

Statistical significance between treatment groups was deter- concentrations were below the sensitivity of the assay (detection
mined by 1-way ANOVA or the Student's t-test, level 5 pg/ml). In another study, carboplatin induced changes in

VEGF secretion was determined in AOSMC. AOSMC secreted
105.6 (-± 12.2) pg/mI in control cultures. In the presence 2.7 P-M

RESULTS carboplatin VEGF level slightly increased to 109.8 (t 19.7) pg/mn.
Differential sensitivity of tumor cells vs. endothelial cells to However at higher concentrations, 5.4 and 13.5 AiM of carboplatin,
carboplatin there was a concentration-dependent decrease in VEGF secretion

Carboplatin is a potent chemotherapeutic drug used in the treat- (61.4 ± 0.4 pg/ml and 29.6 ± 10.6 pg/ml, respectively).
ment of ovarian cancer. In a series of experiments, the in vitro Antibody to VEGF potentiates the inhibitory activity of
sensitivity of ovarian carcinoma cells (MA148) and endothelial anboday o enpoteniates
cells (HUVEC) to carboplatin was evaluated. MA148 cells were carboplatin on endothelial cells
about 100-fold more sensitive to carboplatin than HUVEC (Fig. 1). To further verify the above-mentioned hypothesis, we next
The tumor cells exhibited a TCICo of roughly 0.7 ig/mil (1.9 j-M) tested whether the addition of specific antibodies to VEGF could
compared to a TCIC5 0 of 50-70 Aig/mI (135-190 jiM) for neutralize the growth factor-dependent cell rescue. Carboplatin-

induced cytotoxicity was determined in the presence or absence of
polyclonal anti-VEGF IgG (30 p-g/ml). The addition of anti-VEGF

120_ _ _ antibody to carboplatin-treated HUVEC significantly increased the
120 cytotoxicity of the chemotherapeutic agent by 12.58% (p < 0.014,

Student's t-test; Fig. 2b). This effect was specific since a corre-
10o- I sponding preimmune control IgG treatment (30 j-g/ml) did not

-- significantly increase the inhibitory effect of the drug (p > 0.34).0 -In contrast to endothelial cells, polyclonal anti-VEGF IgG did not
Q 80. influence the chemosensitivity of tumor cells. In fact, the inhibi-

tory activity of carboplatin was decreased by 10% with the addi-

60- tion of anti-VEGF IgG and by 3.7% with the use of preimmune
control IgG. However, these changes were not statistically signif-
icant (p > 0.057 for both points). In a separate study, we inves-"j 40 - tigated the effect of a MAb to VEGF on carboplatin mediated
cytotoxicity of HUVEC. In these experiments, MOPC-21 was used"> 20. as a control. At 3 different concentrations tested (5.4, 27 and 54

= p-M), carboplatin induced low levels of cytotoxicity in the pres-
ence of MOPC-21 IgG. However, the MAb to VEGF significantly

0- increased the cytotoxcity. For example, at 5.4 p-M carboplatin
there was 7.7 % inhibition of HUVEC proliferation and at 27 t.M

0.027 0.27 2.7 27 270 2700 carboplatin there was 18.2 % inhibition of proliferation (compared
to control cultures). At 54 p.M, HUVEC proliferation was inhib-
ited to 21.6 % in the presence of MAb to VEGF. In contrast,
MOPC-21 exhibited only 2.5 % inhibition at this concentration of

FiuGRE 1- Differential sensitivity of tumor cells vs. endothelial carboplatin.
cells to carboplatin. The concentration response of carboplatin on We also assessed the effect of exogenous addition of recombi-
endothelial cells (HUVEC) and human ovarian carcinoma cells
(MA148) was determined by a nonradioactive cell viability assay nant VEGF, 5

2 9 to carboplatin-treated HUVEC. VEGF partially
(MTT). Values of medium control were considered as 100 % viability, rescued endothelial cells at concentrations between 10-100 ng/ml
Each point is a mean of triplicate cultures from a representative (data not shown). In contrast, the human ovarian carcinoma cell
experiment (error bars denote standard deviation; open circle, line did not respond to the exogenous addition of VEGF (data not
HUVEC; closed circle, MA148). shown).
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corresponded to a 17.4-fold increase in apoptosis when comparedA B to medium control. Again, the specificity of this effect was verified
-2 24h 48h r ~I, with the addition of preimmune control IgG (50 jig/ml), which did

e Is is not augment the apoptotic response to carboplatin treatment. In
o comparison, equal concentrations of anti-VEGF or preimmune

antibodies alone did not change the apoptotic index, which was
;-ml similar to medium control.

5. 100 .* Carboplatin specifically up-regulates VEGF expression in tumor
.. vessels in vivo

.s =-s To determine whether carboplatin could induce VEGF expres-W - .U0 sion in vivo, a nude mouse model was employed. MA148 tumor
MA 148 HUVEC MA148 HUVEC MA148 HUVEC cells, the same carcinoma cell line used for the in vitro experi-

ments, were transplanted s.c. into the flanks of female, athymic
C 1s. nude mice. After 10 days, small palpable tumors were established

1 and treatment was initiated. A low dose of carboplatin (32.5
T mg/kg/inj.) was then administered every 3 days for 5 doses

S.-.¶ •(q3dX5), at which point the animals were sacrificed and tumor
-0 L= 1.2. tissues were harvested. Sections were prepared and immunohisto-". Z chemically stained for VEGF and CD31. PBS-treated control10 "animals showed a consistent but low expression of VEGF in theP 01 tumor tissue (Fig. 3a). In contrast, carboplatin treated animals
o
CL 9 0 tdisplayed localized increase in the expression of VEGF (Fig. 3d).
O 06. Staining of the tissues with specific antibodies to the endothelial

10.4. cell marker CD31 was used to identify vascular structures in the
02. tumor tissue (Fig. 3be). A subsequent overlay of the images

showed a clear colocalization of VEGF in the tumor vasculature of00 carboplatin treated animals (Fig. 3J). In contrast, no significant
\*,, ,<, ,13 40 colocalization was seen in the PBS treated control tissue (Fig. 3c).

•O -,a. ýý '1 6 -,<I In a separate experiment, serum levels of mouse VEGF were
$ *z.,• ,. ,x .- determined 1 week after the 4th injection of carboplatin. Tumor

• Ce'•-'• ,' burden in these animals were comparable. Control group of mice
showed a mean serum value of 16.95 pg/ml mVEGF. Whereas the
carboplatin-treated group of mice showed almost twice the levelsFtGuRE 2 - (a) Carboplatin differentially upregulates VEGF expres- of serum VEGF (32.2 pg/ml). However, the increase in serum

sion in endothelial cells. Endothelial cell cultures and human ovarian VEGF levels was not statistically significant.
carcinoma cells were exposed to their respective TCIC50 of carboplatin
(0.7 jIg/ml for MA148, 50 jig/ml for HUVEC) and conditioned Antibody to VEGF significantly improves the anti-tumor effects
medium was harvested. VEGF levels were measured by ELISA and
normalized to cell number (left panel, 24 hr time point; right panel, 48 of carboplatin
hr time point; open square, no carboplatin (PBS control); closed square Experiments were subsequently carried out to determine the
carboplatin). (b) Blocking the VEGF response induced by carboplatin therapeutic benefit of anti-VEGF antibodies during carboplatinwith a polyclonal antibody to VEGF potentiates the inhibitory activity chemotherapy. MA 148 cells were inoculated s.c. into the flanks of
of cairboplatin in endothelial cells. Cells were treated with their re- athymic, nude mice and tumors were allowed to establish for 10
spective TCICo of carboplatin and supplemented with purified poly- days. Animals were then randomized and divided into 4 treatment
clonal anti-VEGF lgG or preimmune control lgG (30 lig/ml). Forty- T wth then monitored b i me
eight hours after treatment, cell viability was measured by MTT assay. groups. umor gro was y calper asure-Absorbance associated with carboplatin treatment alone was consid- ments and the experiments were terminated once tumor volumes
ered as 100 % inhibition. Results are expressed as % change in reached about 1,500 mm.3
inhibition relative to carboplatin treatment alone (closed square, anti- By the end of the treatment regimen (day 40), administration of
VEGF IgG treatment: open square, preimmune IgG treatment). (c) low-dose carboplatin inhibited the tumor growth by approximately
Blocking the VEGF stress response with polyclonal antibody to VEGF 40% compared control animals (Fig. 4a). Similarly, anti-VEGF
increases apoptosis in carboplatin-treated endothelial cells. HUVEC
were treated with their carboplatin TCIC5o and/or antibodies (50 antibody alone treated mice displayed an inhibition of tumor
Ag/ml) and incubated for 48 hr and analyzed for apoptosis by a growth of approximately 25% compared to control animals (Fig.
TUNEL assay. Apoptotic index indicates the percentage (%) of 4a). In contrast, the administration of carboplatin in combination
TUNEL positive pixels per field. For all panels data are presented as with anti-VEGF antibody showed tumor growth inhibition of more
means of 3 independent experiments with standard deviation as error than 75% compared to PBS treated mice. Moreover, combination
bars. *Statistical significance as determined by the Student's t-test treatment significantly inhibited tumor growth throughout the en-
[p < 0.038 for both points in (a); p < 0.014 in (b); p < 0.03 in panel tire course of the experiment (p < 0.04 for all tumor measurement
(c)0. time points as determined by the Student's t-test). Most impor-

tantly, 23% of all combination treated animals (cumulative of 3
experiments) displayed a complete response and remained tumor-

Antibody to VEGF increases apoptosis in carboplatin treated free for the entire period of observation.
endothelial cells A 1-way ANOVA, with treatment as the between-subjects factor

To determine whether carboplatin-induced expression of VEGF with 4 levels, was used to analyze the combined effects of the 3
rescues endothelial cells from apoptosis a TUNEL assay was individual experiments. On day 22 (end of carboplatin treatment
performed. Addition of the chemotherapeutic agent to HUVEC regimen) both carboplatin and polyclonal anti-VEGF IgG failed to
increased the apoptotic index 9-fold compared to medium control significantly inhibit tumor growth (p = 0.0718 for carboplatin, p =
(Fig. 2c). More importantly, a combination treatment of carbopla- 0.6324 for anti-VEGF IgG), whereas combination therapy showed
tin with polyclonal anti-VEGF IgG (50 pRg/ml) resulted in an a significant difference in tumor volume compared to PBS (p =
additional 1.85-fold increase in apoptotic index versus carboplatin 0.0016). Similarly, on day 40 (end of antibody treatment regimen),
alone treated samples (p < 0.03, Student's t-test). This effect only the combination treatment of carboplatin with polyclonal
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FIGuRE 3 - Carboplatin specifically upregulates VEGF levels in tumor vessels in vivo. Shown are representative sections from the PBS control
group (a, b and c) and from the carboplatin treated group (d, e and f). Immunofluorescence localization of VEGF (a, d) and blood vessels (b,
e) is shown. Colocalization of VEGF and blood vessels is determined by merging respective images (a,.t). Arrows indicate representative VEGF
positive tumor blood vessels. X200.

anti-VEGF IgG displayed a significant inhibition of tumor growth ical analysis demonstrated dramatic differences in tumors from
compared to the PBS vehicle control group (p = 0.0003, p = carboplatin/anti-VEGF antibody combination-treated animals
0.1533 for carboplatin alone and p = 0.731 for anti-VEGF IgG compared to PBS control or individual drug treatment groups.
alone). More importantly, tumor volumes from the combination A TUNEL assay was used to detect apoptotic cells. Carboplatin
treatment group were also significantly lower than both mono- or anti-VEGF antibody alone-treated animals displayed no differ-
therapies (p = 0.0229 compared to carboplatin and p = 0.0016 ence in apoptosis when compared to PBS treated control tissues
compared to anti-VEGF IgG). (data not shown). In contrast, animals that received a combination

Treatment of tumor bearing animals with nonspecific preim- treatment regimen presented an increase in apoptotic cells (data
mune IgG (2 mg/inj., q3dX 10) did not affect the in vivo tumor not shown). Similarly, these effects were also seen in H&E-stained
growth rate of MA148 either alone or in combination with carbo- tissue sections (Fig. 5). Here, carboplatin (Fig. 5b) or polyclonal
platin (Fig. 4b). Data points are expressed as a mean relative to anti-VEGF antibody (Fig. 5c) monotherapy samples displayed a
mean tumor volume of carboplatin treated animals (V/V c., latin). slight increase in apoptotic and necrotic cells (picnotic nuclei)
The results illustrate that the addition of preimmune control IgG when compared to PBS control (Fig. 5a). However, a substantial
did not significantly alter the inhibitory activity of carboplatin decrease in cellularity and large areas of necrosis were observed in
treatment. However, the addition of specific polyclonal anti-VEGF tissues from combination-treated animals (Fig. 5d). In addition, a
IgG showed a statistically significant increase in anti-tumor activ- marked increase in fibrous tissue was detected in these samples.
ity when compared to carboplatin monotherapy (Fig. 4b). Most importantly, histological examination of a tumor sample

To further determine the overall extent of the combined treat- from a complete responder (Fig. 5e) showed that the entire tumor
ment effect of carboplatin with polyclonal anti-VEGF IgG, we tissue was replaced by fibrous matrix, indicating full remission
analyzed the fractional tumor volumes relative to untreated con- obtained by the combination therapy regimen.
trols. Combination therapy showed a multiplicative effect at both
day 22 and day 40 of observation (approximately 2.3-fold higher DISCUSSION
for both time points; Table 1), indicating a more than additive
anti-tumor activity achieved with this combination treatment reg- Despite significant efforts to produce new and improved treat-
imen. ments, the outcome for patients with ovarian cancer remains poor.3

The application of the chemotherapeutic drug, carboplatin, eitherCarboplatin/anti-VEGF antibody combination treatment results alone or in combination with paclitaxel, has become the front line
in extensive tumor cell apoptosis and necrosis therapy for this disease. 30 ,3 1 However, it is still far from being

Human xenograft tumors were surgically removed from the curative and the development of chemoresistance poses a major
animals by the end of the antibody treatment regimen (day 40) and challenge. In a recent study, single-agent carboplatin proved to be
paraffin embedded for the preparation of tissue sections. Histolog- just as effective as carboplatin plus paclitaxel in women requiring
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A 2000- . improve the overall anti-tumor response in preclinical models in
1800. vivo.24-26 More importantly, the first successful randomized phase

III clinical trial results of an antiangiogenic agent (bevacizumab)
E 1600. with a chemotherapeutic regimen were recently announced. 32.3-

"1400 vehicle However, the mechanism underlying the additive effects of anti-
0 .VEGF antibody and chemotherapy combinations has not been

1200 anti-VEGF fully elucidated.
S1000 carboplatin In our report, we show that tumor cells are by far more sensitive
o 80-0 to carboplatin than endothelial cells. This differential chemosen-
E sitivity could be explained by several factors. For instance, the00 'proliferative status of target cells can substantially influence its400 .•combination sensitivity to DNA cross-linking drugs. Tumor cells are actively

200 : proliferating as indicated by several-fold higher 3H-thymidine
010 incorporation when compared to endothelial cells (R. Wild, J.
010 20 30 40 50 Trass, I. Subramanian, and S. Ramakrishnan, unpublished data).

Time (days post-inoculation) Second, drug uptake mechanisms could be differentially regulated
in tumor cells versus endothelial cells. In addition, DNA repair

'' Day 22 Day 40 14 mechanisms could be substantially different in these 2 cell types,B. q20 which could at least in part contribute to the differential chemo-T 120 sensitivity. Lastly, specific cell survival factors could influence thea E oo ISO0> [ chemosensitivity of various cell types to this drug therapy.
M o Our report provides evidence for the latter possibility. Our

X , results demonstrate that carboplatin substantially induces the ex-
-:0 pression of VEGF in endothelial cells in vitro. VEGF has been

"0 o shown to function as an important endothelial cell-specific survival
factor that prevents apoptotic cell death. As a consequence, up-

Ftouis 4 - Antibody to VEGF significantly improves the anti-tumor regulation of VEGF directly increases cell viability and decreases
effect of carboplatin. The tumor growth curve of human MA148 the overall chemosensitivity of endothelial cells to carboplatin.
ovarian carcinoma is shown in athymic mice (a). The groups are Proof of principal comes from our experiments where the concom-
defined as control (PBS; square), polyclonal anti-VEGF lgG (circle), itant neutralization of VEGF by specific antibodies significantly
carboplatin (triangle up), carboplatin + polyclonal anti-VEGF IgG increased the drug-induced cytotoxicity as well as the overall
(triangle down). Data points show the mean tumor volume with apoptotic response in endothelial cells. Although a polyclonal
respective standard error bars (pooled data from 3 independent exper- antibody was used in the in vivo experiments, we observed similar
iments, n = 14-16 animals per group). Tumor growth inhibition is results using a monoclonal antibody in vitro, namely, increased
enhanced by the addition of polyclonal anti-VEGF IgG to carboplatin sensitivity to carboplatin in the presence of antibody to VEGF.
therapy (b). Results are expressed as mean tumor volumes relative to sen y tor boplatindinuth presen of antibody tVG
mean carboplatin-treated volumes (VlVcarboplatin). Shown is carbo- Very interestingly, individual administration of the antibody did
platin (white bar), carboplatin + polyclonal anti-VEGF IgG (black not result in any endothelial cell death or increased apoptosis.
bar), carboplatin + preimmune control IgG (gray bar) on day 22 (end Therefore, our data suggests that carboplatin induces the cells to
of carboplatin treatment regimen) and day 40 (end of antibody treat- secrete VEGF and additionally sensitizes the cells to this survival
ment regimen). *Statistical significance as determined by Student's pathway. In contrast, VEGF levels in the tumor cell line were not
t-test (p < 0.033 for both values compared to carboplatin-alone treat- altered by carboplatin treatment. In addition, the tumor cells did
ment). not respond to either exogenous addition of VEGF or its respective

antibodies. As a consequence, the upregulation of VEGF induced
TABLE I- CARBOPLATIN AND ANTI-VEGF ANTIBODY COMBINATION by carboplatin appears to be unique to the endothelial cell popu-

TREATMENT RESULTS IN SYNERGISTIC ANTI-TUMOR RESPONSE lation. This is a novel finding, since the predominant notion in the
Fractional tumor volume' angiogenesis field is that VEGF functions as a paracrine mediator

DayCombined Combined Expected/ of endothelial cell activity. However, we report here that this factor
(expiected) (observed) observed'- also contributes an important autocrine function to this system. It

remains to be seen whether carboplatin directly influences the22 0.65 0.88 0.57 0.24 2.4 expression of VEGF at the transcriptional (i.e., induction of the40 0.6 0.72 0.43 0.19 2.3 VEGF promoter) or perhaps at the posttranscriptional level (i.e.,

'Fractional tumor volume was obtained by dividing the mean vol- increased mRNA stability). Investigations are currently underway
ume of treated tumors by the mean volume of untreated PBS control to identify such possibilities.
tumors. All 3 individual experiments were pooled to determine the In addition to the implications of carboplatin induced expression
overall mean volumes.- 2 Expected combined effect if treatment mo- of VEGF in vitro, we provide evidence for the potential clinical
dalities have additive activities. Obtained by multiplying the individual
fractional tumor volumes of both treatments.- Fold increase over implications of this phenomenon with our in vivo experiments. We
additive effect as determined by dividing the combined expected show that carboplatin treatment of tumor-bearing mice signifi-
fractional tumor volume by the combined observed fractional tumor cantly upregulates the expression of VEGF in tumor vessels in
volume. vivo. This experiment provides evidence that even though both

tumor cells and blood vessels are exposed to similar concentrations
of carboplatin, a selective increase in VEGF levels was found in

chemotherapy for ovarian cancer. The favorable toxicity profile of the vasculature. Increased levels of this survival factor could
carboplatin alone suggested that this is a reasonable option as a potentially save tumor blood vessels from apoptosis. Indeed, a
single-agent chemotherapeutic. 4 An additional advantage of car- previous report illustrated that exogenous addition of VEGF pro-
boplatin is that, in contrast to other agents such as taxanes, cyclo- tected endothelial cells from chemotherapeutic drug-induced apo-
phosphamide and vincristine, it is not an anti-angiogenic by it- ptosis by activating the PI3KIAKT/survivin pathway.34 In our
self.26 Recent efforts have focused on the application of various study, concomitant neutralization of VEGF with specific poly-
combination treatment regimens that include cytotoxic and anti- clonal anti-VEGF antibodies significantly improved the cytotoxic
angiogenic agents. Such combinations have shown to significantly effects of carboplatin and increased the anti-tumor effect several
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FIGURE 5- Carboplatin/anti-
VEGF antibody combination
treatment results in extensive tu-
mor necrosis. MA148 tumor tis-
sues were resected from satellite
animals at the end of the antibody
treatment schedule (day 40),
fixed, embedded in paraffin and
sectioned onto slides. Represen-
tative H&E-stained sections are
shown for control (PBS; a), car-
boplatin (b), polyclonal anti-
VEGF IgG (c), carboplatin +
polyclonal anti-VEGF IgG (d)
and carboplatin + polyclonal an-
ti-VEGF lgG complete responder
(e). Scale bar = 100 pam for all
samples.

fold. Similarly, previous studies have shown that ionizing radiation general. Multiple reports have shown that the combination of antian-
combined with VEGF specific antibodies could improve anti- giogenic drugs with several different cytotoxic agents can signifi-
tumor effects in vivo, 35 possibly through the same mechanism. 36  candy increase the antitumor effects in preclinical models in vivo. For

Histological analysis of tissue samples provides further evi- instance, the addition of the angiogenesis inhibitor TNP-470/Mino-
dence for the therapeutic benefit of a carboplatin/anti-VEGF anti- cycline to the treatment with paclitaxel and carboplatin resulted in
body combination therapy. The complete remission in some of the increased antitumor activity and efficacy in nonsmall-cell lung cancer
treated animals and the overall increase in apoptotic activity in and breast cancer models. 2 7 Antiangiogenic modulators also markedly
tumor tissue clearly support the combination regimen. More im- increased the cytotoxicity of cyclophosphamide, 37 cis-diammine-di-
portantly, improved anti-tumor effects were possible at signifi- chloroplatinum(II), melphalan, adriamycin and bleomycin. 24 Simi-
candy lower doses of the chemotherapeutic drug, thereby elimi- larly, the neutralization of VEGF in combination with the cytotoxic
nating apparent drug associated toxicity. 26  

agent doxorubicin resulted in a more than additive inhibition of tumor
Finally, the role of VEGF as an endothelial cell-specific survival cell-induced angiogenesis in a dorsal skinfold chamber assay.38 In

factor could have profound implications in solid tumor therapy in addition to secreting VEGF, endothelial cells may also upregulate the
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expression of VEGF receptors, which can establish an autocrine loop fect VEGF secretion in normal and tumor cells. Carboplatin did not
preventing drug-induced apoptosis. Preliminary studies suggest that significantly alter VEGF secretion in fibroblast. However in human
carboplatin, as well as ionizing radiation, increase VEGFR2 expres- aortic smooth muscle cells carboplatin actually inhibited VEGF se-
sion levels in endothelial cells. Modulation of both receptors and cretion in a concentration-dependent manner. A recent report by Hata
ligand in response chemotherapy provides a unique opportunity for et aL.4 showed a decreased level of VEGF in ovarian cancer cells
intervention. For instance, several studies have demonstrated that following Taxol treatment. Therefore, additional evaluations of these
antibodies to VEGFR2 can also be used to potentiate antitumor combination therapy regimens are clearly warranted.
activity of vinblastin 39 and gemcitabine.40 Therefore, it is conceivable
that other chemotherapeutic drugs act similarly on endothelial cells ACKNOWLEDGMENTS
and induce the expression of VEGF and perhaps its receptors. In fact,
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APPENDIX 8

Improved biological activity of a mutant endostatin containing a
single amino-acid substitution
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Human endostatin has an internal Asn-Gly-Arg (NGR) motif at position 126- 128 following a proline at position 125. Asn-Gly-Arg-
containing peptides have been shown to target tumour vasculature and inhibit aminopeptidase N activity. We previously compared
the in vitro and in vivo biological activities of native endostatin and endostatin with a proline to alanine mutation (P 125A-endostatin).
P 125A-endostatin exhibited greater inhibition of both endothelial cell proliferation and human ovarian cancer growth compared to
native endostatin. Here we explore further the effects on biological activity of the PI 25A mutation, and show that aminopeptidase N
is not involved. To determine whether the increased biological activity of the mutant was due to unmasking of downstream NGR-
sequence, effect of endostatin on aminopeptidase N activity was investigated. Neither the native nor the PI 25A-endostatin inhibited
aminopeptidase N. However, synthetic peptides consisting of the S I 18-TI 31 region of endostatin inhibited aminopeptidase N. These
results suggest that the internal NGR site in native or mutant endostatin is not accessible to aminopeptidase N, and that this activity is
not involved in the enhanced biological activity of the P I 25A form. PI 25A-endostatin bound to endothelial cells more efficiently than
native endostatin and exhibited greater inhibition of not only proliferation but also migration of endothelial cells. P I 25A-endostatin
also localised into tumour tissue to a higher degree than the native protein, and displayed greater inhibition of growth of colon cancer
in athymic mice. Both proteins inhibited tumour cell-induced angiogenesis effectively. Real-time PCR analysis showed that both native
and P I 25A-endostatin decreased expression of key proangiogenic growth factors. Vascular endothelial growth factor and
angiopoietin I were downregulated more by the mutant These studies suggest that the region around P125 can be modified to
improve the biological activity of endostatin.
Bntish Journal of Cancer (2004) 90, 1627-1635. doi: 10. 1 038/sj.bjc.6601745 www.bjcancercom
Published online 30 March 2004
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Endostatin is a proteolytic fragment of the noncollagenous domain wnt-signalling pathways might also be modulated by endostatin
of collagen type XVIII (O'Reilly et al, 1997), a component of the (Hanai et al, 2002). In addition to these direct actions, endostatin
basement membrane. Endostatin inhibits growth factor-induced has been shown to bind and inactivate metalloproteinases in vitro
proliferation and migration of endothelial cells in vitro and (Kim et al, 2000). These studies collectively imply that the
angiogenesis in vivo. A number of independent studies have shown mechanism of endostatin action is diverse and complex. Under-
that endostatin treatment inhibits tumour growth by blocking standing the structure/function of endostatin therefore will help in
angiogenesis (Boehm et al, 1997; O'Reilly et al, 1997; Dhanabal improving its efficacy to inhibit tumour growth.
et al, 1999). Endostatin binds to at least two distinctive sets of Human endostatin containing a point mutation at position 125
molecules on the endothelial cell surface, 25s# 1/2,,#3 integrin (Rehn has been identified during expression cloning (Yokoyama and
et al, 2001; Wickstrom et at, 2002) and glycosyl-phosphatidylino- Ramakrishnan, 2002). Proline 125 is followed by a tripeptide, Asn-
sitol (GPI) anchored heparin sulphate proteoglycan (HSPG), or Gly-Arg (NGR), a sequence that is known to target endothelial cells
glypican (Karumanchi et at, 2001). Glypican is believed to (Pasqualini et at, 2000). In fact, chemical linkage of doxorubicin to
sequester endostatin and present it to the integrins, thereby NGR peptides inhibited tumour growth efficiently (Arap et at,
forming a receptor-signalling complex. Binding to integrins is 1998). Asn-Gly-Arg sequence has also been shown to bind and
linked to phosphorylation of SH2 containing Shb adaptor protein, inhibit aminopeptidase N localised on vascular endothelial cells of
which is implicated in the apoptotic cascade (Dixelius et a!, 2000). tumours. The P125A-mutation is not a conservative change and
Such interactions can activate intracellular signalling leading to would be expected to alter peptide folding around the mutation
inhibition of endothelial cell proliferation and migration (Rehn site. However, we were able to express P125A-endostatin in yeast
et al, 2001; Shichiri and Hirata, 2001). A recent study showed that in fully soluble form, and showed that it has similar gross

secondary structures as native endostatin. P125A-endostatin
"Correspondence: Dr S Ramakrishan; E-mail: sundaO0 I~umn~edu inhibited in vitro endothelial cell proliferation and in vivo growth
Received 9 September 2003; revised 26 January 2004; accepted 29 of ovarian cancer more effectively when compared to native
January 2004; published online 30 March 2004 endostatin (Calvo et a!, 2002).
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In this study, we have further explored the differences between Aminopeptidase N activity

native and P125A-endostatin. We report that the mutant protein
binds more effectively to endothelial cells and is more effective in Aminopeptidase N activity was determined by the method
inhibiting not only endothelial cell proliferation but also migration described previously (Arap et al, 1998). Human umbilical vein
in vitro. P125A-endostatin also displayed improved inhibition of endothelial cell lysate (10 pg protein) was used as a source of
colon cancer growth in athymic mice, and greater downregulation aminopeptidase N and incubated with 0.225 mg (0.9 pmol)
of human vascular endothelial growth factor (VEGF) and human substrate in a reaction buffer in the presence and absence of
angiopoietin 1 (Angi) from turnours. Neither native nor mutant inhibitors at 37°C for 2 h. Aminopeptidase N activity was detected
endostatin inhibited aminopeptidase N activity. These studies by absorbance at 405 nm.
suggest that structural changes in endostatin can be used to
improve the biological activity of human endostatin. Endothelial cell proliferation assay

Essentially, the method described previously was used to
determine the effect of endostatin on BCE cell proliferationMATERIALS AND METHODS (O'Reilly et al, 1997) by 3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl-

Cell lines and culture conditions 2,4-tetrazolium bromide, MTT (Carmichael et al, 1987; Yoon et al,
1999).

Bovine adrenal gland capillary endothelial (BCE) cells were
obtained from Clonetics Inc. (San Diego, CA, USA). Culture
conditions of human umbilical vein endothelial cells (HUVEC) Endothelial cell migration assay
have been published previously (Ramakrishnan et al, 1996). The migration of endothelial cells was determined by using Boyden
Human colon carcinoma cell line, LS174T, was obtained from chambers (Neuro Probe, Gaithersburg, MD, USA) as previously
American Type Culture Collection (ATCC, Rockville, MD, USA). described (Dhanabal et al, 1999).
LS174T cells were cultured in RPMI-1640 (GIBCO BRL, Gaithers-
burg, MD, USA) supplemented with 10% FBS, 100Um1-'
penicillin, 100 pg mF- streptomycin and 2 mM L-glutamine. Tumour localisation

LS174T cells were injected subcutaneously at right and left sides of
Cloning, expression and purification of mutant human the flanks of athymic nude mice. Tumour size reached about
endostatin 500 mm 3 on day 10. Tumour-bearing mice were randomised into

two groups. Endostatin or P125A-endostatin was injected at a dose
The following primers were used to amplify the C-terminal end of of 20mg kg-' subcutaneously. Tumour tissues and representative
collagen type XVIII (183 amino acid residues) by RT-PCR: normal tissues were surgically removed after 19 h. This time point

was chosen to minimise overwhelming serum levels from
obscuring the tissue-bound endostatin. For comparison, serumUp: GGGGAATTCCACAGCCACCGCGACTTCCAG, samples were also collected from the mice. Tissues were snap

Down: GGGGCGGCCGCCTACTTGGAGGCAGTCATGAAGCT. frozen, and homogenised in RIPA buffer containing proteinase
inhibitors (PBS, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS,

The PCR product was cloned into pPICZ-aA vector (Invitrogen, I0Oug ml-' PMSF), maintained at 4°C for 45 min, and cleared by
Carlsbad, CA, USA) and sequenced. Selected clones were electro- centrifugation. Human endostatin concentrations in serum and
porated into X-33 host strain of Pichia pastoris (Invitrogen). tissue lysates were measured using an enzyme-linked immunoas-
Previously published methods were followed for expression and say (Cytimmune, College park, MD, USA) according to the
purification of endostatin (Yokoyama et al, 2000). manufacturer's instructions. Statistical significance was deter-

mined by Student's t-test.

Structural analysis by circular dichroism Matrigel plug assay

Circular dichroism (CD) studies of endostatin and P125A-
endostatin were carried out in a JASCO J-710 spectropolarimeter. Matrigel plug assay was used to determine inhibition of tumour
Protein samples were prepared in PBS at a concentration of cell-induced angiogenesis in vivo (Zhang et al, 2000). LS174T cell
100 pg ml-'. Path length of the cell was 0.1 cm. Circular dichroism suspension was mixed with matrigel, and injected into nude mice
spectra and molar ellipticity were obtained over the wavelength subcutaneously. Mice were treated with native endostatin or
range of 195- 260 nm. P 125A-endostatin at a dose of 20 mg kg•'day-' subcutaneously at

a distant site near the neck. Control mice were treated with an
equal volume of sterile PBS at similar schedule. Treatment was

Cell attachment assay started just after the matrigel implantation and continued for 1
week. At 1 day after the last treatment, the matrigel was removed.

The method of cell attachment assay described previously was A part of the matrigel was used to prepare cryostat sections and
used (Maeshima et al, 2000). A measure of 1 nmole well-l of another part of the samples was used for Real-time PCR analysis.
endostatin preparations or 0.2% gelatin were used to coat 96-well Frozen sections (10 pm) of matrigel were stained with 1:50
plates. Human umbilical vein endothelial cells were prelabelled dilution of an anti-CD31 monoclonal antibody conjugated to
with a vital, fluorescence dye, 5pAM 5-(and-6)-carboxyfluorescein phycoerythrin (MEC 13.3, BD PharMingen, San Diego, CA, USA)
diacetate, succinimidyl ester (5(6)-CFDA) (Molecular Probes, and analysed for vessel density (Wild et al, 2000). Serial frozen
Eugene, OR, USA) for 10min at 37°C. Cells were added to wells sections were used to localise VEGF by indirect immunofloures-
at a density of 40 000 cells well-'. After 1h incubation at 37'C, cence method using a polyclonal antiserum made against
unbound cells were removed, and fraction of bound cells was recombinant human VEGFc6s (Olson et al, 1996). Another part
determined by a fluorescence plate reader (Cyto Fluor II; of the matrigel samples were fixed in 10% neutral buffered
PerSeptive Biosystems, Framigham, MA, USA) (excitation, formalin and processed for haematoxylin and eosin (H&E)
485 nm, emission, 530 nm). staining.
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Quantitative real-time PCR analysis RESULTS
Total RNA was extracted from frozen matrigel samples using the Preparation and structural analysis of P125A endostatin
RNeasy Mini kit (Qiagen, Valencia, CA, USA) according to the
manufacturer's protocol. Reverse transcription was performed Native human endostatin and a mutant with a proline to alanine
with the SuperScript II kit (Invitrogen) using 1 pg of total RNA. substitution at position 125 were cloned and expressed in P.
Real-time PCR was carried out by using SYBR Green PCR Master pastoris. The P125A mutation did not change the binding of
Mix (Applied Biosystems, Foster City, CA, USA) in an ABI PRISM endostatin to heparin. Like native human endostatin, P125A-
7700 sequence detection system (Applied Biosystems) (TaqMan). endostatin bound to a heparin-ceramic column and eluted at
Primer sequences described by Gerber et al (2000) were used around 300mm NaC1 concentration, indicating similar binding
(Table 1) to amplify proangiogenic factors related messages from strength to heparin (data not included).
the human tumour cells and relevant target receptors on An NGR-sequence capable of targeting endothelial cells is
endothelial cells of mouse origin. Following conditions were located immediately following the P125A-mutation site. Confor-
used for PCRP 50'C for 2min, 95°C for 10min, and 40 cycles at mational features surrounding the mutation site are shown in
95°C for 0.15 min, 60'C for min. Negative controls included Figure IA. Crystallographic data published by Ding et al (1998)
omission of the template. SYBR Green dye intercalation into show that P125 is located in a loop flanked by two f-sheets. In
the minor groove of double-stranded DNA reaches an emission order to determine whether the mutant protein was folded
maximum at 530 nm. Relative RNA equivalents for each properly, gross secondary structural analysis of the P125A mutant
sample were calculated by either comparing to human or was compared to the native protein made in the same expression
mouse GAPDH levels. Five to six samples per group were run system. The CD spectra of native and P125A human endostatin
in duplicate. Statistical analysis was performed by Student's showed identical profiles, indicating that the two proteins have
t-test. similar gross secondary structures (Figure lB).

P125A mutation-enhanced endothelial cell binding
Preparation of alginate beads encapsulated endostatins

and tumour growth inhibition studies The biological characteristics of P125A-endostatin were compared
to those of the native protein in a number of assays. As a first step,

Alginic acid extracted from Macrocystis pyrifera was purchased the ability to bind endothelial cells was assessed using cell-
from Sigma Chemicals, St. Louis, MO. A measure of 4% (w/v) of attachment assays. Gelatin (0.2%)-coated wells were used as a
alginic acid in water was sterilised by autoclaving. Endostatin control, with the number of cells (HUVEC) attached to gelatin-
preparations or PBS (control) made in 1.5% alginic acid were coated wells taken as 100% to calculate relative binding. By this
dropped gently into 0.1 M CaCI2 solution using a fine needle under standard, 38.5% of HUVEC attached to endostatin-coated wells.
aseptic conditions. Beads were kept at 4°C overnight and were Under similar conditions, a significantly higher number of HUVEC
washed with sterile water before the subcutaneous implantation (71%) bound to wells coated with P125A-endostatin (Figure IC)
into tumour-bearing mice. Entrapment efficiency was calculated (P = 0.005). The observed differences in cell attachment are not
by determining the amount of protein remaining outside the beads due to variation in coating efficiencies, which were determined by
from the total protein using the BCA protein assay kit ELISA method.
(Pierce, Rockford, IL, USA). Logarithmically growing LS174T cells
were harvested by trypsinisation and suspended in serum-free Inhibition of endothelial cell migration
medium at a density of 1 x 107 cells ml- 1. A measure of 100 p1 of
the single-cell suspension was then subcutaneously injected into A possible consequence of increased binding is increased
the flanks of female athymic mice (6-8 weeks old). When the biological activity. Previously, we showed that P125A-endostatin
tumours became visible (3 days after inoculation), mice were inhibited endothelial cell proliferation more efficiently than native
randomised into groups and treated with endostatin-encapsulated endostatin did (Calvo et al, 2002). Endothelial cell migration assay
alginate beads (five animals per group). Endostatins were is a more sensitive parameter to assess the biological activity of
implanted at a distant site (about 2cm away) at a dose of endostatin. Therefore, bFGF-induced migration of endothelial cells
-20mgkg-1 once a week. Tumour growth was monitored by was determined in the presence of native and P125A-endostatin.
periodic caliper measurements. Tumour volume was calculated by Similar to the proliferation assays, this mutant endostatin was
the following formula: tumour volume (mm') = (a x b2)/2, where more effective than native protein in inhibiting cell migration.a'=length in mm, 'b'=width in mm. Statistical significance (Figure ID). At all three concentrations tested, P125A-endostatin
between control and treated groups was determined by Student's inhibited endothelial cell migration more efficiently than native
t-test. endostatin.

Table I Primer sequences used for real-time PCR

Probe name Forward primer Reverse primer

Human VEGF AATGACGAGGGCGTGGAGT TTGATCCGCATAATCTGCATG
Human bFGF TGAATCACTAACTGACTGAAAATTGA GAAGGGTCTCCCGCATACT
Human Ang I CCTTCCAGCAATAAGTGGTAGTT CAAACGGCTCCAGATTCA
Human IL-8 I--FAGCATAGCTGGACATTAAAGAG GCAAATATGCT-AGGCTTTAACC
Human GAPDH CCACCCATGGCAAATTCCATGGCA TCTACACGGCAGGTCAGGTCCACC
Mouse fit- I GTCGGCTGCAGTGTGTAAGT TGCTGTTCTCATCCGTiTCT
Mouse flk- I TGTCAAGTGGCGGTAAAGG CACAAAGCTAAAATACTGAGGACTTG
Mouse te-2 CGGCCAGGTACATAGGAGGAA CCCCCACTTCTGAGCTTCAC
Mouse endoglin GCAGGCAAGAACTCAGACAT AGCTCCCTCAGCT-CTGTTT
Mouse GAPDH ATGTFCCAGTATGACTCCACTCACG GAAGACACCAGTAGACTCCACGACA

© 2004 Cancer Research UK British Journal of Cancer (2004) 90(8). 1627- 1635
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Figure I Charactensation of P1 25A-endostatin-increased binding and biological activity. (A) Structural details surrounding the mutation site are shown.
Swiss PDB Viewer programme was used to generate the figure based on the structural information published by Ding et al (1998). P125 is followed by
N126, G127, and R128. (B) Circular dichroism spectroscopy of endostatin (--- ) and P125A-endostatin (-). (C) Cell attachment assay. Single-cell
suspension of HUVEC, prelabelled with 5(6)-CFDA, was added into triplicate wells coated with either endostatin or PI 25A-endostatin at a concentration of
I nmolwell-r. Wells coated with 0.2% gelatin were used as maximum attachment (100%). Bound cells were quantified by a fluorescence plate reader.

Values represent mean of two independent experiments, Data are expressed as a mean (columns) ± s.d. (bars). Statistical significance was determined by
Student's t-test. **P< 0.01. (D) Effect of endostatin (open bars) and P125A-endostatin (closed bars) on endothelial cell (HUVEC) migration. Basic FGF
(25 ngml-') was used to induce migration of endothelial cells. Data are expressed as a mean (columns) ±s.e. (bars). Statistical significance was determined
using Student's t-test. *P<0.05, **P<0.01. (E) Tumour Localisation. Human colon carcinoma cells (LS174T) were injected s.c. into female athymic nude
mice. When the tumour size was around 500 mm3 (10 days after inoculation). Endostatin (open bars) or P 125A-endostatin (closed bars) was injected at a
dose of 20 mgkg-I subcutaneously. Endostatin levels were determined by EUSA. Endostatin levels are expressed as a percent of serum levels.

Tumour localisation is improved by P125A-mutation of endostatins, lung tissues had significant accumulation of both
native and mutant endostatin. However, lung tissues did not showTo assess whether the improved endothelial cell binding in vitro any statistical difference between native and Pl25A-endostatin

can translate into enhanced tumour homing in vivo, tumour accumulation.
localisation studies were performed. Endostatin and P125A-
endostatin were injected subcutaneously into human colon
cancer-bearing athymic mice. Tumour, lung, liver and serum Effect of endostatin and P125A-endostatin on
samples were collected. Relative levels of endostatin in the tissues aminopeptidase N activity
are shown in Figure IE. Native endostatin accumulated in the
tumour tissues at a level of 3.0% when compared to serum levels. As the mutation site is immediately followed by NGR motif, we
P125A-endostatin, on the other hand, was found at a more than next tested whether the mutant endostatin has aminopeptidase N
three-fold higher concentration in the tumour tissue (10.22% inhibitory activity. Cellular extracts of aminopeptidase N enzyme
compared to serum levels). This difference was statistically were prepared from HUVEC. These cells express 8-10 times
significant (P = 0.03). While the liver showed negligible amounts higher levels of aminopeptidase N compared to cancer cells such as

British Journal of Cancer (2004) 90(8), 1627- 1635 © 2004 Cancer Research UK
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A The data in Figure 2A show the effect of endostatin and its

40- mutant on aminopeptidase N activity. As a positive control, the
same concentration of bestatin, a known inhibitor of aminopepti-
"dase N, was included. Bestatin inhibited 35% of the enzymatic
activity under the experimental conditions used. Leupeptin, a

0 negative control, did not inhibit the enzyme. Interestingly, neither
the native nor the P125A mutant showed any inhibition of. aminopeptidase N activity even at 5 pm concentration.

20- In a separate experiment, we tested whether synthetic peptides
Q. consisting of the amino acid sequence flanking the normal or

. -mutated position 125 (Si 18-T131) could inhibit aminopeptidase No._ (Figure 2B). Interestingly, both peptides (native and mutant)
E 10 inhibited aminopeptidase N activity more effectively than bestatin.
"6 At a concentration of 5 pLM, the mutant and native peptide inhibited
r_ aminopeptidase N by 71.2 and 69.2%, respectively. These studies

T suggest that the NGR motif in intact endostatin molecules
Z 0 o constructs may not be accessible to interact with aminopeptidase

I To confirm our findings, we characterised the interaction
-10 between endostatins and aminopeptidase N in an immunoabsorp-tion assay using antibodies to human aminopeptidase N enzyme.

i /•, i , I Both synthetic peptides (A125 and P125) corresponding to the
, P region Si 18-T131 were capable of binding to aminopeptidase N, to

similar levels. However, intact proteins (native and P125A-
endostatin) did not show any detectable binding to aminopepti-
dase N (data not included). These results further confirm that the
NGR motif in endostatin is not accessible for binding to

B aminopeptidase N.
100

Antiangiogenic activity of P125A-endostatin

Next, we determined the ability of endostatin and P125A-
80 endostatin to inhibit human colon cancer cell-induced angiogen-

esis in vivo using matrigel plug assays. Both endostatin and P125A-
endostatin inhibited angiogenesis stimulated by LS174T colon
carcinoma cells (Figure 3). Histological investigation of matrigels

S60 from control and treated (native or mutant endostatin) animals
showed higher tumour cell density interspersed with well-

0 - developed blood vessels in control matrigels when compared to
endostatin-treated groups. Endostatin-treated groups showed2 40- some of the tumour cells organised into islands. (Figure 3B, C,

a
E, and F) when compared to control group treated with PBS
(Figure 3A and D). Anti-CD31 staining of frozen sections showed
quantitative difference between control and treated groups20 (Figure 4).

The overall indicators of angiogenesis, such as microvessel
density (MVD), number of blood vessel ends (Ends), nodes
(branch points), and length, showed that both endostatin and0 P125A-endostatin treatment significantly inhibited angiogenesis in0 2 4 6 8 10 12 vivo (Figure 3H, I and Figure 4). Furthermore, endostatin

Concentration (puM) treatment seemed to alter angiogenic growth factor expression in
Figure 2 Effect of endostatin and synthetic pepdes on aminopeptidase the tumour cell microenvironment. Cryostat sections of matrigels
N activity. (A) Aminopeptidase N was extracted from HUVEC cultures. showed reduced amounts of VEGF in immunofluorescence studies
Bestatin was used as a positive control, and leupeptin treatment served as a using a polyclonal antibody made against human VEGF165 (Figure
negative control. Values represent mean of two independent experiments. 3K and L). Reduced VEGF levels may be a reflection of reduced
(B) Two polypeptides containing 14 amino-acid residues (S 118-TI 31) number of tumour cells in the matrigel following endostatin
spanning the mutation site P125 were synthesised. One of the peptides had treatment or due to an indirect effect of endostatin-mediated
the native sequence and the other contained P to A substitution. Both changes in the microenvironment.
peptides included the NGR motif 0, SRI peptide (P125A); 0, SR2
peptidle (native sequence); A, bestatin. Downregulation of angiogenic factors and receptors by

native and P125A-endostatin

Previously, we showed that the mammary gland of P125A-
B16FIO (mouse melanoma), U937 (human monocytic leukaemia endostatin-treated C3(1)/SV40 transgenic mice exhibited de-
cell line), MA148 (human ovarian cancer cell line) and LS174T creased mRNA levels of VEGF, angiopoietin-2, flk-l, fit-i, tie-1
(human colon carcinoma cell line). Confluent HUVEC lysate and cadherin-5 when compared to PBS-treated control. In the
showed about three times higher activity than proliferating present study, a different model system was used to determine
HUVEC lysate (data not shown), selective changes in tumour-induced neovascularisation. Matrigel
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Figure 3 Histological analysis of matrigel plugs. Matrigel plugs containing LS 174 human colon cancer cell line were used to determine the effect of
endostatin and P I2SA-endostatin on angiogenesis. ((A) - (F)) Show H&E staining; ((A) -(C)) x 100 magnification, ((D)- (F)) x 400 magnification, Green
squares in ((A) - (C)) indicate the area of the images in x 400 magnification of ((D) - (F)). ((G) - (I)) Show vessel staining with anti-CD31 antibody (red)
and nuclei staining with DAPI (blue) x 200 magnification; ((J) - (L)) VEGF expression detected by indirect immunofluorescence using FITC-conjugated
antibodies (green) with DAPI (blue). ((A), (D), (G), (J)) control; ((B), (E), (H), (K)) native endostatin-treated matrigel sections; ((C), (F), (I), (L)) P125A-
endostatin-treated matrigel sections.

plugs do not contain any other host cells or vasculature at the protein in decreasing flk-I and fit-l, the differences were not
beginning of the experiment. Therefore, this model system is good statistically significant.
to assess changes in tumour cell microenvironment following
antiangiogenic therapy. To determine whether endostatin treat-
ment altered RNA levels of proangiogenic factors from tumour and Inhibition of tumour growth by endostatin and P125A-
host receptors in newly formed blood vessels, real-time PCR was endostatin
performed using total RNA isolated from the matrigel samples.
Proangiogenic factors were detected by human gene-specific Microencapsulated endostatin is more effective than bolus
primers, and receptors were detected by mouse gene-specific administration. In our previous studies, we showed that alginate
primers (Table 1). beads of P125A-endostatin was more effective in inhibiting MA148

Results shown in Figure 5 demonstrate that mRNA levels of ovarian cancer growth when compared to the native protein given
major proangiogenic growth factors (tumour cell derived) and under similar condition (Calvo et al, 2002). These results were
receptors expressed on host endothelial cells were downregulated confirmed in a human colon cancer model system (Figure 6).
by endostatin or P125A-endostatin treatment. Moreover, VEGF LS174T colon cancer cell line, which was used in the previous
and Angl expression were significantly decreased by P125A- matrigel plug assay, grows aggressively in athymic mice and visible
endostatin when compared to native endostatin. Angiopoietin 2 tumours can be seen as early as 3 days after subcutaneous
transcript was not detected in any of the samples analysed. Basic injection. Endostatins encapsulated in alginate beads were given
FGF-related transcript levels were equally decreased by both the twice on days 3 and 10 at a dose of 20mgkg-'. Although native
native and mutant endostatin. endostatin exhibited only a marginal inhibition of LS174T tumour

Target receptors for the tumour-derived angiogenic factors are growth, P125A-endostatin treatment resulted in significantly
located on the host vascular endothelial cells. Therefore, mouse- enhanced antitumour activity. At the end of the experiment,
specific primers were used to study the levels of receptor molecules native endostatin showed 30% inhibition of tumour growth, but
for VEGF and Angi. These studies showed that both native and P125A-endostatin decreased tumour size by 75% when compared
P125A-endostatin decreased mRNA levels of fit-i, flk-l, tie-2 and to PBS-treated control animals. These studies confirm that P125A-
endoglin, a coreceptor for TGF-beta. Although native endostatin endostatin inhibits tumour growth more effectively than the native
showed a slightly better effect when compared to the mutant protein.
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Figure S Downregulation of proangiogenic growth factors and
receptors by endostatin treatment. Real-time PCR data were normalised
by mRNA level to GAPDH. Data show relative mRNA levels. Messenger
RNA of human proangiogenic factors (VEGF, bFGF, Angl and IL8) and

DISCUSSION mouse receptors (fit-I, flk-I, tie-2 and Endoglin) in Matngel plugs were

Human endostatin is a proteolytic fragment of collagen type XVIII downregulated by endostatin and P 125A-endostatin treatment.

(O'Reilly et al, 1997) and is generated in situ by elastase (Wen et al,
1999) and in the corneal epithelial cells by the action of matrilysin,
MMP-7 (Lin et al, 2001). The %-I chain of collagen XVIII is
characterised by 10 domains of typical, triple-helical collagenous moderate inhibition was observed (Dhanabal et al, 1999;
repeats separated by short noncollagenous regions (Oh et al, 1994). Yokoyama et al, 2000). Understanding the basis for these
The carboxyl terminus 315 or 313 residues (mouse and human, discrepancies may help in the successful clinical development of
respectively) are noncollagenous and form the NCI domain. endostatins. Alternatively, structure/function studies can be used
Proteolytic processing of this domain results in the release of the to generate more potent angiogenic inhibitors. Proline 125 is
C-terminal 183 or 181 residues of the NCI domain, endostatin. located in a #-hairpin loop between the # sheets K and L of human
Collagen XVIII and its three splice variants are expressed in a endostatin. An endothelial cell homing motif, NGR, is located
tissue-specific manner and localised to the perivascular basement immediately following this mutation site in human endostatin. In
membrane. Endostatin-like sequence is also found at the C- mouse endostatin, however, the SGR sequence is seen in place of
terminal end of a- I chain of collagen type XV (Ramchandran et al, NGR. The NGR motif was originally identified while mining for
1999). Protein fragments from the NCI domains of a-I chain sequences capable of homing to tumour vasculature using Phage
(arrestin), a-2 chain (canstatin) and a-3 chain (tumstatin) of display libraries (Pasqualini et al, 2000). In spite of the
collagen type IV are also effective in inhibiting angiogenesis and nonconservative substitution of a proline to alanine, the mutant
tumour growth (Kamphaus et al, 2000). protein was expressed in soluble form and was biologically active.

Recombinant mouse and human endostatins have been cloned The CD spectrum showed that P125A-mutation did not cause
and expressed (Dhanabal et al, 1999). In a number of model major structural change. Asn-Gly-Arg-containing peptides are
systems, endostatin treatment either inhibited or regressed known to inhibit endothelial cell membrane-associated amino-
experimental tumours (O'Reilly et al, 1997). In some studies, only peptidase N activity. However, neither the native nor the mutant
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600 both the assays, the P125A-mutation increased bioactivity of

endostatin. Enhanced binding to endothelial cells also led to
improved tumour localisation of endostatin. The homing specifi-

500 I city of endostatin to tumours compared to lung or liver tissue was
also improved by P125A-mutation. It is interesting that only
tumour accumulation was changed by P125A mutation. These

•- 400 results suggest that the target molecule for P125A is perhaps
E upregulated in tumour vasculature, thereby facilitating higher
1 binding.
0 30.L 300 Higher tumour homing also coincided with better in vivoactivity in matrigel plug assay. Treated matrigels showed tumour

0 cells forming glandular structures. Recently, Hajitou et al also
200 reported a similar finding. Endostatin or angiostatin delivered by

I- adenoviral vectors inhibited local invasion and tumour vascular-I isation of transplanted murine malignant keratinocytes (Hajitou
100 j et al, 2002).

T Real-time PCR data showed that mRNA levels of proangiogenic
factors and receptors were downregulated by endostatin treatment,

0 ±with VEGF and Angl downregulated more by P125A-endostatin
0 5 10 15 when compared to native endostatin. Histochemical analysis also

showed that VEGF protein levels were decreased in endostatin orDays after inoculation P125A-endostatin-treated tumour tissues. Our results are in
Figure 6 Improved inhibition of tumour growth by P I25A-Endostatin. agreement with those of Calvo et a! (2002) who showed, in the
Human colon carcinoma cell line, LSI74T was injected s.c. into female C3(1)/SV40 transgenic mouse model, that P125A-endostatin
athymic mice. After tumours reached a palpable size, mice were treated treatment suppressed mRNA and protein levels of VEGF, Female
with endostatin and P1 25A-endostatin encapsulated in alginate beads (s.c.) C3(1)/SV40 mice treated with P125A-endostatin for a 3-week
at a dose of 20 mg kg-'week- . Endostatins were administered two times period showed significant delay in tumour development, reduced
I week apart to colon cancer-bearing mice. Arrows denote time points at tumour burden and increased survival (Calvo et al, 2002). Hajitou

which microencapsulated endostatins were administered. Two endostatin
treatments were given I week apart: 0, alginate bead control (PBS); 0, et a! (2002) also showed 3-10-fold downregulation of VEGF
endostatin; 0, P I25A-endostatin. The mean tumour volume of control mRNA expression in endostatin-treated aortic ring. These results
and treated groups are shown. Statistical significance was determined using indicate that endostatin affects proangiogenic factor expression in
Student's t-test. *P <0,05, **P <0.01. The error bars indicate s.e. the tumour microenvironment.

Slow release of endostatin by alginate encapsulation was used to
determine antitumour efficacy. Unlike the bolus injection protocol,
alginate-entrapped endostatin was given once a week. This method
reduced the cumulative dose to be given to each mouse by seven-
fold. Kisker et at (2001) also showed that continuous administra-

protein showed any detectable inhibition of aminopeptidase N. tion using a miniosmotic pump increased the potency of
Although synthetic peptides corresponding to this region showed endostatin therapy. Present studies clearly demonstrate that
potent inhibition of aminopeptidase N, these studies suggest that P125A-endostatin inhibits colon carcinoma growth more effec-
the internal NGR sequence in endostatin is constrained and not tively when compared to the native endostatin.
accessible to bind aminopeptidase N. Furthermore, inhibition of In summary, these studies show that human endostatin can be
this enzyme may not be directly relevant to the biological activity genetically modified to improve its ability to bind and inhibit
of endostatin since mouse and human endostatin have different endothelial cells. Higher binding also coincided with changes in
sequences (SGR and NGR, respectively), potency in inhibiting cell proliferation and migration, and in

Endostatin binds to two distinct classes of proteins on the homing to tumours. Such differences in tumour-homing proper-
endothelial cell surface. a#3d1/fi3 integrins and heparin sulphate- ties can contribute to improved antitumour activity of mutant
glycosaminoglycan component of the glypican have been reported endostatin.
to be direct targets for endostatin. The domains of endostatin, The mechanism of enhanced binding to endothelial cells of
which are involved in binding the target molecules on endothelial P125A-endostatin still not entirely clear. It is likely that binding to
cell surface, have not been completely characterised. The heparin- glypican (supported by heparin-binding data) is not altered by
binding domain of endostatin is composed of a number of P125A mutation. However, the P125A mutation may expose
positively charged arginine residues (Yamaguchi et at, 1999). cryptic determinants in endostatin, which can in turn bind to
There are 15 arginine residues in mouse endostatin of which 14 are novel target molecules on endothelial cells. Such an interaction
conserved in human endostatin. In fact, synthetic peptides may enhance binding of P125A-endostatin to endothelial cells. We
emcompassing these arginine regions showed antiangiogenic initially hypothesised that aminopeptidase N could be a potential
properties (Kasai et at, 2002). Other reports showed that target for P125A-endostatin. However, our current studies dearly
mutagenesis of some of the arginine residues either individually demonstrated that P125A-endostatin did not bind to aminopepti-
or in pairs changed their affinity to heparin. These changes, dase N. Further work will be necessary to understand the
however, did not affect the biological activity significantly (Sasaki molecular target and mechanism of enhanced binding of P125A-
et a!, 1999; Yamaguchi et a!, 1999). Our studies show that the endostatin to endothelial cells.
P125A-mutation does not affect heparin binding. This conclusion
is based on the NaCl concentration required to elute native and
mutant protein from heparin affinity column.

However, cell attachment assays showed that P125A-endostatin ACKNOWLEDGEMENTS
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Summary

Previous experiments have shown that a vascular endothelial growth factor (VEGF)-DT385 toxin conjugate inhib-
its endothelial cell proliferation, angiogenesis and solid tumor growth in a xenotransplant model system. Here, we
report that VEGF-DT385 toxin conjugate effectively inhibits spontaneous tumorigenesis. The C3(1)/SV40 TAg
transgenic mouse model of mammary gland carcinogenesis was used to determine the effectiveness of VEGF-
DT385 toxin conjugate in delaying the onset of disease and the development of solid tumors. Animals were
treated daily with conjugate for a period of 7 days. Therapy was initiated at week 14 of development before
any visible adenocarcinomas were evident. Treatment of mice with VEGF-DT385 toxin conjugate significantly
delayed the onset of tumorigenesis and inhibited solid tumor growth by more than 92%. Furthermore, conjugate
treated animals showed less than twice the number of tumor nodules when compared to control mice. Finally,
this vascular targeting agent significantly increased survival time of animals by 5 weeks. VEGF-DT385 toxin
conjugate resulted in temporary weight loss and no long-lasting toxicity was seen. More importantly, using this
established tumor model, VEGF-DT385 toxin conjugate appeared to be as effective as a similar treatment schedule
with recombinant human endostatin. Our results suggest that VEGF-DT385 toxin conjugate is a potent inhibitor
of mammary adenocarcinoma growth and might be useful in breast cancer therapy.

Abbreviations: VEGF: vascular endothelial growth factor; DT385: recombinant fragment of diphtheria toxin
containing residues 1-385; SV40: simian virus 40; SDH: sorbital dehydrogenase; PBS: phosphate buffered saline

Introduction detectable in vessels of normal adult tissues [7, 8].
As a consequence, VEGF receptors represent suitable

Tumor growth is angiogenesis dependent [ 1, 2]. Sev- targets for anti-angiogenic therapeutic intervention.
eral growth factors control the sprouting of new blood Previous studies have shown that targeting toxin
vessels from preexisting vasculature. However, vascu- polypeptides via the VEGF molecule, either as a con-
lar endothelial growth factor (VEGF) has been impli- jugate or as fusion proteins, inhibits endothelial cell
cated as one of the key components involved in this proliferation in vitro and angiogenesis in vivo [9-11 ].
process [3, 4]. VEGF expression is up-regulated in More importantly, VEGF-toxin conjugates signifi-
tumor tissues of various origins and accumulates in cantly reduce tumor microvessel density and inhibit
nearby blood vessels [5, 6]. In addition, receptors for solid tumor growth in various xenotransplant tumor
VEGF {VEGFR-1 (fit-I) and VEGFR-2 (KDR/flk-1)) models in vivo [ 12, 13]. In the present study, we inves-
are specifically up-regulated in activated endothelial tigated the effects of VEGF-toxin conjugate on spon-
cells, such as tumor vasculature, and are almost un- taneous tumorigenesis in a transgenic mouse model.
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In particular, the effects of vascular targeting on mam- which is more effective than native endostatin [19].
mary adenocarcinoma development was studied, since While treatment with VEGF-toxin conjugate resulted
breast cancer is one of the most malignant forms and in temporary weight loss of animals with moderate
accounts for the second leading cause of cancer deaths histological changes in cortical tubules of the kidneys,
in women [14]. long-lasting toxicity was not seen since renal func-

Over the past years, several genetically engineered tion tests remained normal in the conjugate treated
mouse models for mammary cancer have been de- animals.
veloped [15]. They share many important similarities In summary, these data suggest that VEGF
with human breast cancer since malignant cells arise mediated vascular targeting of toxin polypeptides ef-
from initially normal tissues and their respective mi- fectively inhibits the early stages of spontaneous
croenvironments and progress through multiple stages mammary adenocarcinomas and markedly improves
of tumor development. In the C3(1)/SV40 TAg trans- survival in this model system.
genic mouse model, the expression of the simian virus
40 (SV40) T antigen is under the regulatory control
of the 5' flanking sequence of the rat prostatic steroid Materials and methods
binding protein C3(l) [16, 17]. This regulatory region
is capable of targeting expression to the prostate tissue Preparation of VEGF-toxin conjugate. VEGF165
in male mice and the mammary tissue in female an- was expressed in yeast and purified as previously
imals. SV40 TAg inactivates p53 and Rb through the described [201. Diphtheria toxin (DT385) was ex-
direct binding to these proteins [18]. Therefore, mam- pressed in E. coli and purified using a Nickel-NTA
mary tissue specific expression of TAg in female trans- affinity column (QIAGEN, Valencia, CA) [21]. Chem-
genic mice leads to the specific transformation of these ical conjugation and purification of the VEGF165-
tissues and the spontaneous development of mammary DT385 toxin conjugate was performed as previously
cancers. We have previously used this model system described [11 ].
to test the effect of mouse endostatin on spontaneous
tumorigenesis of mammary adenocarcinoma [ 19]. Preparation of human P125A-endostatin. The clon-

Carcinomas in female mice are histopathologi- ing, expression and purification of human P125A-
cally ductular adenocarcinomas, the most common endostatin were previously described [22]. Sample
histopathologic tumor type in humans [17]. Atypical purity was analyzed on SDS-PAGE (15% acrylamide
hyperplasias of the ducts develop spontaneously and gel) under reducing conditions. Recombinant human
predictably around 8 weeks of age, become nodular P125A-endostatin inhibits endothelial cell prolifera-
lesions by about 12 weeks, and progress to adeno- tion and angiogenesis better than native endostatin
carcinomas by 16 weeks of age. Multiple mammary [22].
tumors can develop in these transgenic mice and most
animals die between 24 and 28 weeks of age [17]. Animal model. Female C3(1)/SV40 TAg transgenic

In order to test the effect of VEGF-toxin conjugate mice have been described previously [16]. Treatment
on early phases of tumorigenesis, we started treatment of animals was started at week 14 of development, be-
of animals at week 14 of tumor development, before fore any visible adenocarcinomas were evident. Mice
any visible adenocarcinomas were evident. Conjugate received 20 Rg VEGF-toxin conjugate (1 mg/kg) in-
treatment significantly delayed the onset of tumor de- traperitoneally (i.p.) once daily or equal volume of
velopment, reduced the number of tumor nodules, in- sterile PBS for a total period of 7 days consec-
hibited solid tumor growth and significantly increased utively. In the endostatin treatment group, animals
animal survival time. On a microscopic level, con- received daily subcutaneous injections of 20 mg/kg re-
jugate treatment resulted in a several fold increase combinant human P1 25A-endostatin or equal volume
in apoptotic index and concomitant decrease in pro- of PBS from week 12 through week 17 of develop-
liferative index in tumor tissue compared to those ment (5 weeks total). Tumor appearance and devel-
of saline control animals. More interestingly, a 7- opment was then monitored and solid tumor growth
day treatment regimen with VEGF-toxin conjugate was documented by caliper measurements. Tumor
was as effective in inhibiting tumor growth in this volume was calculated by the following formula: tu-
model system as a representative 35-day treatment mor volume (mm 3) = a x b2 x 0.52, where 'a' rep-
schedule with recombinant human P1 25A-endostatin, resents the length (longer diameter in mm) and 'b'
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Figure 1. Effect of VEGF-toxin conjugate treatment on mammary tumor development. Treatment of transgenic mice was initiated at week 14
of age before any visible tumors were established. Animals received daily 20 itg VEGF-toxin conjugate i.p. or equal volume of sterile PBS for
control animals for a total period of 7 days. PBS control group included 14 mice; VEGF-toxin conjugate treated group included eight mice. 0 -
PBS control. 0 - VEGF-toxin conjugate. (A) The onset of mammary tumor development was delayed by 2-4 weeks in VEGF-toxin conjugate
treated mice compared to PBS treated control mice. (B) The number of tumor nodules per mouse was significantly reduced in conjugate
treated mice compared to PBS control mice (p <0.026 for all time points between week 18 and 25). Data are presented as mean ± SE. (C)
The cumulative tumor volumes were significantly reduced in VEGF-toxin conjugate treated animals compared to PBS control mice. Data are
presented as mean ± SE. (D) The survival time of VEGF-toxin conjugate treated animals was increased by 5 weeks when compared to PBS
control animals.

represents the tumor width (shorter diameter in mm). trations of VEGF-DT385 toxin conjugate for 48 h.
The number of tumor nodules was also counted and Cytotoxicity assays were carried out as previously
survival time was recorded. Finally, cumulative tumor described [11, 23].
volumes were calculated by summing up the volumes
of all tumor nodules from individual animals. Mice Histology and immunohistochemistry. H&E staining
were sacrificed when the animals became moribund of paraffin embedded tissue sections were used for
due to the tumor burden. Throughout the experiments, general histological examination of the tissue spe-
care and treatment of animals were in accordance with cimens. To examine the apoptotic and proliferative
the University of Minnesota Institutional Animal Care cell content in tumor tissues we used the following
and Use Committee (IACUC). procedure. Briefly, excised tumor tissues were fixed

with 10% buffered formalin (Sigma, St. Louis, MO),
Mammary cancer cell line from C3(J)SV40 TAg paraffin embedded and sectioned at 10 m. Speci-
mouse. M6 is a cell line established from the mam- mens were then deparaffinized and boiled for 15 min
mary carcinoma of a C3(1)/SV40 TAg mouse and in 10mM sodium citrate buffer, pH 6.0 for antigen
was kindly provided by Dr Jeffrey Green, National retrieval. TUNEL staining was performed to assess
Cancer Institute, Bethesda. M6 cells were grown in apoptotic cell content using an in situ cell death detec-
DMEM containing 10% FCS, penicillin and strepto- tion kit as described by the manufacturer (Boehringer
mycin. About 5000 cells were seeded into 96-well Mannheim, Germany). To estimate the proliferative
tissue culture plates and treated with varying concen- cell index, anti-PCNA staining was employed. Here,



164 R Wild et al.

Figure 2. VEGF-toxin conjugate treatment results in tumor tissue damage, increases tumor cell apoptosis and reduces tumor cell proliferation.
(A) and (B). H&E staining. (C) and (D), TUNEL staining. (E) and (F), PCNA staining. (A), (C) and (E) are PBS control tissues. (B), (D) and
(F) are VEGF-toxin conjugate treated tissues. Magnification, 100X.

the samples were first blocked with PBS containing Diagnostic toxicity test. For the preliminary toxi-
0.1% bovine serum albumin for 30 min at room tern- cological analysis of the effects of VEGF-toxin con-
perature and subsequently stained with a FITC-conju- jugate on liver, lung, spleen and kidney, tissues were
gated mouse monoclonal antibody to PCNA (PC- 10; harvested at week 15 of age, immediately following
Dako Corp., Carpenteria, CA) at a dilution of 1:400 for the completion of the treatment regimen. To assess
1 h at room temperature. The slides were then washed potential toxicity associated with VEGF-toxin conju-
three times with PBS, pH 7.5 and immediately imaged gate treatment, we measured serum creatinine levels
in an Olympus BX-60 fluorescence microscope. in conjugate treated mice and PBS control animals 2

To quantify the respective apoptotic and prolifer- weeks after therapy was stopped (week 17). Briefly,
ative indexes per image we counted the number of blood samples were collected by retro-orbital bleed-
TUNEL or FITC positive pixels per field using NIH ing, and the serum was frozen at -20'C until further
image analysis software (NIH, Bethesda, MD) [12]. use. Serum creatinine levels were measured using a
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diagnostic kit (Sigma Diagnostics Creatinine Kit) fol- In the PBS control group, 50% of the animals died
lowing the manufacturer's recommendation (Sigma, at week 25 of development with 100% lethality at
St. Louis, MO). 28 weeks of age. In comparison, 50% of VEGF-

toxin treated animals survived until week 30. One
Statistical analysis. Statistical significance between animal remained tumor free for the entire period of
treatment groups was determined by the Student's t- observation.
test.

VEGF-toxin conjugate treatment results in tumor tis-
sue damage, increases tumor cell apoptosis and re-

Results duces tumor cell proliferation. To further assess the
effects of VEGF-toxin conjugate treatment on mam-

Effect of VEGF-toxin conjugate treatment on marn- mary tumor development, we looked at histological
mary tumor development. To assess the effects of preparations of tumor tissues. At the first sign of tu-
VEGF-toxin conjugate treatment on spontaneous tu- mor development in conjugate treated animals (week
morigenesis in C3(I)/TAg transgenic mice, tumor in- 19), representative specimens were resected from PBS
cidence and number of lesions were determined. We control and VEGF-toxin treated groups. H&E staining
found that a 7-day treatment period of VEGF-toxin revealed dramatic differences in tumor tissue mor-
conjugate significantly delayed the onset of tumor phology. Conjugate treatment resulted in tumor tissue
development by 2-4 weeks (Figure I(A)). Palpable damage, marked by large areas of tumor necrosis
tumors appeared in control animals at week 17 of and picnotic nuclei (Figure 2(B)). In contrast, tu-
development with 50% tumor incidence I week there- mor samples from the control group showed normal
after (week 18). At week 21 of age, all control mice histology with no necrosis (Figure 2(A)).
had developed mammary cancers. In contrast, VEGF- TUNEL and PCNA staining, respectively, deter-
toxin treated animals did not develop palpable tumors mined the level of apoptosis and tumor cell prolifer-
until week 19, with a 50% tumor incidence rate at ation in the tissue samples. Tumor cell apoptosis was
week 22. About 12.5% of conjugate treated animals increased in conjugate treated samples (Figure 2(D))
remained tumor-free (Figure I(A)). versus PBS control (Figure 2(C)). In contrast, the

The number of mammary tumor nodules was also opposite was observed for the proliferative status of
significantly reduced in VEGF-toxin conjugate treated the tissue. PCNA-positive staining was higher in PBS
animals compared to PBS control mice (p < 0.026 for control tissue (Figure 2(E)) compared to VEGF-toxin
all time points between week 18 and 25). Control an- conjugate treated sample (Figure 2(F)). A quantitative
imals showed more than twice the number of tumor analysis of the apoptotic and proliferative indexes is
nodules and ranged between two nodules per animal shown in Figure 3. Overall, conjugate treatment dra-
at week 21 and more than four nodules per animal at matically increased the apoptotic index by more than
week 25 of development. In comparison, VEGF-toxin
treated mice presented on average 0.63 nodules per 1s 0.8

animal at 21 weeks and slightly more than two tumor
nodules per animal at 25 weeks of age (Figure I(B)). 16 0.7

In addition to a reduction in the number of tu- 14 .0
mor lesions, size of the tumors was also significantly - 12 0.8 9
reduced in VEGF-toxin conjugate treated animals. 9 .2 10.
Mean cumulative tumor volume was reduced by an Z 0.4-

average of 92% between week 17 and 25 of tumor 5 8
development (p < 0.013). Data in Figure I(C) show 6 !9

the effect of VEGF-toxin conjugate on the cumulative 4 0.2 0-

tumor volume per mouse. At week 21 of age, con- 2 0.1

trol mice had a mean tumor burden of approximately
6000mm3. In comparison, conjugate treated animals TUNEL PCNA 0.0

showed a mean volume of roughly 500 mm 3. Figure 3. Levels ofapoptosis and PCNA immunoreactivity in mam-
Finally, survival time of VEGF-toxin conjugate mary tumors of 19-week old animals. I - PBS control, [- -

treated mice was significantly increased by 5 weeks. VEGF-toxin conjugate.
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Figure 4. Histological analysis of major organs. Liver, kidney and lung tissues were resected at the completion of the treatment regimen (week
15) and stained with H&E. (A) and (B). liver. (C) and (D). kidney. (E) and (F). lung. (A), (C) and (E) are representative images from PBS
control. (B), (D) and (F) are samples from VEGF-toxin treatcd animals. Magnification, 100x.

21-fold compared to PBS control (p <0.013). In corn- comparison, HUVEC proliferation was inhibited by
parison, the tumor cell proliferative index was reduced 92% at 100 nM of VEGF-DT385 toxin conjugate.
by more than 3-fold in conjugate treated samples
versus control (p < 0.018). Histopathological effects of VEGF-toxin conjugate

In order to determine whether VEGF-DT385 toxin treatment. During the treatment period with VEGF-
conjugate can have a direct effect on mammary tumor toxin conjugate, the animals experienced a weight loss
cells, a cell line, M6, established from the transgenic corresponding to about 10% of the initial body weight
mouse was used. M6 cell proliferation was inhibited (data not shown). However, this weight reduction was
moderately at 150 nM concentration of VEGF-DT385 only temporary since the mice regained to normal
conjugate. About 10% inhibition of proliferation was levels within 1-2 weeks after therapy was stopped.
observed in two independent cytotoxicity assays. In Nevertheless, a significant loss in body weight could
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Table l. Comparison of tumor preventive effects of VEGF-toxin conjugate and human P125A-endostatin treatment

Treatment Delay of tumor Increase in survival Inhibition of tumor Inhibition of cumulative
onset' (weeks) timeb (weeks) nodule number' (%) tumor volumed (%)

VEGF-toxin conjugate 4 5 79.2 ± 16.7 92.5 ± 10.1
P125A-endostatin 2 4 55.6 ± 17.4 64.5 ± 18.6

p-valuee 0.038 0.012

Mean delay of tumor onset versus PBS control group as determined at the time point at which 50% of the
animals presented tumors.
b Mean increase in survival time versus PBS control group as determined at the time point at which 50% of the animals

had died.
c Mean inhibition (%) of tumor nodule number versus PBS control between week 17 and 22 of development, because in
week 23 the first control mice died. Values were calculated at each time point and subsequently averaged. Shown is the
mean inhibition (%) ± standard deviation.
d Mean inhibition (%) of cumulative tumor volume versus PBS control between week 17 and 22 of development. Values
were calculated at each time point and subsequently averaged. Shown is the mean inhibition (%) ± standard deviation.
I Statistical significance as determined by the Student's t-test.

be an indicator of toxicity. Therefore, we were inter- To further assess if the histological changes lead to
ested at looking at potential organ specific damages. permanent alteration of kidney performance, a renal

Representative histological preparations of liver, function test was carried out. Serum samples were col-
lung, spleen and kidney tissues were prepared at the lected at week 17 of age, 2 weeks after therapy was fin-
end of the treatment schedule (week 15 of age). Ex- ished when animals had regained their normal weight.
amination of H&E stained samples by a veterinary Serum samples were then analyzed for their creati-
pathologist revealed no major abnormalities of the nine content. No significant signs of permanent kidney
liver and lung between VEGF-toxin conjugate treated toxicity were recorded since creatinine levels between
samples and PBS treated control tissues (Figure 4 (A, the treatment and control group were similar (PBS
B, E and F)). The spleens of both control and conju- control = 0.875 ± 0.212mg/dL, VEGF-toxin conju-
gate treated mice revealed hyperplasia of the lymphoid gate = 0.691 ± 0.317 mg/dL). Therefore, VEGF-toxin
tissues and extramedullary hematopoiesis (data not conjugate treatment did not permanently affect to
shown). In addition, the spleens also contained a small overall renal function of the animals.
number of hemosiderin-containing phagocytic cells.
However, no difference was seen between control and Comparison of tumor preventive effects of VEGF-
treated groups. The splenic lymphoid hyperplasia is toxin conjugate and human P125A-endostatin treat-
interpreted to be due to stimulation of the immune ment. To evaluate the anti-tumor activity in this
system. Extramedullary hematopoiesis is common in transgenic mouse model in a broader context, we com-
normal mice and may be exaggerated during lymphoid pared the effects of VEGF-toxin conjugate treatment
hyperplasia, whereas hemosiderin-containing phago- to human P125A-endostatin therapy. Recently it was
cytes may be a consequence of erythrocyte precursor shown that human P1 25A-endostatin was more ef-
lysis during brisk hematopoiesis. fective in vitro and in vivo than wild-type endostatin

In contrast, kidneys of the conjugate treated mice [22]. As summarized in Table 1, a 5-week treatment
displayed small but discernable levels of cortical tu- schedule of P125A-endostatin delayed the onset of
bular necrosis (Figure 4(D)) when compared to tissue tumor growth by 2 weeks compared to a delay of 4
from control animals (Figure 4(C)). About 10-15% weeks for VEGF-toxin conjugate treatment. Animal
of tubular segments were affected per section. The survival time was increased similarly in endostatin and
necrosis is characterized by dilatation of the tubules, conjugate treated mice. Endostatin treated mice sur-
which are lined by flattened epithelium. In addition, vived on average 4 weeks longer than PBS control
a small number of tubular lamina contained protein- animals. In comparison, a 7-day therapy of VEGF-
aceous casts and adherent necrotic epithelial cells. toxin conjugate increased animal survival time by 5
There was no evidence of attempted regeneration of weeks versus PBS control. However, when we com-
the tubular epithelium. pared the anti-tumor effects on the mean number of
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tumor nodules per animal and the mean cumulative cell status towards anti-proliferative activity could
tumor volumes versus PBS control, we saw differen- clearly account for the overall tumor growth inhibi-
tial efficacy. VEGF-toxin conjugate treatment inhib- tory response in the conjugate treated group. However,
ited significantly better the mean number of tumor tumors did eventually appear and animals died of tu-
nodules per animal compared to human endostatin mor burden. Therefore, it will be of critical interest
treatment (p < 0.038). VEGF-toxin conjugate inhib- to investigate long-term treatment with VEGF-toxin
ited tumor nodule numbers by 79.2 versus 55.6% in conjugate.
the endostatin treatment group. Similarly, the mean With this goal in mind, it will also be very impor-
inhibition of cumulative tumor volumes was signi- tant to further explore the issue of toxicity associated
ficantly higher in VEGF-toxin treated mice, 92.5%, with VEGF-toxin conjugate therapy. Daily admin-
compared to an estimated 64.5% inhibition in human istration of 20 ltg conjugate resulted in temporary
endostatin treated animals (p < 0.012). weight reduction of the animals. Furthermore, a pre-

liminary histological analysis of major organs revealed
moderate cortical tubular necrosis of the kidneys. The

Discussion associated lesions are suggestive of a direct toxic in-
sult although impaired perfusion of the kidney, as

Targeting tumor vessels with VEGF-DT385 toxin would be seen in severe shock, cannot be ruled out.
conjugate effectively inhibits angiogenesis and solid Very interestingly, long-lasting defects on the renal
tumor growth in various xenotransplant model sys- function were not observed, since serum creatinine
tems [11-13, 23]. VEGF-DT385 toxin conjugate had levels appeared normal once treatment was stopped.
been previously shown to inhibit neovascularization This result was recently supported by additional ex-
in a number of model systems. For example, tumor periments. In a toxicity study using a different strain
cell-induced angiogenesis was inhibited by systemic of mouse, applying the same dose and schedule of
treatment of athymic nude mice in matrigel assays. VEGF-toxin conjugate, serum creatinine as well as
Furthermore, neovascularization of ovarian and colon serum sorbital dehydrogenase (SDH) levels, indica-
cancers transplanted into athymic mice was signifi- tor of liver function, were measured one day after
cantly affected by VEGF-DT385 toxin conjugate treatment was stopped. These parameters appeared un-
treatment. Using a computer assisted imaging anal- changed compared to control samples, indicating that
ysis, we showed that VEGF-DT385 toxin conjugate major changes of kidney and/or liver function are not
treatment not only decreased the number of blood associated with VEGF-toxin conjugate therapy at the
vessels (CD-3 1-positive endothelial cells) but also af- described dose.' This suggests that at this dose the
fected the vessel architecture [12]. Total vessel length, induced damage of conjugate therapy did not affect
number of branch points and vessel ends were sig- the overall organ function. A recently published study
nificantly reduced by VEGF-DT385 toxin conjugate using VEGF-gelonin fusion toxin found lethal tox-
treatment. Histological studies showed blood pooling icity at higher doses [ 10]. Therefore, future studies are
and hemorrhage in tumor sections obtained from con- warranted that will specifically delineate the toxicity
jugate treated animals. Here, we report that VEGF- profile of VEGF-toxin constructs.
DT385 toxin conjugate is also very effective against Although preclinical testing of anti-angiogenic
spontaneously arising mammary carcinomas. Daily agents shows promise, the need for more and bet-
administration of VEGF-toxin conjugate, for a period ter angiogenesis inhibitors is driven by the absence
of I week, significantly delayed tumor onset and in- of any major clinical breakthroughs (e.g., SU5416,
creased survival time. In addition, number of tumor BB2516, AG3340, Bay 12-9566, IM-862) [24].
lesions and cumulative tumor growth was significantly While the current VEGF-toxin construct appears to
inhibited. Histological examination of the resected tu- be very efficacious, and can be used under clinical
mors revealed large necrotic areas in the central core settings, long-term use of VEGF-toxin conjugate will
of the malignant mass. Further analysis of the tumor be limited by the host immune response to the toxin
apoptotic and proliferative indices showed clear dif- molecule. Therefore, alternate effector molecules
ferences in the treatment groups. PCNA-positive cell compatible with the human host will benefit the clin-
number was significantly reduced whereas TUNEL- ical development of VEGF-targeted toxin delivery.
positivity was increased in VEGF-toxin conjugate
samples versus PBS control. This shift in tumor 'R. Wild et al., unpublished data.
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Further improvement in anti-tumor activity can be transgenic mice can be largely due to the effect on
achieved by optimizing the dosage and scheduling of endothelial cells. It is likely that VEGF-DT385 con-
VEGF-toxin conjugate. In addition, a combination jugate treatment beginning at week 12 can also affect
regimen with conventional chemotherapeutic agents ilk-i positive tumor cells during the early phase of
could improve the overall anti-tumor response, as has tumor development.
been shown with other anti-angiogenic drugs [25-28]. Recombinant and gene delivered forms of en-

Finally, a 7-day treatment regimen with VEGF- dostatin have been shown to be effective in inhibiting
toxin conjugate appeared to be as effective as a 35-day several different tumor models in vivo [19, 29-33].
treatment schedule using recombinant P125A-human More interestingly, drug resistance did not develop in
endostatin. Endostatin, a COOH-terminal fragment of tumors treated with endostatin [34]. However, recent
collagen XVIII, has been shown previously to func- evidence suggests possible species dependent in vitro
tion as a potent endogenous angiogenesis inhibitor activity [35]. In addition, evidence suggests that an-
with potential application as an anti-tumor agent [29]. giogenesis inhibitors, endostatin in particular, will be
This difference can be partly attributed to the most effective when targeted to specific stages of can-
moderate direct effect of VEGF-DT385 toxin con- cer development [36]. Hanahan et al. showed that a
jugate against tumor cells in addition to targeting the respective murine Fc-endostatin construct was most
endothelial cells. Mammary lesions from C3(1 )/SV40 effective during a prevention and/or intervention trial
TAg mice express VEGF receptors, ilk-1 and flt-I using RIPI-TAg2 pancreatic islet cell carcinogenesis
[22]. Flk- 1 was observed very early in tumor develop- transgenic mice. In that study, Fc-endostatin reduced
ment. Preinvasive lesions (12 weeks) showed positive the number of angiogenic islets by 61% versus PBS
localization of ilk-1 on both endothelial and tumor control treatment. However, in a regression trial en-
cells. Invasive tumors were highly positive for flk-i dostatin did not dramatically affect tumor growth. In
expression. Level of fit- I on the other hand was almost the current study, animals were treated in a prevention
undetectable in preinvasive lesions but became evid- regimen, at the early stages of the angiogenic switch.
ent in invasive tumors. In addition to expressing the Tumors were targeted before they were visible or palp-
VEGF receptors, tumors also expressed large amounts able. As a consequence, our therapy schedule with
of the ligand, VEGF [22]. Coexpression of ligand and endostatin was most likely targeted to the correct stage
receptor combination suggests a possible autocrine of tumor development. Similarly, in C3(1)/Sv40 TAg
loop. M6 cells established from the C3(1)/SV40 TAg mice, where adenovirus mediated delivery of mouse
transgenic line was less sensitive to VEGF-DT385 endostatin resulted in 50% reduction in average tu-
toxin conjugate when compared to HUVEC. We have mor burden at 20-21 weeks [37]. The endostatin gene
earlier shown that primary endothelial cells and hem- was delivered on week 12 and 13 in this particular
angioma derived cell lines positive for flk-I exhibit prevention model. The human endostatin used in our
varying degree of sensitivity to VEGF-DT385 toxin study has a point mutation at position 125 (P125A),
conjugate [I I]. Py-4- 1, a hemangioma derived cell and showed to be able to inhibit the angiogenic switch
line established from a transgenic mouse line car- effectively [22]. In fact, the observed inhibitory effect
rying polyoma virus early region was less sensitive of human endostatin approximately correlates with the
to VEGF-DT385 toxin when compared to primary activity of the murine Fc-endostatin in the preventive
endothelial cells [ 11]. Reduced sensitivity of tumor trial reported in the pancreatic islet cell carcinogen-
cells to VEGF-DT385 toxin conjugate in vitro can in esis model [36]. Therefore, human P1 25A-endostatin
part be due to the coexpression of VEGF by the tu- is a representative and a valid comparison to the
mor cells. VEGF-DT385 toxin conjugate and VEGF VEGF-toxin conjugate treatment regimen.
have similar affinity to VEGF receptor 1 (52.9 and In summary, the comparison of the in vivo ef-
46.9 pM respectively, unpublished data). Therefore, fects of VEGF-toxin conjugate to P125A-endostatin
VEGF can compete with VEGF-DT385 toxin con- suggests that vascular targeting strategies, such as
jugate that could reduce cytotoxicity to tumor cells. VEGF-toxin conjugates, represent potent strategies
Alternatively, tumor cells can internalize the conjug- for the anti-angiogenic treatment of tumors. Particu-
ate into a different intracellular compartment such as larly, our results provide evidence that VEGF-toxin
lysosomes rapidly and inactivate the conjugate. Our conjugate is effective in inhibiting spontaneous tu-
results suggest that VEGF-DT385 toxin conjugate morigenesis and potentially useful in the treatment of
mediated inhibition of mammary cancer growth in the mammary cancers.
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RESEARCH ARTICLE

Adeno-associated virus-mediated delivery of a mutant
endostatin suppresses ovarian carcinoma growth
in mice

1

IV Subramanian', R Ghebre' and S Ramakrishnan"'2
'Department of Obstetrics and Gynecology and Women's Health, University of Minnesota Medical School, Minneapolis, MN, USA; and
'Department of Pharrnacolgry, University of Minnesota Medical School, Minneapolis, MN, USA

Earlier studies have shown that a point mutation in human rAA V-LacZ. Furthermore, gene therapy using rAA V-P125Aen-
endostatin at position 125 (human endostatin wherein pro/ine do construct showed sustained secretion of P 125A-endostatin
125 was substituted with alanine, P125A-endostatin) im- for up to 9 weeks after a single i.m. administration.
proves endothelial cell binding and antiangiogenic activity. In Recombinant AA V-P 125Aendo injection significantly inhibited
the present study, we investigated the effect of recombinant the growth of human ovarian cancer cells in athymic nude
adeno-associated virus (rAA V)-mediated gene delivery of mice. Immunofluorescence studies of residual tumors surgi-
P125A-endostatin (rAAV-P125Aendo) in a mouse model of cally removed from the rAAV-P125Aendo-treated animals
ovarian carcinoma. Intramuscular (i.m.) injection of rAAV- showed decreased number of vessel ends and vessel length,
P125Aendo resulted in a dose-dependent increase in serum indicating inhibition of angiogenesis. These studies suggest
endostatin levels. Consequently, vascular endothelial growth that recombinant AA V-mediated antiangiogenic gene therapy
factor- and basic fibroblast growth factor-mediated angio- methods can be used to inhibit ovarian cancer growth.
genesis was significantly inhibited in mice injected with Gene Therapy (2005) 12, 30-38. doi:10.1038/sj.gt.3302352
rAA V-P125Aendo as compared to control mice injected with Published online 18 November 2004

Keywords: rAA V; endostatin; angiogenesis; ovarian cancer; mouse model

Introduction with intra-abdominal dissemination of various neo-
plasms, including ovarian cancer." Some of the new

A vast majority of human ovarian cancers arise from the strategies to treat ovarian cancer include inhibition of
single layer of epithelium surrounding the ovaries. angiogenesis using endostatin,"' angiostatin,' and inter-
Tumor growth is confined to ovary at early stages and leukin-4.2 Endostatin is a 20 kDa C-terminal proteolytic
later on spread into the peritoneal cavity. Ovarian cancer fragment of collagen XVIII. Endostatin has been shown to
is often associated with development of malignant inhibit tumor growth in many model systems.''
ascites. Ovarian cancer is a leading cause of death Recently, we cloned and characterized a mutant endo-
among the gynecological cancers' as patients are often statin, which had a single amino-acid substitution at the
diagnosed late in disease progression. Even after optimal position 125. A nonconservative change of proline to
surgical debulking and aggressive chemotherapy, 85% of alanine resulted in better binding to endothelial surface
patients show recurrence of the disease. Mortality rate and antiangiogenic activity when compared to the native
of ovarian cancer patients in 5 years is about 50%.2 protein. Mutated human endostatin inhibited the sponta-
Therefore, alternate methods of treatment are sought to neous development of mammary cancer in C3 (1)/Tag
treat ovarian cancer. mice.1 P125A-endostatin (human endostatin wherein

Etiology of ovarian cancer is not completely under- proline 125 was substituted with alanine) inhibits en-
stood, but as in other solid tumor malignancies, this dothelial cell (EC) proliferation and migration better than
aggressive intraperitoneal malignancy is angiogenesis- the native protein.'c-2' In the present study, we evaluated
dependent''4 and secretion of proangiogenic growth the effect of rAAV-mediated delivery of the mutated
factors such as vascular endothelial growth factor (VEGF) endostatin in a mouse model of ovarian cancer. P125A-
is of prognostic value.'," VEGF plays a critical role in the endostatin cDNA was cloned in the rAAV vector and lgG
formation of malignant ascites in ovarian cancer.',' kappa chain leader sequence was engineered as a
Malignant ascites is a main cause of morbidity in patients secretory signal. A single injection of rAAV-P125Aendo

resulted in sustained secretion of biologically active
endostatin and inhibited angiogenesis in the MatrigelCorresponde'nce: Dr S Ranmakrishinani, LDepartnient of Phlarnmacology, assays. Furthermore, intramuscular (i.m.) injection of

University of Minnesota 6-120 Jackson Hall, 321 Church Street SE, AA rtAendo inteduovarian c nc tin
Minneapolis, MN 55455, USA rAAV-P125Aendo inhibited ovarian cancer growth in
Received 17 March 2004; accepted 12 June 2004; published online 18 athymic nude mice, suggesting potential clinical use of
November 2004 rAAV-mediated P125A-endostatin gene therapy.
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Results Determination of biological activity

Two bioassay systems were used to determine the effect
Construction and characterization of rAA V-P 125Aendo of mutated endostatin secreted by pAAV-P125Aendo-
cDNA fragment corresponding to a mutant human transfected cells. In vitro biological activity of the P125A-
endostatin containing a substitution of proline to alanine endostatin purified from the conditioned media was
at position 125 was cloned into pAAV-MCS vector. DNA tested in human umbilical vein endothelial cell (HUVE
sequence of the construct matched to the mutated cell) proliferation and migration assays. Data in Figure 2a
endostatin, which was earlier cloned into Pichia pastoris show the ability of mutated endostatin to inhibit HUVE
expression system. Data in Figure 1 show characteriza- cell proliferation in vitro. Recombinant human basic
tion of secreted P125A-endostatin from pAAV-P125Aen- fibroblast growth factor (bFGF)-induced proliferation

"*do-transfected cells. Conditioned media from the cells of ECs was inhibited in a dose-dependent manner by
transfected with AAV-LacZ was used as a control. P125A-endostatin. At 0.3 ig/ml, there was 29% inhibi-
Culture supernatants from recombinant pAAV-P125Aen- tion of EC proliferation. Complete inhibition was seen at
"do-transfected cells, however, showed significant levels 1.5 pg/ml of purified mutated endostatin. In a second
of endostatin. From three independent measurements assay system, bFGF-induced migration of ECs was
about 200 ng of endostatin was secreted into the culture determined using Boyden chambers. These results are
medium in 48 h by one million cells. pAAV-LacZ- shown in Figure 2b. When compared to control cells,
transfected cells showed no detectable amounts of addition of bFGF induced cell migration by about four-
endostatin in ELISA. Mass spectrum analysis of the fold. Migration of ECs was completely inhibited by
heparin-sepharose purified P125A-endostatin showed a 1.5 pg/ml of P125A-endostatin (P = 0.01).
major peak corresponding to 20.6 kDa (Figure 1). We
further characterized the purified protein by SDS-PAGE
followed by Western blot analysis. Results showed
presence of a 20 kDa band (Figure 1 inset). For
comparison, recombinant P125A-endostatin expressed
in Pichia pastoris was used. Amino-terminal sequencing a 140

of first 10 residues completely matched with the NH 2- .o
terminal of human endostatin. These studies suggested 20

that the leader sequence was correctly processed before ,
the secretion of P125A-endostatin into culture super-
natant. so
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Figure 1 Mass spectroscopic analysis of P125A-endostatin purified from + P1 2SA-endoetatb n
culture supernatant. Inset: Western blot analysis of P125A-endostatin
secreted from pAAV-P125Aendo-transduced cells. Conditioned media Figure 2 Biological activity of P125A-endostatin. (a) Inhibition of EC
(30 id) collected from the Ad HEK cells transduced with either rAAV- proliferation. Confluent HUVE cells were seeded at 5000 cells/w'ell in 96-
P125Aendo (Lane 4) or pAAV-LacZ (lane 5) were used. As a positive well plates. HUVE cell proliferation was determined by BrdU incorpora-
control, P125A-endostatin (45 ng/lane) expressed in P. pastoris was used tion into DNA by ELISA (Roche Molecular Biochemicals, Indianapolis,
(lanes I and 3). Purified P125A-endostatin (100 ng/well) from the IN, USA). BrdU incorporation in growth factor-treated positive control
conditioned medium of pAAV-P125Aendo-transduced cells is shown in was considered as 100% proliferation to calculate relative inhibition by
lane 2. Blot was probed with a rabbit anti-serum (1:200 dilution) made endostatin treatment. Data are represented as mean + s.e. (b) Inhibition of
against yeast-derived recombinant P125A-endostatin. Purified anti-rabbit EC migration. HUVE cell migration was determined by using Boyden
IgG-HRP conjugate was used at a dilution of 1:10 000 (Sigma Chemicals, chambers. Data represent values from two independent experiments using
St Louis, MO, USA). Bands were visualized using ECL autoradiography. six wells per sample. Blank refers to basal migration of cells.
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Inhibition of angiogenesis in vivo a 120
In order to determine whether rAAV-mediated delivery **
of mutated endostatin produced sufficient antiangio- 100
genic effect, VEGF/bFGF-induced angiogenesis assay _
was used. Groups of athymic nude mice were inoculated cow 80
with different doses of rAAV-P125Aendo. After 8 weeks, -_ 60
mice were subcutaneously (s.c.) injected with Matrigel .
preparations containing human VEGF165/bFGF on 40
contralateral sites (six Matrigel plugs/dose). After 1
week, Matrigel plugs were surgically removed to 20
evaluate vascularization. In parallel, serum samples 0.
obtained from the mice were analyzed for endostatin Control lx108 5x108 lx109 5x109
levels using an ELISA kit. Data in Figure 3 show the Number of viral particles
serum levels of endostatin. The endostatin levels in the
mice varied depending on viral dose. Mice injected b 450
with 5 x 10' viral particles (v.p.) showed a mean level of 400
24 ng/ml (P = 0.02) and 1 x 10' v.p. injected mice had • 350
20 ng/ml (P =0.05). At a lower dose of 5 x 108 v.p., about 3
5 ng/ml of endostatin was observed. Control mice 300

showed no detectable levels of endostatin (detection -• 250

limit of the assay - 1.95 ng/ml). Mice injected with o 200
1 x 10' v.p. showed 2.3 ng/ml and 1 x 107 v.p. showed a E 150
mean level of 5 ng/ml of endostatin. However, the levels E 100
of endostatin expressed in these two groups were not Z 50
statistically significant when compared to the control 0o
mice due to large standard deviation. Control U108 5x108 U1109 Woe

Frozen sections of Matrigel plugs were stained with Number of viral particles
rat anti-mouse CD31-phycoerythrin (PE) conjugate. C 600
Images acquired from these studies were then morpho-
metrically analyzed for vessel density by a previously D 500
published method."' Data in Figure 4 show effects of
rAAV-Pla5Aendo treatment on vessel length, ends and W c 400
branch points (nodes). There was a correlation between 300
serum endostatin levels and antiangiogenic activity. T
Higher numbers of v.p. showed more pronounced 200
inhibition of vessel ends, nodes and length. For example, E
the number of vessel branch points were decreased by Z 100
50% of control values by 5 x 101 v.p. Higher viral load __

almost completely inhibited the number of vessel branch Control 1x10 8  5x10 8  1x10 9  5x10 9

points (18.5% of control). Similarly, total vessel length Number of viral particles
was inhibited in a dose-dependent manner. Maximum Figure 4 Inhibition of VEGF/bFGF-induced angiogenesis in vivo.
inhibition (55%) was seen in the Matrigel plugs of mice Morphometric analyses of vessel architecture (a: ends; b: nodes and c:
injected with I x 10' v.p. These studies demonstrated that length) are shown. Each value represents data from six Matrigel plugs
rAAV-mediated expression of P125A-endostatin leads to resected from bilateral sites of three mice. Vessel length is referenced in
potent antiangiogenic effects in vivo. arbitrary units.

35

30 ** Inhibition of tumor growth
Athymic nude mouse model was used to investigate

25- whether rAAV-P125Aendo-mediated gene therapy could
".2- 20_ inhibit tumor growth. Female, athymic nude mice (6-8
(a •weeks old) (five animals/group) were injected with
I E 15- 2 x 106 MA148 cells s.c. After 2 days, mice were injected

S10 with either 1 x 10' v.p. of rAAV-Pl25endo or rAAV-LacZ
2 i.m. Caliper measurements of tumor volume are shown
c0, 5 in Figure 5. There was a delay in the onset of tumor

0- growth in mice injected with rAAV-Pl25Aendo. Tumors
Control 5x10 7 1x10 8 5x10 8 1x10 9 5x10 9  became palpable around Day 50 in this group. Control

Number of viral particles mice injected with rAAV-lacZ showed visible tumors on
Day 32. On Day 32, for example, mean tumor volume inFigure 3 Dose-dependent changes in serum levels of P125A-endostatin. rAAV-LacZ mice was 133 mm3 and in comparison,

Different doses of rAAV-P125Aendo virus were injected into mice i.m.
After 8 weeks Matrigel plugs were implanted. After 1 week, blood samples rAAV-P125Aendo-treated mice showed a mean tumor
were collected from mice. Endostatin levels were determined by ELISA volume of 37.5 mm3 . At the end of the experiment,
(**P=0.02 and *P=O.05). Data are shown as mean ±s.e. on Day 52, tumor growth was inhibited by 73% in the
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a 160 rAAV-P125Aendo-injected mice. The mean tumor vo-

140 lume of the control animals was 910mm3 when
compared to rAAV-P125Aendo-injected animals, which

l2 1•. showed a mean tumor volume of 252 mm3 (Figure 5). At

1i•o the end of the experiment, mice were terminally bled and
"E _serum samples were collected. rAAV-Pl25Aendo-in-

jected mice showed a mean serum level of 13 ng/ml
Seoo (Figure 5b). Residual tumors from control and rAAV-
S4. P125Aendo-treated mice were surgically removed and

analyzed for vessel density using morphometric meth-
M '•ods. Figure 6 shows representative images of tumors

0 from a control and rAAV-Pl25Aendo-treated mice. Top
2S 32 39 42 47 52 panels show CD31-positive EC-lined blood vessels in

DamysftwtumrorcI injectim tumor sections. Corresponding skeletonized images of

b 15 vessel tracings are shown in the bottom panels. Morpho-14
31 metric analyses of CD-31 staining showed significant

'12 inhibition in tumor vasculature in rAAV-Pl25Aendo-
a11 treated mice. Number of vessel nodes, ends and length

9 1were inhibited in rAAV-P125Aendo-treated animals
10 when compared to rAAV-LacZ-treated mice (Figure 7).
S 7 For example, the rAAV-LacZ-injected mice showed a
65 mean number of 240 nodes when compared to rAAV-
S4 P125Aendo-treated mice, which showed a mean number

wE 3 of 128 vessel nodes (Figure 7) (P= 0.02). Similarly, total
1 vessel length and number of vessel ends were inhibited

r by 40 and 34%, respectively, in the rAAV-P125Aendo-

Pr-5Aenda treated mice (P=0.01). The histology of the tissue
sections from the liver, lung and muscle (site of v.p.

Figure 5 Inhibition of tumor growth by rAAV-P125Aendo gene therapy. injection) showed that rAAV injection did not have any
(a) Tumor volume was measured weekly using a caliper. Average tumor
volume in the mice injected with rAAV-LacZ (0) at the end of the adverse effects on normal tissues (Figure 8). Residual
experiment was 910r)m'. Mice injected with rAAV-P125Aendo (a) tumor tissues, however, showed necrosis and reduced
showed a tumor volume of 252 mm 3. Values are shown as mean ±s.e. vascularity in rAAV-Pl25Aendo-treated mice.
(b) Endostatin levels in treated mice. Levels of endostatin in the serum of These studies demonstrate that rAAV can be used to
the mice (N = 5) 52 days after administration of rAAV-LacZ and rAAV- express mutated endostatin in mice. rAAV-mediated
P125Aendo are shown. Serum samples were pooled and the endostatin xp ress u ted in ns mice. increased
levels were determined using Accucyte ELISA kit. g py

* ' -6- "

- \.

Figure 6 Inhibition of tumor angiogenesis. Microvessel density in control and rAAVP125Aendo-treated tumors. Panels a and b show representative images
of sections from mice injected with rAAV-LacZ and rAAV-P125A, respectively. Red fluorescence shows CD31-positive ECs. Nuclei are stained with DAPI
(blue). Panels c and d show the corresponding skeletonized images of CD31-positive vessels.
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serum levels of endostatin. As a consequence, angiogen- gene therapy methods will be useful in treating ovarian
esis was inhibited in vivo. Parallel studies showed that cancer.
ovarian cancer growth can be inhibited by a single
injection of rAAV-P125Aendo v.p., suggesting that such

Discussion
a ioo A number of viral and nonviral delivery systems have

been used for gene therapy of ovarian cancer.'7 Deisser-
600oth e~t al'8 reported the first gene therapy trials for

ovarian cancer using safety-modified retroviral vector to
pr• otette Ohemaooei rogentord els froshgh

doechemotherapy. Ote tde sdreplication-
defective adenovirus to deliver wild-type p53 as anl400 T ~~~~~~~~~~~intraperitoneal infusion to inhibit ovarian cancer growth.3(- oeepaeII raso ~ /5 eei h

"30 recurrent ovarian, primary peritoneal or fallopian tube
___ cancer containing aberrant or mutant p53'9 were not

= -- 0 very successful. A number of factors mnay have con-
tributed to its failure: (a) inability to deliver wild-type

1030 p5 3 into all tumor cells, (b) lack of downstream apoptotic
signaling molecules such as apoptotic protease-activat-

0 - - ing factor 1 (APAF 1), (c) immune reaction, (d) fibroid
rAAV -LacZ rAAV- cysts preventing virus distribution in the peritoneal

P126Aendo cavity and (e) transient expression of p53 transgene. In
contrast to this approach, antiangiogenic therapies offer a

b 350 number of advantages. Most importantly, antiangiogenic
® molecules can be delivered into a small fraction of tumor

o 300 or normal cells. Since the secreted products will have a
'o global effect on tumor neovascularization, it is expected

-• 250 to be more effective than the replacement gene therapies
and suicide gene therapy strategies.2" Furthermore, ECs

=' = number of tumor cells. Therefore, even partial inhibition
o 150 Tof EC proliferation would have a greater impact on

"10m tumor growth.
S1 ooHuman endostatin is a proteolytic fragment of NC-I
= domain of type XVIII collagen."' Endostatin is an

S 50 effective antiangiogenic molecule. Recently, we described

a mutant endostatin, which contained a nonconservative
- substitution of proline to alanine at position 125.21 While

rAAV -LacZ rAAV- this mutation did not affect protein folding or gross
P12&Aendo secondary structure, it showed improved binding to

ECs. As a consequence, the mutant protein inhibited
C 100 EC migration, proliferation and angiogenesis more

90 effectively when compared to the native molecule."'-2' -
ST Preliminary studies suggest that the mutation could alterS80 binding profile of endostatin towards cell surface
.2 70integrins (unpublished). Structural modifications alter-
€• " 607 •king the biological activity can be beneficial in improving

S~therapeutic efficacy. In this context, we evaluated theS= 50 gene delivery approaches to express P125A-endostatin in

O ( 40 athymic nude mice.
AAV was used for delivering the end ostatin gene in a

'- 30 mouse tumor model as it provides long-term expression
= 20 of the transgene. Also for the antiangiogenic gene

z 10 therapy, slow and continuous release of the protein is
more important than high levels of expression. 22 A

0 limited number of previous studies have shown that
rAAV -LacZ rAAV- AAV can be used to express native endostatin in mice.

P125;Aendo Some of these studies have shown reduced angiogenesis
Figure 7 Morphzonetric anal ysis of tumor angiogenesis. Turnor tissues adtumor growth following successful expression of thle
obtained from rAAV-P125Aendo (m) and rAAV-LacZ (II) treated mice transgene. In other studies however, transgenic endo-
u'ere analyzed for vessel densitiy and architecture. (a) Number of vessel statin expression failed to show expected biological
ends, (b) number of vessel nodes and (c) vessel length. Data are represented response. For example, mice injected with endostatin-
as mean +s.e transduced hematopoietic stem cells had high levels of
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Figure 8 Histopathology of normal and tumor tissues obtained from mice. Panels a-d shozw H&E staining of tissues from the rAAV-LacZ-treated mice.
Panels e-h show H&E staining of the tissues from rAAV-P125Aendo-treated mice. (a) and (e): tissue biopsy from the injection site. (b) and (f): liver; (c) and
(g), kidney; (d) and (h), tumor tissue. Note reduced vessel density and extensive necrosis in the tumor tissue from rAAV-P125Aendo-treated mice.

endostatin levels in the serum. In spite of higher tumor cells. Under these conditions, tumors would have
circulating levels of endostatin, there was no inhibition been well established prior to rAAV-mediated expression
of tumor growth when these mice were challenged with of endostatin. Our studies showed that the endostatin
T241 fibrosarcoma cells.23 In another study, a single dose levels in the serum of mice injected with 1 x 10' v.p. of
of 1 x 10' v.p. of rAAV-human endostatin (rAAV-HuEn- rAAV-P125Aendo was 20 ng/ml, which is comparable
do) was able to inhibit tumor growth and angiogenesis. 24  to 35-40 ng/ml of human endostatin observed in earlier
In these studies, the virus was injected 6 weeks before studies. In a very recently published work, rAAV-
injecting the HT29 colon cancer cell lines. We injected mediated delivery of human angiostatin and endostatin
the rAAV-P125Aendo 48 h after the s.c. implantation of using a bicistronic vector led to improved inhibition of
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s.c. ovarian cancer growth in athymic mice. In this study, Recombinant AA V vector construction and purification
about 300-fold higher number of v.p. were used,2" which pAAV-Pl25Aendo was constructed by PCR using a
resulted in 200 ng/ml of endostatin in circulation. Even cDNA of the mutant human endostatin (P125A) that
though, P125A-endostatin levels were 10-fold less in the had been previously cloned into pPICZ alpha vector
present study, there was comparable inhibition of tumor (Pichia expression system). The following primers
growth. Increased EC binding and biological activity were used for PCR amplification: upstream - AAA
caused by the mutation can be attributed to the relative ACT GGT GAC GCG GCC CAG CAC AGC CAC;
improvement in potency of P125A-endostatin gene downstream - GGG AAG CTT CTA GGA GGC AGT
therapy. Mutant endostatin expression was dose depen- CAT GAA GCT. An IgG kappa chain secretory signal
dent. Expression levels correlated to differences in was engineered at the 5'-end. First 10 cycles of PCR was
antiangiogenic activities. A thorough analysis of angio- carried out at 94"C denaturation for 1 min, annealing
genesis using computer-assisted morphometric methods at 55"C and chain extension at 72"C for 1 min each. For
showed proportional differences in antiangiogenic re- the remaining 20 cycles, the annealing temperature was
sponse at higher doses. Vessel length and branch points raised to 60'C. Final extension was carried out at 72"C
were significantly inhibited in mice injected with for 10 min. PCR amplified fragment was then cloned
1 x 10' v.p. At a similar dose, rAAV-P125Aendo gene at BamHI-HindIlI restriction sites of pAAV-MCS
therapy proved to be effective in inhibiting ovarian (Stratagene, La Jolla, CA, USA). pAAV-LacZ served as
cancer growth significantly. Detectable levels of endo- a control.
statin were seen at the end of experiment, Day 52. At this Recombinant AAV virus was produced by transfection
time, tumors were beginning to grow in the treatment of 80% confluent Ad HEK293 cells with three AAV
group. Serum levels showed significant levels of endo- vectors, namely, pAAV-MCS plasmid with either LacZ or
statin in circulation. Repeated inoculation of rAAV- P125A-endostatin, pHelper (carrying adenovirus derived
P125Aendo at higher doses may be necessary to sustain genes VA, E2A and E4) and pAAV-RC (carrying AAV-2
higher serum levels of P125A-endostatin and prolonged replication and capsid gene) using CaC12 method. After
inhibition of tumor growth. 68 h of transfection, cells were lysed by three cycles of

Alternatively, antiangiogenic gene therapy methods freeze-thaw, and treated with Benzonase (50 U/ml)
should be complemented with conventional chemother- (Sigma Chemical Company, St Louis, MO, USA) for
apy and radiotherapy. It is possible that well-established 30 min at 37'C. The cell debris was removed by
tumors with mature blood vessels may not be sensitive to centrifugation at 3000 g for 20 min at 4"C. Virus was
endostatin therapy alone. Therefore, methods to improve further purified using ammonium sulfate precipitation.
biological activity of endostatin along with sustained After ammonium sulfate precipitation, the viral pellet
delivery and improved expression strategies are useful was resuspended in 2.5 ml of phosphate-buffered saline
for a successful treatment. rAAV-mediated delivery of (PBS) (pH 7.4) and then underlayed with an equal
endostatin enhances the treatment efficacy of ionizing volume (2.5 ml) of Optiprep (Sigma, St Louis, MO, USA)
radiation. 26 Likewise, tumor cells become more sensitive density-gradient solution. Ultracentrifugation was car-
to chemotherapeutic agents after infection with AAV.2 ,21 ried out at 60 000 rpm for 4 h at 16'C. In all, 15 fractions
Therefore, it would be interesting to see whether the of 0.3 ml were collected from the bottom of the tube.
chemotherapy along with rAAV-P125Aendo delivery The virus stock was dialyzed against PBS (pH 7.4)
would have a synergetic effect in treatment of ovarian and concentrated using Biomax-100 concentrator,
carcinomas. Future studies will focus on preclinical UFV2BHK10 (Millipore, Bedford, MA, USA). The v.p.
development of antiangiogenic gene therapy approaches were then titrated using slot blot analysis2' and real-time
in combination with chemotherapy to treat ovarian PCR3` as described earlier.
cancers.

Characterization of the secreted protein
Materials and methods Ad HEK 293 cells were transduced either with pAAV-

P125Aendo or pAAV-LacZ along with pAAV-RC and
Cell culture pHelper plasmids. The levels of endostatin expressed in
MA-148, a human epithelial ovarian carcinoma, was the culture supernatant were determined by endostatin
grown in RPMI-1640 medium (Life Technologies, Grand immunoassay kit (Accucyte, Cytimmune Sciences Inc.,
Island, NY, USA) supplemented with 10% FBS (Cellgro, College Park, MD, USA). Endostatin secreted into the
Mediatech, Washington, DC, USA) and 1% penicillin- culture supernatant was affinity purified using heparin-
streptomycin (Cellgro, Mediatech, Washington, DC, sepharose column. Bound protein was eluted using
USA). EIA/EIB-transformed adherent 293 human em- 300 mM NaC1. Conditioned media from the Ad HEK
bryonic kidney cells (Ad HEK293 cells) (Stratagene, La 293 cells either transfected with rAAV-P125Aendo or
Jolla, CA, USA) were grown in DMEM medium (Life rAAV-LacZ along with the purified P125A-endostatin
Technologies, Grand Island, NY, USA) supplemented from the conditioned media were run on a 15% SDS-
with 10% FBS and 1% penicillin-streptomycin and PAGE. Western blotting was carried out using a rabbit
2 mmol/! L-glutamine (Life Technologies, Grand Island, anti-human endostatin antiserum and goat anti-rabbit
NY, USA). HUVE cells provided by Dr Vercellotti IgG-HRP conjugate (Sigma Chemical Company, St Louis,
(University of Minnesota, Minneapolis, MN, USA) were MO, USA). The bands were detected using ECL auto-
grown in tissue culture flasks precoated with 0.2% radiography (Amersham Pharmacia Biotech, UK). Pur-
gelatin (Sigma, St Louis, MO, USA) and maintained in ified protein from rAAV-P125Aendo-infected cultures
complete EGM medium (Clonetics, San Diego, CA, was used for Mass spectral analysis and amino-terminus
USA). sequencing.

Gene Therapy



Antiangiogenic gene therapy of ovarian carcinoma
IV Subramanian et at

37
Inhibition of EC proliferation in vitro ml in serum-free RPMI-1640 medium. An aliquot of

Endothelial proliferation assay was performed as de- 100 p1 of the suspension was then injected s.c. into the

scribed earlier,"' with minor modifications. Briefly con- flanks of 6-8 weeks old, female, athymic nude mice
fluent HUVE cells were trypsinized and seeded at 5000 (N = 5) (NCI, Bethesda, MD, USA). After two days, mice

cells/well in 96-well plates (precoated with 0.2% gelatin) were injected i.m. either with 100 VI of 1 x 10" v.p. of

in M199 media with 5% FBS. After 24 h, P125A- rAAV-LacZ or rAAV-P125Aendo. Tumor growth was

endostatin (1.5 pg/ml) purified from the culture super- monitored by caliper measurements and tumor volume
natant was added to different wells in triplicate. After was calculated by the formula a x b2/2, where 'a'

20 min, 50 ng/ml of bFGF was added. Positive control represents the larger diameter and Wb' represents the
wells had only bFGF and the negative control wells had smaller diameter of the tumor. At the end of the
"neither bFGF nor endostatin. EC proliferation was experiment, serum samples were collected from mice

determined 72 h later by 5-bromo-2'deoxyuridine (BrdU) for determining endostatin levels using the Accucyte
"incorporation into DNA by ELISA (Roche Molecular ELISA (Cytimmune Sciences Inc., College Park, MD,

"Biochemicals, Indianapolis, IN, USA). BrdU incorpora- USA).
tion in positive control wells was considered as 100%
proliferation to calculate relative inhibition elicited by Vessel staining and histological studies
P125A-endostatin treatment. A part of the tumor specimens and Matrigel plugs were

snap-frozen in liquid nitrogen. Frozen samples were then

Inhibition of EC migration in vitro cut into 10-pm thick sections and stored at -80 C until

The migration of the ECs was determined by using further analysis. For immunofluorescence studies to

Boyden chambers (Neuro Probe, Gaithersburg, MD, localize blood vessels, tissue specimens were slowly

USA), as described earlier,3" with following modifica- brought to room temperature, air-dried and subse-

tions. HUVE cells were harvested in PBS containing quently fixed in chilled acetone for 10 min. The slides

2 mM EDTA and prelabeled with a fluorescence dye, were then allowed to air dry for I h and were washed for

5.0 pm 5(6)-CFDA for 10 min at 37C. Labeled cells were 5 min in PBS (pH 7.4). The samples were then blocked

then preincubated with purified P125A-endostatin with PBS containing 3% bovine serum albumin for

(1.5 pg/ml) for 60 min at 37"C. Polycarbonate filters 30 min at room temperature and subsequently incubated

(pore size: 12 pm) were coated with 0.2% gelatin, with a PE-conjugated monoclonal antibody to mouse

bFGF (25 ng/ml) was added to lower chambers. HUVE CD-31 (1:50 dilution, Pharmingen, San Diego, CA, USA)

cells (200 000 cells/ml, control and treated) were added for 30 min at room temperature. Slides were washed

to upper chambers. After 4 h of incubation at 37'C, three times with PBS (pH 7.4) and immediately

ECs remaining on the upper surface of the membrane imaged in an Olympus BX-60 fluorescence microscope

were removed with a cell scraper, and the cells migrated at x 200 magnification as described previously.1" Nuclei

to the bottom of the membrane were fixed in 3% were stained with DAPI before imaging. Part of the

formaldehyde and counted. Fluorescence images were tissue samples (tumor, muscle, liver and kidney) were

recorded using a digital camera, under x 200 magnifica- also fixed in 10% formalin and processed for H&E

tion for counting. staining.

Matrigel plug neovascularization assay Determination of angiogenic response

In vivo angiogenesis assay was carried out using bFGF/ A morphometric analysis method, which was originally

VEGF165-stimulated Matrigel assay. Group of three developed in our laboratory1" to determine blood vessel
athymic nude mice were injected i.m. with different architecture was used to determine the extent of
doses of rAAV-P125Aendo 5 x 10i , 1 x 10, 5 x 108 and angiogenic response. Briefly, digital images were ac-
do x 10' v.p. At 8 weeks after injecting v.p., mice were quired from fluorescence microscope using Metamorph

implanted s.c. on both sides of the flank with 500 pl of image analysis software (Image 1, Westchester, PA, USA).
Matrigel preparations (BD Biosciences, Bedford, MA, About seven to 10 independent images from the two

USA) containing 200 ng/ml of human VEGF165 (R&D sections from each sample were obtained and then

"Systems, Minneapolis, MN, USA), 100 ng/ml of bFGF biniarized using Adobe Photoshop (Adobe Inc., Moun-

(R&D Systems, Minneapolis, MN, USA) and 100 U/ml of tain View, CA, USA). After inverting (black to white) the

heparin (Sigma Chemical Company, St Louis, MO, USA). images, vessel architecture, that is, length, branch points
Matrigel plugs were surgically removed 7 days after and ends were calculated by 'skeletonization' of the
implantation, to evaluate microvessel density. Frozen images by using the Image Processing Toolkit (RGI Inc.,
sections (10 ,m) of Matrigel plugs were fixed in cold Raleigh, NC, USA). Statistical significance was calculated

acetone and stained with anti-mouse CD31-PE conjugate y the Student's t-test.
to visualize blood vessels. In parallel, sera obtained from
the mice were analyzed for endostatin levels using
Accucyte ELISA, (Cytimmune Sciences Inc., College Acknowledgements

Park, MD, USA). We thank Dr C Le and RL Bliss (Biostatistics Core,

University of Minnesota Cancer Center) for statistical
Animal studies analysis. We also thank Dr Y Yokoyama for helpful
Exponentially growing MA 148 ovarian cancer cells suggestions. This work was supported in part by grants
were harvested by trypsinization, washed twice with from the Minnesota Ovarian Cancer Alliance, Sparboe
Hanks' balanced salt solution (HBSS, Cellgro, Mediatech, and Women's Health Fund Endowment and DAM 17-99-
Washington, DC, USA) and resuspended at 2 x 10' cells/ 1-9564 from the USARMY.

Gene Therapy



Antiangiogenic gene therapy of ovarian carcinoma
IV Subramanian et a!

38
References 18 Deisseroth AB, Kavanagh J, Champlin R. Use of safety-modified

retroviruses to introduce chemotherapy resistance sequences

I Jemal A et al. Cancer statistics, 2003. CA-Cancer J Clin 2003; into normal hematopoietic cells for chemoprotection during the
53: 5-26. therapy of ovarian cancer: a pilot trial. Hum Gene Tler 1994; 5:

2 Oriel KA, Hartenbach EM, Remington PL. Trends in United 1507-1522.
States ovarian cancer mortality, 1979-1995. Obstet Gynecol 1999; 19 Buller RE et al. A phase 1/lI trial of rAd/p53 (SCH 58500) gene
93: 30-33. replacement in recurrent ovarian cancer. Cancer Gene Thier 2002;

3 Olson TA, Mohanraj D, Carson LF, Ramakrishnan S. Vascular 9: 553-566.
permeability factor gene expression in normal and neoplastic 20 Hasenburg A et al. Adenovirus-mediated thymidine kinase gene
human ovaries. Cancer Res 1994; 54: 276-280. therapy in combination with topotecan for patients with

4 Yoneda J et al. Expression of angiogenesis-related genes and recurrent ovarian cancer: 2.5-year follow-up. Gynecol Oncol,
progression of human ovarian carcinomas in nude mice. J Nall 2001; 83: 549-554.
Cancer Inst 1998; 90: 447-454. 21 Yokoyama Y, Ramakrishnan S. Improved biological activity of.

5 Hartenbach EM et al. Vascular endothelial growth factor (VEGF) mutant endostatin containing a single amino acid substitution.
expression and survival in human epithelial ovarian carcinomas. Br ] cancer 2004; 90: 1627-1635.
Cancer Lett 1997; 121: 169-175. 22 Joki T et al. Continuous release of endostatin from microencap-

6 Paley PJ et al. Vascular endothelial growth factor expression in sulated engineered cells for tumor therapy. Nat Bioiechnol 2001;
early stage ovarian carcinoma. Cancer (Phila.) 1997; 80: 98-106. 19: 35-39.

7 Nagy JA et at. Pathogenesis of ascites tumor growth: vascular 23 Pawliuk R et al. Continuous intravascular secretion of endostatin
permeability factor, vascular hyperpermeability, and ascites in mice from transduced hematopoietic stem cells. Mot Ther
fluid accumulation. Cancer Res 1995; 55: 360-368. 2002; 5: 345-351.

8 Luo JC et al. Significant expression of vascular endothelial 24 Shi W, Teschendorf C, Muzyczka N, Siemann DW. Adeno-
growth factor/vascular permeability factor in mouse ascites associated virus-mediated gene transfer of endostatin inhibits
tumors. Cancer Res 1998; 58: 2652-2660. angiogenesis and tumor growth in vivo. Cancer Gene Ther 2002; 9:

9 Parsons SL, Lang MW, Steele RJ. Malignant ascites: a 2-year 513-521.
review from a teaching hospital. Eur I Surg Oncol 1996; 22: 25 Ponnazhagan S et al. Adeno-associated virus 2-meidated anti-
237-239. angiogenic cancer gene therapy: long-term efficacy of a vector

10 O'Reilly MS et al. Endostatin: an endogenous inhibitor of encoding angiostatin and endostatin over vectors encoding a
angiogenesis and tumor growth. Cell 1997; 88: 277-285. single factor. Cancer Res 2004; 64: 1781-1787.

11 O'Reilly MS et al. Angiostatin: a novel angiogenesis inhibitor that 26 Shi W, Teschendorf C, Muzyczka N, Siemann DW. Gene therapy
mediates the suppression of metastases by a Lewis lung delivery of endostatin enhances the treatment efficacy of
carcinoma. Cell 1994; 79: 315-328. radiation. Radiother Oncol 2003; 66: 1-9.

12 Volpert OVet al. Inhibition of angiogenesis by interleukin 4.1 Exp 27 Schwarzbach MH et al. Sensitization of sarcoma cells to
Med 1998; 188: 1039-1046. doxorubicin treatment by concomitant wild-type adeno-

13 Dkhissi F et al. Endostatin exhibits a direct antitumor effect in associated virus type 2 (AAV-2) infection. Int I Oncol 2002; 20:
addition to its antiangiogenic activity in colon cancer cells. Hum 1211-1218.
Gene Ther 2003; 14: 997-1008. 28 Hillgenberg M, Schlehofer JR, von Knebel Doeberitz M, Klein-

14 Kuroiwa M et al. Effects of recombinant human endostatin on a Bauernschmitt P. Enhanced sensitivity of small cell lung cancer
human neuroblastoma xenograft. Int J Mol Med 2001; 8: 391-396. cell lines to cisplatin and etoposide after infection with adeno-

15 Calvo A et al. Inhibition of the mammary carcinoma angiogenic associated virus type 2. Eur I Cancer 1999; 35: 106-110.
switch in C3 (1)/SV40 transgenic mice by a mutated form of 29 Ponnazhagan S et al. Recombinant human parvovirus 1319
human endostatin. Int j Cancer 2002; 101: 224-234. vectors: erythroid cell-specific delivery and expression of

16 Wild R, Ramakrishnan S, Sedgewick J, Griffioen AW. Quantita- transduced genes. I Virol 1998; 72: 5224-5230.
tive assessment of angiogenesis and tumor vessel architecture by 30 Clark KR, Liu X, McGrath JP, Johnson PR. Highly purified
computer-assisted digital image analysis: effects of VEGF-toxin recombinant adeno-associated virus vectors are biologically
conjugate on tumor microvessel density. Microvasc Res 2000; 59: active and free of detectable helper and wild-type viruses.
368-376. Hum Gene Tier 1999; 10: 1031-1039.

17 See HT, Kavanagh JJ, Hu W, Bast RC. Targeted therapy for 31 Dhanabal M et al. Endostatin: yeast production, mutants,
epithelial ovarian cancer: current status and future prospects. lInt and antitumor effect in renal cell carcinoma. Cancer Res 1999;
] Gynecol Cancer 2003; 13: 701-734. 59: 189-197.

Gene Therapy



CELL AND TUMOR BIOLO,

. Cryptic proliferative and anti-proliferative domains contained within can be obtained by co- incubation with exogenous heparin. In summary,
0,$W plasminogen activator. Veronica A. Carroll, Roy Bicknell, Pat Price, and present the first in vitro evidence of a biological interaction between heparin and
SL Harris. Imperial Cancer Research Fund, Oxford, UK, and Hammersmith endostatin in endothelial and non-endothelial cells.
hotl•, London, UK.

Isolated kringle domains of plasminogen, prothrombin and hepatocyte growth #899 Suppression of angiogenesis and tumor growth by K1-5, a novel
tor are anti-angiogenic whereas the intact molecules are not. Tissue plasmin- angiostatin-related inhibitor. Niina Veitonmiki, Renhai Cao, and Yihai Cao.

Sactivator (tPA) contains two kringle structures with strong homology to Karolinska Institute, Stockholm, Sweden.
fitse of plasminogen, as well as a finger (F), epidermal growth factor-like (EGF) Angiostatin is a potent angiogenesis inhibitor, which includes the first four
ard protease (P) domains. We investigated whether the kringle domains of tPA kringle modules (kringle 1-4) of plasminogen. This angiogenesis inhibitor seems to
coud also influence endothelial cell (EC) growth. We found that monoclonal be a potent tumor suppressor. Because it specifically targets the proliferating
antibody mediated blocking of the kringle 2 (K2) domain of endogenously se- endothelial cell compartment, angiostatin is less likely to cause side effects
0,ted tPA increased EC proliferation four fold above control whereas antibodies including immunosupression, bone marrow suppression and gastrointestinal
to the other domains had no effect. Anti-K2 induced EC growth was blocked by symptoms. However, potential therapeutic application of this anglogenesis inhib-
" an antibody and a peptide to the finger module of tPA implicating this itor for a large number of cancer patients can become problematic although
d oman in mediating the EC proliferation observed. To investigate whether the K2 angiostatin has entered into the early phase of clinical trial in a group of small
domain itself was inhibitory three types of K2 were obtained: i) recombinant K2 number of patients. The disadvantages of angiostatin protein therapy include
was expressed in the Pichia pastoris yeast expression system and purified by administration of large amounts of protein, repeated injections, transmission of
ysine-Sepharose affinity chromatography or ii) was obtained by limited elastase infectious particles of protein preparations, high costs for manufactures and for
Cevage of a shorter fragment of tPA consisting of only the K2 and protease patients. In order to overcome these problems, we have identified a more potent
dmii ns (K2P) followed by lysine-Sepharose purification or iii) K2P was used endogenous angiogenesis inhibitors, namely kringle 1-5 (K1-5) of plasminogen,
AIng protease inactivation with PMSF or PPACK. Exogenous addition of which displays approximately 100-fold greater effect than angiostatin on sup-
the isolated K2 fragments to human umbilical vein and dermal microvascular pression of angiogenesis and tumor growth. Our results show that proteolytically
ECs resulted in significantly decreased basal growth and inhibited both bFGF and released K1-5 from human plasminogen inhibits capillary endothelial cell prolif-
Y4EF stimulated cell growth. These data suggest that tPA contains both pro- and eration, corneal neovascularization in a mouse angiogenesis model, and new
g*-proliferative domains. blood vessel growth in the chicken embryo chorioallantoic membrane. In a mouse

Abstract 1 fibrosarcoma tumor model, K1-5 suppresses primary tumor growth by approxi-
matety 60% at a low dose of 2 mg/kg once daily, whereas angiostatin (K1(-4) at the

#897 Improved Inhibition of tumor growth by and S. diaiation Un- same dose does not inhibit tumor growth. Thus, K11-5 is more potent angiogen-
tatneson with an NnR-motif. Yumi Yokoyama and S. Ramakrishnan. University esis inhibitor than angiostatin and may become more useful and realistic than

o~fMinnesota, Minneapolis, MN. angiostatin for potential clinical treatment of cancer patients and other angiogenic
Endostatin, a proteolytically cleaved C-terminal fragment of collagen type XVIII, diseases including diabetic retinopathy.

has previously been shown to inhibit tumor neovascularization and consequently
tumor growth. Early studies have shown that addition of an RGD (Arg-Gly-Asp)
riotlf enhanced antiangiogenic activities of endostatin and potentiated antitumor #900 Development of recombinant human endostatin in SOS to support
activity. In this present study, we investigated additional genetic modification of clinical subcutaneous administration. William E. Fogler, Zachary Yim, Tom
iostatin with NGR(Asn-Gly-Arg)-motif. NGR motif as well as RGD-motif selec- Chen, Beth Chen, Nilima Leffers, Carolyn Sidor, Anne H. Fortier, David Jackson,
tvely localizes to tumor neovasculature. Aminopeptidase N (CD13), which is Stacy M. Plum, Emily Kough, and B. Kim. Lee Sim. EntreMed, Inc, Rockville, MD.
Nghly expressed on tumor vasculature, has been reported to be a target molecule To facilitate the studies of rhEndostatin protein in the clinic, beyond current
0 NGR peptide. Human endostatin has an internal NGR-motif at position 126- levels, a new formulation of rhEndostatin protein has been developed that allows
128. However native endostatin did not inhibit aminopeptidase N activity. This for concentrations that are approximately 16 fold greater (130 mg/mL) than the
Msult suggests that the internal NGR-site is not accessible to aminopeptidase N. current clinical formulation (8 mg/mL). The new formulation uses sucrose octa-
In contrast, construction of an additional NGR-motif to the amino-terminus of sulfate (SOS) as the excipient. The SOS formulation of rhEndostatin was then
&Xostatin inhibited aminopeptidase N extracted from endothelial cells. NGR- compared with the citrate-phosphate formulation that is currently used in clinical
Motif enhanced endothelial cell binding to endostatin. NGR-modification resulted trials, for potency, pharmacokinetics, and safety. The biological activity and
I greater inhibition of endothelial cell proliferation. As a consequence, modified relative potency of rhEndostatin protein formulated as SOS was statistically

tin was found to be more effective when compared to the native endosta- indistinguishable from the current formulation of rhEndostatin protein as as-
in inhibiting growth of human ovarian carcinoma and colon carcinoma trans- sessed by inhibition of experimental metastases in mice. The nonclinical phar-

planted into athymic nude mice. These studies demonstrate that human endosta- macokinetic behavior of rhEndostatin protein formulated as SOS following sub-
*' can be genetically modified to improve its ability to inhibit tumor growth. cutaneous injection to cynomolgus monkeys was found to be similar to the

current clinical formulation of rhEndostatin protein, with an approximate bioavail-
ability of 100%. A study was conducted in cynomolgus monkeys to evaluate the

4W The in vitro bioactivity of human endostatin dimer is heparin depen- safety of rhEndostatin protein SOS formulation after subcutaneous administra-
dwnt. Andrew Robert Clamp, Fiona Blackhall, Catherine Merry, Audrey Henrioud, tion. This study concluded that rhEndostatin protein formulated in SOS was well

ordon Jayson, Kashi Javaherian, Judah Folkman, and Jon Gallagher. CRC tolerated when administered subcutaneously as high as 600 mg/m2/day for 28
111wtment of Medical Oncology, Christie Hospital, Manchester, UK, and Depart- days. The single notable histologic observation in this study was a local irritation
n of Surgery, Childrens Hospital, Harvard Medical School, Boston, MA. at the injection site consistent with chronic-active inflammation and manifesting
Anglogenesis, the formation of new blood vessels is essential for sustained as hemorrhage, inflammation of the subcutis, and perivasculitis. Although this

bTr growth and metastasis. Many pro- and anti-angiogenic growth factors study did not have a subcutaneous SOS control group, these findings were
Mquire the presence of cell surface heparan sulfate (HS) for their bioactivity. similar to those in previous toxicologic assessments of rhEndostatin protein in the
&Kidotatin is an endogenous inhibitor of angiogenesis that is released by the current clinical formulation. The NOAEL of rhEndostatin protein in SOS of rhEn-
PrO1lytic cleavage of the C-terminal domain of collagen XVIII. It has been dostatin protein after subcutaneous injection was 600 mg/m 2 daily. Results from
S wnOnstrated to have heparin affinity and site-directed mutagenesis of its pri- these studies demonstrate the biologic equivalence of rhEndostatin protein for-
" heparin-binding epitope significantly reduces its ability to inhibit basic mulated as SOS to the rhEndostatin protein formulated in citrate-phosphate
kIDblast growth factor-induced angiogenesis in the chick chorioallantoic mem- buffer. The results also support the introduction of this formulation into clinical
S assay. (Sasaki et al. 1999 EMBO J 18:6240-8). In this study, we have studies as a subcutaneous injection.
fthOnstrated a direct inhibitory effect of heparin on the migratory bioactivity of
%A artificial dimeric form of endostatin (HED) that closely approximates to the #901 2-Methoxyestradiol sulfamates are potent anti-cancer agents. Mike
mifigement of endostatin in collagen XVIII (Kuo et al. 2001 J Cell Biol 152:1233- John Reed, Simon Newman, Atul Purohit, Bindu Malini, Mat Leese, Bertrand
46). When bovine aortic endothelial cells are plated on Matrigel, an extracellular LeBlond, David Bennetto, Lawrence Woo, and Barry Potter. Imperial College, St
fnffft substitute, they spontaneously aggregate into capillary-like tubules. These Mary's Hospital, London, UK, and University of Bath, Bath, UK.

regate when incubated with HED and the cells acquire a scattered phe- The endogenous estrogen metabolite 2-methoxy-estradiol (2-MeOE2) inhibitsS Ype. Endostatin monomer (HEM) inhibits this disaggregation. The addition of the proliferation of a wide range of malignant cells as well as angiogenesis. In this
*4prin at concentrations above 1 g/ml also prevents disaggregation in a dose- study we have synthesized the 3-0-monosuffamate (2-MeOE2MATE) and 3,
"I'Pndent manner and acts synergistically with HEM. Using size- fractionated 17-0-bis-sulfamate (2-MeOE2bisMATE) derivatives of 2-MeOE2 and compared
•OgfOaccharides derived from tinzaparin, a commercially available low molecular their potencies as inhibitors of breast cancer cell growth in vitro and angiogenesis.
"6 heparin preparation, we have shown that although all fragments from dp4 In human MDA-MB-231 breast cancer cells IC5os for the inhibition of cell growth
' dP24 have bioactivity, longer oligosaccharides are more potent. Preliminary were 4.5MM, 0.8MM and 0.3MM for 2-MeOE2, 2-MeOE2MATE and

ments also show that inhibition of disaggregation is seen with heparan, 2-MeOE2bisMATE respectively. Flow cytometric analysis of propidium iodide
tan and chondroitin sulfates, although none of these glycosaminoglycans stained cells revealed that the ability of the sulfamoylated derivatives, at 1 AM, to

55 as potent as heparin. HED has also been demonstrated to induce a scattered induce irreversible G2/M arrest of the cell cycle, and subsequent cell death, was
Phenotype in wild-type Chinese Hamster Ovary (CHO) cells plated on Matrigel much greater than for 2-MeOE2. The anti-angiogenic potential of these com-

"Is not seen in CHO 745 cells that do not express cell surface HS. Prelim- pounds was examined by testing their ability to inhibit the proliferation of human
Y data indicates that a partial restoration of HED responsiveness in these cells vascular umbilical endothelial cells (HUVECs) and the growth of tubules in a
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suppresses VEGF-induced activation of MAP kinase in vascular endothelial cells #2590 Enhanced anti-tumor efficacy by combiningand inhibits tumor-associated angiogenesis. To evaluate the role of squalamine in therapy with angiostatin or endostatin in a murine liver .suppression of HER-2-overexpressing breast tumors, we assessed antitumor Elisabeth Atie Te Velde, Jan Mathiis Vogten, Martijn Gebbink"effects of squalamine alone and combined with Herceptin in female nude mice Inne H. M. Borel Rinkes. University Medical Center Utrecht,bearing MCF-7 human breast cancer cell xenografts. MCF-7 cells with (MCF-7/ eruands.HER-2) and without (MCF-7/CON) HER-2 gene overexpression were used in Strategies targeting both tumor cells and vasculature have not.independent experiments. In MCF-7/HER-2 tumors, squalamine in combination investigated in models of early metastatic colorectal disease. Wewith Herceptin elicited significant suppression of tumor growth that exceeded the efficacy of combinations of conventional chemotherapy with elevel found with Herceptin alone, and this marked antitumor effect was sustained giostatin (both currently tested in clinical trials) in a murine modfor several weeks after cessation of treatment (P<0.001). Using MCF-7/CON rectal liver metastases. Control mice received solvent (PBS orcrtumor xenografts, treatment with squalamine alone, but not Herceptin alone, tional chemotherapy consisted of adriablastin in a suboptimal dareduced tumor growth. To assess the mechanism of action of squalamine, effects Angiostatin, generated from human plasma, was given continuosof the drug were studied in vitro. MCF-7/HER-2 cells were found to secrete higher low dose (HD-A 100mg/kg/d and LD-A 10mg/kg/d, respectivelylevels of VEGF than MCF-7/CON cells, but squalamine elicited no direct growth (Entremed@) was given sc. (500 Ag/d). Sixty-two mice were sub"giinhibition of either MCF-7/HER-2 or MCF-7/CON human breast cancer cells. splenic injection of C26 tumor cells to induce colorectal liver met"However, squalamine did block growth of human umbilical vein endothelial (HU- ment was Initiated 6 hours postoperatively and consisted ofVEC) cells and reduced VEGF-induced endothelial tube-like formations by HU- chemotherapy combined with either angiostatin or endostatin In >'SVEC cells in matrigel cultures. These effects correlated well with the marked Clinical appearance was scored daily using a semi-quantittauvjinhibitory activity of squalamine on VEGF-induced phosphorylation of MAP kinase weight, macroscopic and histological tumor involvement (hepatic,,in HUVEC cells. Thus, the results Indicate that squalamine effectively inhibits area, HRA) were measured upon sacrifice at day 12. ANOVA was|growth of breast cancers with HER-2 receptor overexpression, especially when calculate the Interaction effects between agents. A multipli4ecombined with Herceptin, and this effect may be due, in part, to squalamine- defined as an enhanced effect of anti-angiogenic therapy in the pinduced blockade of VEGF signaling in the tumor-associated blood vasculature. chemotherapy, or visa-versa. Mice treated with either drug displayeda[Supported by grant funds from the California Breast Cancer Research Program.] better clinical scores than controls, except for LD-A or its con
chemotherapy. All single agent drugs were superior in anti-tumor
pared to no treatment (p<0.001).The treatment of liver metastaes
blastin mono-therapy resulted in a decrease In hepatic replacemen#2588 Modulation of angiogenesis and radiation response following vas- 42.3t2.0% (non-treated controls) to 29.1 %-0.9% (p<0.001), HD-A recular endothellel growth factor receptor-2 (VEGFR2) blockade. Jing Li, Shyh- HRA of 8.6-2.6% (p<0.001). LD-A resulted in a hepatic replcerreMin Huang, and Paul M. Harari. University of Wisconsin Comprehensive Cancer 27.2=0.98% (p<0.001). The addition of HD-A and LD-A to the ceCenter, Madison, Wl. chemotherapy resulted in HRA's of 3.3-! 1.4% and 8.7_=0.7%, respectl%The formation of new blood vessels (angiogenesis) within solid tumors repre- added to conventional chemotherapy was not significantly more effesents a critical factor in the malignant growth of many primary tumors and HD-A alone. However, LD-A combined with conventional chemothemetastases. Evidence suggests that vascular endothelial cell growth factor cantiy enhanced anti-tumor efficacy when compared to LD-A alone(VEGF) and its receptor VEGFR2 represent valuable molecular targets for anti- When compared to chemotherapy alone the effect of addition ofangiogenic intervention due to their integral involvement in endothelial cell pro- multiplicative. Endostatin mono-therapy resulted in a HRA of 12.4±0.4liferation and migration. In the current study, we investigated in vitro and in vivo bion to the conventional chemotherapy further reduced hepatic turn(effects of receptor blockade on various aspects of the anglogenic process using HRA of 3.8 -! 1.1% (p<0.001). Again, the effect of co-administration ofmonoclonal antibodies against VEGFR2 (cpl C11 which is human-specific and angiogenic agent and conventional chemotherapy was multiplicative QDC101 which is mouse-specific). VEGFR2 blockade inhibited several critical Conclusion: The addition of angiostatin or endostatin to conventional ctsteps involved In angiogenesis. VEGFR2 blockade in enlothelial cells (HUVEC) apy enhances anti-tumoral efficacy in a multiplicative manner in a mudattenuated cellular proliferation, increased apoptosis, reduced cellular migration, of early colorectal liver metastases.and disrupted cellular differentiation and the resultant formation of capillary-likenetworks. Further, VEGFR2 blockade significantly reduced the growth response

of squamous cell carcinoma xenografts~in athymic mice. The growth-inhibitoryeffect of VEGFR2 blockade in tumor xenografts appears to reflect anti-angiogenicinfluence as revealed by vascular growth inhibition using an in vivo anglogenesis #2591 Development of a rat glioma model for testing chemoassay incorporating tumor-bearing matrigel-plugs. In addition, administration of thalidomide interactions. Susan Murphy-Poulton, Robyn Monk, FrancVEGFR2-blocking antibodies in mouse xenograft models and in endothelial cell Helen Wheeler, Laurence Mather, and Sonia Gu. Royal North Shorncultures increased their sensitivity to ionizing radiation, suggesting an Interactive Sydney, Australia.cytotoxic effect of VEGFR2 blockade with radiation. These data suggest that The median survival of patients with high-grade gilomas (GBM) afteimolecular inhibition of VEGFR2 alone, and in combination with radiation, may and radiotherapy is 10 months, and strategies to enhance the effect o1enhance cancer response rates through molecular targeting of tumor vasculature. therapy are urgently required. A recent clinical trial at the Royal Nor(cplCI and DC1 01 provided by ImClone Systems Inc.) Hospital of the anti-angiogenlc agent thalidomide as treatment for relaps

revealed a greater than approximately 40% stabilization of disease. TresAbstract 2 brain tumors is limited by the ability of many standard drugs to cross tI
brain barrier. Thalidomide is a racemate that is metabolized to a nu

#2W9 Enhanced tumor growth inhiliton by anglnex In combination with different active metabolites. Thalidomide analogues are under developchemotherapy and other anti-anglogenic therapy. Ruud P. M. Dings, Yumi antiangiogenic agents for tumor therapy. It is important to understanYokoyama, S. Ramakrishnan, Vikas P. Sukhatme, Arian Griffiloen, and Kevin thalidomide metabolites cross the blood brain barrier, or does thalidorrMayo. University of Minnesota, Minneapolis, MN, Beth Israel Deaconess Medical tabolize in situ, and how this might influence further drug developmiCenter, Boston, MA, and University Hospital Maastricht, Maastricht, The Nether- purpose of this study was to develop a model to investigate the metabollands. 
pharmacodynamics of thalidomide and potential combinations of thaiAnginex is a recently designed cytokine-like 3-sheet-forming peptide 33mer, with standard chemotherapeutic agents. 40 female F344 rats were implawhich has been shown to be a potent angiogenesis Inhibitor in vitro and in vivo. with 9L tumors. They were divided into 4 treatment arms: 1) control, 2Its angiostatic activity is based on specific induction of apoptosis in proliferating (20mg/kg IP on day 10), 3) thalidomide (1% in food from day 10) 4) BC1vascular endothelial cells via prevention of attachment to the extracellular matrix. thalidomide. Treatment started on day 10 when all animals had a palpabliIn a human ovarian carcinoma xenograft model in athymic mice, anginex was This experiment demonstrated slower tumor growth and an Increasedtested for anti-tumor activity. In addition, anginex was tested for its capacity to curve for the thalidomide treatment arm compared with the control.improve treatment with another angiogenesis inhibitor, angiostatin, and with the survival was extended from 30 to 37 days (P < 0.05). To gain a betterplatinum-based chemotherapeutic carboplatin. Whereas both anglogeneasis in- standing of its pharmacology, the thalidomide enantlorners were separathibitors reduced tumor growth by about 50%, combination therapy with anginex vancomycin chiral stationary phase. Levels of the enantlomers were measand angiostatin resulted in enhanced tumor growth inhibition. Carboplatin treat- blood, brain and tumor tissues from the treatment groups. The enantiomement alone resulted in an effective reduction of tumor growth. When carboplatin (S/R) was found to be approximately 0.60 in all samples. Thalidomide is kiwas combined with anginex, tumor regression was observed, leading to a total racemize in physiologic conditions, this suggests that chiral inversiordisappearance of tumors. Immunohistochemical staining of tumor cross-sections enantioselectiveiy. The concentrations of thalidomide found in serum r(for vessel density (CD31), apoptosis (TUNEL), and proliferation (Ki67) was per- those found in brain, whole blood, and the tumors. Thalidomide concenformed and will be presented. Anginex is the first designer peptide having a ranged from 1.24 - 19.5 ug/mL. These are preliminary results and to cwell-defined biological function as a novel cytokine that may be an effective correlation can be made between tumor response and thalidomide level. Vanti-angiogenic agent for improvement of therapy against various pathological now developed an intracranial 9L tumor model and are able to measure Idisorders such as neoplasia, rheumatoid arthritis, diabetic retinopathy and reste- mide levels in intracranial tumors. This model will be used further to enosis. 

anti-tumor effects of thalidomide, metabolites and analogues.
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72 Patterns of gene expression in ovarian cancer cells treated with mm3. By day 64, control mice showed a mean tumor volume of 1600 mm3 where

o B. Dineo Khabele, Weija Zhang, Sima Solaimanzadeh, Susan Horwitz, as the mutant endostatin transfected cells showed a mean tumor volume of 200

Runowicz, and Raju Kucherlapati. Albert Einstein College of Medicine, mm3. Ovarian tumor cells harvested from mice on day sixty-seven showed

NY, and Harvard Medical School, Partners, Boston, MA. continued secretion endostatin albeit at a lower levels when compared to the

ilone B (EpoB) is a non-taxane chemotherapeutic agent that binds to original clone. Serum samples collected from mice on day 64 showed presence
Sand 

induces cell cycle arrest and apoptosis. Mechanistically, it is of endostatin. Histopathological and immunocytochemical localization of CD-31

lto Taxol, but it has the advantage of being active in Taxol-resistant cells showed lower vessel density in the mutated endostatin secreting tumors which

V ng p-glycoprotein, the multidrug resistance transporter. Our goal was to are surgically removed at the end of the experiment. Finally, real-time PCR was

a mechanisms of sensitivity to EpoB in an ovarian cancer cell line, used to determine whether compensatory secretion of proangiogenic factors

tWe utilized cDNA microarrays encompassing 9,216 human sequences. such as VEGF could play a role in overcoming the inhibitory effects of mutated

SKOV3 cells with EpoB, or with media minus drug as a control (C), and endostatin in vivo.

vested cells at time points over a 24-hour period. Each time point was

j ed in 4 independent experiments. Statistical and cluster analyses were

d to evaluate the results. Genes altered in expression by EpoB were also

r aed as to function. There was a recruitment of 70 genes into the EpoB

by 8 hours, which expanded to 133 genes by 24 hours. Most genes #4575 The establishment of xenograft models from osteosarcoma sam-

, related to apoptosis, signal transduction and cellular transport. Selected ples and their growth Inhibition by ET-743. Bethanne D. Mazza, Rui Yang,

11" such as cytochrome c oxidase, caspases, STAT5B and several unknown Rebecca S. Sowers, Paul A. Meyers, John H. Healey, Andrew G. Huvos, Glynn T.

JS are being examined in detail using real-time, quantitative RT-PCR. Cluster Fairctoth, Jose Jimeno, and Richard G. Gorlick. Memorial Sloan Kettering Cancer

S s demonstrated unique patterns of gene expression at each time point. Center, New York, NY, PharmaMar USA, Inc, Cambridge, MA, and PharmaMar,

edata suggest that clusters of similarly expressed genes may be potential S.A., Madrid, Spain.

lar markers of EpoB treatment leading to cell death. Additional evaluation Several high-grade osteosarcoma patient-derived tumors have been estab-

reveal novel mechanisms of drug resistance to epothilones. lished as xenograft models in SCID mice. Both cultured and fresh tissue samples
were subcutaneously injected into mice. Each tumor was passaged in serial mice
until its growth was reproducible. Cytogenetics and comparative genomic hybrid-

An aminoglycoside antibiotic, Geneticin, can Inhibit the growth of ization, as well as, routine staining were performed to further characterize the

# -2 positive ovarian cancer in SCID mice model. Timothy T. C. Yip, C. S. tumors. Prior to and following passage in SCID mice, the tumors were capable of

SF. F. So, W. H. Lau, K. L. Leung, W. K. Cheung, W. S. Ma, and R. K. K. proliferation in call culture. In vitro cytotoxicity assays were completed for each of

ClinicalOncolyDepartment.po ueety nd Ediogabthy Hos , Kon, Hoyhng the agents being tested. An estimation of the maximum tolerated dose of each
ad drug was made. Three different osteosarcoma xenografts were used. For each

,Kowloon, Hong Kong. tumor, four groups consisting of six mice each were treated with Phosphate
Teacycline is a safe and inexpensive antibiotic (less than US$1 per capsule) Buffered Saline (PBS) (as a control), Trimetrexate with simultaneous Leucovorin

h•I's been used for decades. Recent findings of this antibiotic in preventing rx/(4mkgtwcdalfo10ay)Trtumb(2gktwe
metastasis of breast and prostate cancers in mice probably through the waMTX/LVy(40mg/kg, twice daily for 10 days), Trastuzumab (20mg/kg, twicehe weekly for 3 weeks) or Ecteinascidin-743 (ET-743)(0.1mg/kg twice week for5

of matrix metalloproteinase activity (Duivenvoorden at al., Invasion doses). Drug treatment was begun one week after tumor implantation or when the

s, 17(6): 312-322, 1997) has rekindled its interest for cancer treatment. tumors reached approximately 0.5cm in diameter. Each animal was weighed and

line can inhibit protein synthesis by binding to 30S ribosomal RNA. Using the tumor measured before, during and following treatment. Of the agents tested

tlnoglycoside antibiotic, Geneticin (G418), which is commonly used for DNA the greatest growth inhibition was observed with ET-743. At approximately three

on study and has the same mechanism of action as tetracycline, we weeks the PBS control averaged 1.2cm in size versus Trastuzumab at 1cm,

in this paper its in vivo growth inhibition effect in a HER-2 positive TMTX/LV at 0.95cm, and ET-743 at 0.7cm. At the doses used, ET-743 was also
cancer cell line, SKOV-3 in SCID mice model. In the first series of associated with the greatest animal weight loss. PBS treated animals weighed an

ta, Geneticin at a concentration of30, 125 and 500 micrograms/mI or average of 20g while the Trastuzumab weighed 19.5g; TMTX/LV 18g and ET-743

were concurrently injected intramuscularly onto the trunk of the SCID mice was 15g. Further experiments are being conducted to determine if reduced doses
with 2 millions SKOV-3 cells. Tumor growth was completely inhibited in wa 15g Further rent are ed to deterine ifheuc doses

r by 125 and 500 micrograms/ml of Geneticin at day 45 after injection. There of ET- 743 can still result in marked tumor growth inhibition without toxicity.83% reduction of tumor mass (or a growth delay of 32 days) at 30 micro- Additional xenograff models for preclinicel evaluation of new agents for osteO-

3 sarcoma have been developed and the results obtained thus far suggest ET-743
ml when compared with the saline control. In contrast, only injection of has activity against osteosarcoma. Further preclinical and clinical studies are

ne at a concentration of 500 micrograms/ml but not at 30 or 125 warranted.
m ams/ml resulted in significant tumor mass reduction. To further investi-

the cytotoxic effect of Geneticin, SKOV-3 tumor was grown to an average
of 76 mm3 (SD 42 mm3) before Geneticin was injected. Reduction of tumor

Sof 30%, 42% and 67% in a concentration dependent manner were respec-

Sfound at 30, 125 and 500 micrograms/ml when compared with the saline #4576 Specific inhibition of MLL fusion gene leukemias by the heat shock

c . Further findings in the extent of apoptosis and the inhibition on distant protein inhibitors Herbimycin A and 17-allylamino-17-demethoxygoedanamy-
I of the tumor will be discussed. The tumor growth inhibition effect exerted cin. Ding Yao, Wendy Hudson, Mamie Taylor, and John H. Kersey. University of

this antibiotic opens up an advantageous possibility in making use of this Minnesota Cancer Center, Minneapolis, MN.

ve agent at a cost even affordable in the developing countries as MLL fusion gene leukemias, especially infant MLL-AF4, are resistant to stan-

SIvant for treating ovary, breast and prostate cancers in conjunction with other dard chemotherapy and candidates for novel therapies. A screen of possible

vtional treatment modalities. Abstract 3 novel agents was undertaken of several benzoquinone ansamycins, including

Herbimycin A (HA) and 17-allylamino-17-demethoxygeldanamycin (17-AAG).

74 Transfection of ovarian cancer cells with mutated human endost- These agents are known to specifically bind to heat shock protein 90, inhibit

suppresses tumor growth. Indira V. Subramanian, Yumi Yokoyams. Rahel activity and result in the decreased activity of signal transduction proteins, steroid

hebre Blair Harkness, and S. Ramakrishnan. University of Minnesota, Minne- receptors, cell cycle kinases, transcription factors and p53. We have designed in

S, MN. vitro cell proliferation studies to evaluate these agents in human and murine MLL

The inhibitory effect of ovarian cancer cells transfected with mutated endost- fusion gene leukemia cell lines. The 50% inhibitory concentration (IC50) was

Swas evaluated in-vivo in a mouse model. Previous studies in our laboratory determined in a CelI-Titer96 assay. Extensive studies were done with the proto-

1 shown that a point mutation (Pro to Ala) at position 125 (P125A) has type agent, HA. Human MLL-AF4 leukemia cell lines had IC50 of 40nM (SEMK2)

ved antiangiogenic activities compared to the native protein. Pro125 pre- and 65nM (RS 4:11) with HA; phenotype-matched control cell lines KM3 and Blinl

Asn-Gly-Arg (NGR) sequence in human endostatin, which is known to bind were about 11 times less sensitive (IC50 of 390nM and tOOnM respectively), The

ial aminopeptidase-N. P125A endotatin was further modified to incor- human MLL-AF9 leukemia cell line, Molm13, had an IC50 of 25nM with HA; the

an Arg-Gly-Asp sequence at the carboxyl terminus. Mutated endoStatin phenotype matched control cell line, U937, was 300 times less sensitive with an

were cloned into eukaryotic expression vctors with gG Kappa ligt chain IC50 of 7800nM. A murine MLL-AF9 leukemia cell line, 4166, that we have

sequence. MA-148, human ovarian cancer cells were transfected with recently established was sensitive to HA with IC50 of 57nM while phenotype

endostatin constructs using DOTAP liposomes. Clones of MA-148 cells matched control cell lines were 6 times less sensitive with 350nM for Baf3 and

ng endostatin at 0.5 to 10 ng/ml as measured by ELISA and confirmed by 10OOnM for 32Dc13. Extensive studies were also carried out with the clinically

b gwere selcted for further studies. Conditioned media collcted better tolerated 17-AAG, now in clinical trials in solid tumors. Both MLL-AF4 and

endostatin secreting calls inhibited HUVEC proliferation very efficiently. MLL-AF9 cell lines were very sensitive to 17-AAG (RS 4:11, 700nM; SEMK2,

T ed MA-148 cells were then injected into athymic nude mice subcuta- 350nM; Molm13, 31nM; 4166, 6OnM) compared to control cell lines (KM3,

*itsy. Tumor cells transfected with vector alone served as a control. All the 2200nM; 1E8, 21OOnM; U937, 4500nM: Baf3, 430nM; 32Dc13, 35OnM). These

"* ed clones had near identical growth curve in vitro. Vector transfected results show that HA and 17-AAG specifically inhibit proliferation of MLL-AF4 and

Sformed tumors readily. In contrast, MA 148 cells expressing either the P1 25A MLL-AF9 fusion gene leukemias with ICS0's that are potentially useful for therapy

* tin or endostatin-RGD showed suppression of tumor growth for about 50 for MLL fusion gene leukemias. 17-AAG will be tested further in pre-clinical in vivo

5.At this time point the vector control showed a mean tumor volume of 300 and mechanistic studies of human leukemia.
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Abstract 4

expressed in AML, and PPARy ligation by CDDO induces differentiation and \ #4733 Noecapne Induces apoptosis in a taxol-resistant ovarianNapoptosis that is enhanced by RXR ligation. Increased expression of wtPPARy cel line and Inhiblit recurrence after surgical debulking. Lisa 0enhances recruitment of DRIP205 co-activator and accelerates mitochondrial and Sundaram Ramakrishnan. University of Minnesota, Minneapolis, MaIt1depolarization and caspase activation upon CDDO treatment. These results sug- Ovarian cancer is often treated with taxol containing chemotherapeuticgest that PPARy ligands, alone and in combination with retinoids, have promise after surgical debulking. Development of drug resistance is a major Ii),
as novel therapy for leukemias. Ligation of PPARy/RXR provides a mechanistic successfully treating ovarian cancer patients. Noscapine is an alkaloid thatbasis for maximal increase of transcriptional activity in target genes that control to microtubule assembly at a distant site from the taxol binding site. Tiapoptosis and differentiation. action leads to cell cycle arrest and apoptosis in tumor cell lines. In this st

investigated whether noscapine can be used to overcome taxol resi
taxol-resistant ovarian cancer cell line, PTX10, and its parent clone,#4731 The use of the COMPARE algorithm to guide mechanistic studies used to determine the effect of noscapine in vitro and in vivo.on novel antitumor agents: A tale of two benzothiazoles. Malcolm F. G. measured with flow cytometry by uptake of 10-N nonyl acridine OrangeStevens, Geoffrey Wells, Tracey D. Bradshaw, Andrew D. Westwell, and Susan L. mitochondrial cardiolipin specific dye, and caspase-3 activation. After 72Holbeck. University of Nottingham, Nottingham, UK, and National Cancer Insti- exposure to noscapine, 1A9 cells showed no change in NAO uptaketute, Bethesda, MD. PTX10 cells there was an Increase of 39% (p = 0.028). Noscapine trThe activity profiles of compounds tested in the NCI in vitro human tumor caused caspase-3 activation in PTX10 cells. There was a time-deperntscreen (sixty cell lines) offer unique insights into their potency and selectivity. In gressive change in caspase-3 activation, which reached 76% after 72addition, mean-graph activity profiles can often be associated with a defined 0.0001) of exposure to the drug. These studies suggest that noscapine coiimode of action. Comparing the Gl15 activity patterns of novel compounds with used to treat taxol-resistant cancer cells. A xenograft tumor model was uthose in the NCI database may therefore identify associations leading to mech- further test this hypothesis. PTX1 0 taxol-resistant cells were injected sanistic insights for the new molecule. This approach has been utilized in our ously into female, athymic nude mice. Well-established tumors were ownlaboratories for two structurally-related but mechanistically distinct classes of cally removed to simulate clinical conditions. Surgically debulked mice wereinovel agents. The antitumor heteroaromatic quinols possess highly unusual ac- treated with placebo or 3mg noscapine/mouse/dose i.p. for 30 days.tivity concentrated in certain colon and renal tumor cell lines at the LC50 level studies showed that noscapine treatment completely blocked recurrerwhich immediately marked them out as novel agents warranting further study. taxol-resistant tumors compared to 14% in placebo suggesting theCOMPARE analyses at the Gl15 level showed that for active compounds within clinical utility of the drug.

this series Pearson Correlation Coefficients (PCCs) were >0.7 indicative of aconserved mechanism of action within the series. Comparison of the activity #4734 Characterization of a cell line resistant to the newprofile of the lead compound NSC 706704 with compounds within the NCI on-linedatabase (http://dtp.nci.nih.gov) produced 168 compounds with a PCC > 0.7 derivative, S23906-1. Stephane Lonce, Valerie Perez, Nicolas Guilbaud, Jam i:with respect to NSC 706704. The activity of NSC 706704 however did not appear Hickman, and Alain Pierre. Institut de Recherches Servier, Suresnes, Frwato correlate well with that of standard agents within the NCI database. Further S23906-1, a new synthetic benzoacronycine derivative with a unique phmwstructural analysis of these compounds indicated that the majority were Michael cological profile, is currently in preclinical development. In order to invritywer Micael mechanism of action, the human KB-3-1 epidermoid carcinoma cell line eor "pro-Michael" acceptors, and therefore potentially electrophilic, thiol-reactive meresist by stis x r the dru o 500 nma A lnagents. This is also the case for hydroxy cyclohexadienone-containing NSC made resistant by stepwise exposure to the drug, up to 500 nM. A istinit706704 and related quinols. Interrogation of the literature for biological data on Sub-line and stableefor at least 2 monthswin vit wn.toBbe2155folcells were tothese related compounds, although scarce in many cases, uncovered several S23906-1 and stable for at least 2 months in vitro. KB/S23-500 cells were n
common mechanistic targets for further study. One of these potential targets, subcutaneously into nude mice, leading to sold tumors which warethioredoxin, has subsequently been validated to some degree by experimental less sensitive to S23906-1 in vivo. Flow cytometnc studies showed that Pinvestigations (NSC 706704, low micromolar values for IC5o (thioredoxin)), Further glycoprotein was not overexpressed in the resistant cells. KB/S23-5t atarget COMPARE studies for the quinol series against thioredoxin and thioredoxin displayed a low cross-resistance, from 1.5 to 4 fold, to inhibitors ofreductase (mRNA expression) revealed significant correlations for three quinol ase I or II (CPT, VP16, Topotecan), no cross-resistance to tubulin icompounds e.g. for NSC 706704, PCC versus thioredoxin = -0.43, p = 0.001. A agents (NVBtXl, tVCR), and a significant resistance (6 to 8 fold) to COOPsecond class of novel agents has also been probed for mechanistic information the diol derivative of S23906-1, which was found inactive in vivo in all themyusing the COMPARE approach. 2-(4-Aminophenyl)benzothiazoles are exquisitely tested so far. This latter observation makes the KB/i23-500 cell line a valpotent and selective antitumor agents in vitro and in vivo, and the lead compoundin this series is scheduled to enter Phase 1 clinical evaluation in 2002. COMPARE tool to dissect the molecular mechanism of action of S23906-1. In KB-3-1 caanalysis of mean graph patterns at the G150 level reveals PCCs > 0.7 within this S23906-1 induced a rapid increase in cyclin E protein level which was folloseries but no significant PCCs with standard clinical agents in the NCI database. apoptosis. In KB/S23-500 cells, S23906-1 failed to induce cyclin E and ;0Molecular target COMPARE failed to identify a known target, corroborating the apoptotic response was lower, Cyclin E induction thus appears to be involvedIassumption that 2-(4-aminophenyl)benzothiazoles represent a class of com- the cytotoxic properties of S23906-1. Recent studies having demonstrated vpound mechanistically distinct from present clinical chemotherapeutic agents. unusual mode of DNA alkylation by S23906-1 (David-Cordonnier MH et al., Pr=Amer. Assoc. Cancer Res., 2002), further experiments are in progress to a

the question of cellular responses to DNA-alkylation by S23906-1, in senulliw
#4732 A novel biomarker for methionine aminopeptidase inhibitors: NH2- versus resistant cells.
terminal changes in 14-3-3y and detection in in vitro and in vivo samplestreated with NVP-LAF389. Penny E. Phillips, Harry Towbin, Barbara Stolz, Jean- #4736 Growth inhibition and apoptosis are induced by Zoledronic ,OnIS@nette Wood, and James Decaprio. Novartis Pharmaceuticals Corporation, Sum- human pancreatic cancer cell lines. Pierfrancesco Tassone, Pierosandromit, NJ, Novartis Pharmaceuticals Corporation, Basle, Switzerland, and Dana gliaferri, Eulalia Galea, Camillo Palmieri, Caterina Viscomi. and Salvatore Venus,Farber Cancer Institute, Boston, MA. Magna Graecia University, Catanzaro, Italy.NVP-LAF389, a novel synthetic analogue of the marine natural product beng- Recent reports have showed that Bisphosphonates (BPs), which have wideamides, is currently in Phase 1 clinical trials. The molecular target of LAF389, clinical use as antiresorptive agents, also induce antiproliferative and apOptDmethionine aminopeptidase (MetAp), has recently been identified through a 2-di- effects on neoplastic cells of hematopoietic and non hematopoietic origin, suchmensional gel proteome analysis of cells. In this analysis, the gamma isoform of as multiple myeloma, breast and prostate cancer. BPs are thought to intethe 14-3-3 family of cytosolic adaptor proteins was shown to have an alteration in with the activity of small GTP-binding proteins as p21/ras. Among BPS,its amino terminus upon treatment of cells in vitro with LAF389; the constitutive Zoledronic acid (ZIn), a third-generation BP, is a new available drug which sh00form of 14- 3 -3y has an acetylated Val residue at its amino terminus, whereas the a potent anti-resorptive effect. Pancreatic cancer presents disregulated p2lfthLAF389-induced form retains its initiator Met and is not acetylated (MetVall 4-3- activity due to activating mutations detected in the majority of clinical spilti0W3-1). Data will be presented showing that induction of the Met-Val form of 14 -3 -3y On these bases and considering also that the effect of BPs has not been at Oltis a specific marker for cells treated in vitro with LAF389 or the structurally knowledge previously investigated on human pancreatic cancer cells, we hWunrelated MetAp inhibitor fumagillin. A structural analogue of LAF389 that is studied the activity of ZIn on the proliferation and survival of three panc ,,inactive in MetAp enzyme assays does not induce MetVal 14-3-3-y in treated cells, cancer cell lines (BXPC3, PANC1, CFPAC1). Proliferative assays were perfraTand no induction of MetVal 14 -3 -3 y is seen in cells treated with standard cyto- by MTT and the assorbance (562nm) was mesoured using an ELISA micropieltoxic agents. Induction of MetVal 14-3-3-y is also shown to be independent of the reader. Apoptotic cell death was analysed by two flow cytometric assays. "G1 cell cycle arrest caused by LAF389. Detection of MetVal 14-3-3y is shown Annexin-V FITC staining and the Mebstain technique, a modification ofusing isoelectric focusing followed by immunodetection with commercial isoform- TUNEL method. ZIn induced antiproliferative effects on pancreatic cells& Thspecific polyclonal antibodies. An aiternative method has also been developed, growth inhibition was up to 80% after 72 hour exposure to 50 gM drug c09lC'based on monoclonal antibodies specific for either MetVal 14-3-31y or AcetylVal tration in all cell lines. The antiproliferative effect was mainly due to apoptO14 -3 -3 y, MetVal 14-3-3-y induction in response to LAF389 is seen in epithelial and induction as demonstrated by the Annexin-V FITC staining and the MetiibWendothelial cells treated in vitro, and in xenograft tumors and peripheral blood technique which detected apoptotic death in 40-50% of treated cells after 72lymphocytes from animals treated in vivo. Detection in circulating PBL may thus hour exposure to ZIn. The apoptotic effect induced by the drug were correlateoffer a method to prove that methionine aminopeptidase inhibition occurs in PARP activation but was independent from caspase 3 activation as demo-shetstpatients treated with LAF389. by Western Blot analysis. Moreover, before the onset of apoptotic death (48 ft"
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Abstracts

found to be associated with 80S ribosomes in immortalized cells 028 Abstract 5 Sli

but not in the Ki-Ras transformed cells. By contrast, modified Adeno-Associated Virus Mediated Antlanglogenic Gene
forms of c-Jun may be differentially associated with polysomes Therapy for Ovarian Cancer: Targeted Treatment with
from the two cell lines. These results suggest that there are Mutated Endostatins.
fundamental differences between the protein synthesis machinery Indira Subramanian Ph.D.', Rahel Ghebre M.D.' , Yumi
of normal versus transformed cells. Yokoyama Ph.D. and S. Ramakrishnan Ph.D.' 2

Department of Obstetrics Gynecology and Women s Health',
027 Department of PharmacologyD2 Universit, of Minnesota.
VEGF Down-Regulation by Ribozymes Expressed from Minneapolis
a Plasmid Vector, pSNRIII-zeo, in Glioma Cell Lines. Ovarian cancer is a leading cause of death among gynecological
Li Dao Ke and W. K. Alfred Yung malignancies. Secretion of angiogenic growth factors by the
Department of Neuro-Oncologv, The University of Texas M D. ovarian cancer cells plays a critical role in intraperitoneal
Anderson Cancer Center Houston, TX 77030. dissemination and ascites development. Therefore, methods to

Vascular endothelial growth factor is one of the major positive intervene angiogenic pathways are sought. Human endostatin is a
factors involved in solid tumor angiogenesis. We have found a proteolytic fragment of collagen type XVIII. Treatment of
correlation of VEGF expression level with tumorigenicity in established ovarian cancers with bolus injections of endostatin
glioma cell lines (Clin. Cancer Res. 6: 2562-72, 2000). We had been previously shown to have moderate effect on cancer
demonstrated that overexpression of VEGF121 or VEGFI 65 in a growth. To improve bioavailability and sustained delivery of
low tumorigenic glioma cell line, U251 GM, greatly promoted its endostatin inside the peritoneal compartment, we used AAV
tumorigenicity (Cancer Res. 62:1845-54, 2002). Thus, VEGF is based gene therapy approach. Endostatin containing a non-
considered a target for cancer gene therapy. We have also conservative point mutation, P125A, was found to have improved
reported two VEGF hammerhead ribozymes (RZ), which were antiangiogenic activities. Endostatin was also genetically
highly specific and effective in vitro, but much less effective in modified to incorporate RGD sequence so as to improve targeting
cells (Inter. J. Oncology 12:1391-6, 1998). One of the potential to tumor vasculature. Mutant endostatins were cloned
possibilities that lead to less effectiveness of the RZ function in into pAAV vector. IgG kappa light chain leader sequence was
vivo could be 3' sequence attachment of the designed small RZ engineered into the vector for efficient secretion. rAAV was
molecules by pol Il-based expression system. For this reason, we produced by cotransfecting the HEK 293 cell lines with pHelper,
constructed a small nuclear RNA expression vector, pSNRIII-zeo, pAAVRC and pAAV shuttle vector. The endostatin secretion was
for functional studies of small potential therapeutic RNA determined by ELISA and Western blot. rAAV genomic copies
molecules in vivo. The U6 promoter-based vector provides five were determined using Real Time PCR Sustained expression of
cloning sites flanked by two short DNA sequences that form endostatin was compared between intraperitoneal and
RNA stem-loop structures. Besides, it contains a zeocin intramuscular routes rAAV delivery. Effect of mutant endostatins
resistance gene for colony selection following the vector on ovarian cancer cell-induced angiogenic response was
transfection. Two VEGF RZs were transferred into the novel determined in matrigel plug assays. Dose and route of
vector. Their expression in the selected populations or clones was administration dependent changes in inhibition of angiogenesis
detected by Northern hybridization, showing 100-101 nt as will be presented.
expected. The expression of pSNRIII-zeo/VEGF/RZ does not
interfere with the endogenous U6 expression level during the two 029
years after cells were stable transfected. Stable transfection of the Synergistic Antlangiogenic and Antitumour Activity
VEGF/RZI or iRZII in the VEGF16S over-expressing cells leads to Inducing ADCC, CMC, Anolkis and PCD after
32-98% or 95-100% VEGF protein reduction in 12 clones Immunochemogene Treatment Consisting of Docetaxel
examined. 75-98% of VEGF mRNA is reduced in the four best Combined with Pegylated Colloidal Complex (SEVINA-
clones examined, suggesting that the two RZs are functioning at 3122) of Anti HER-2/neu Mabs and K-Ras Antisense
RNA level and the RZII showed more efficient than RZII in Oligonucleotides in Chemoresistant NSCLC.
downregulation of VEGF165 expression. However, the same RZs Giannios J.,Michailakis E..Alexandropoulos N. and
shows little effect in deregulating VEGF1 2 1 mRNA and its Kononas T.
protein. The RZII-targeting site in VEGF1 65 mRNA is exposed as Dept. of Clinical Oncology, GSHA and Dept of Clininal
part of decanucleotide bulge loop, whereas the same sequence in Biochemistry and Surgery.IH, GR.
VEGFI2 1 mRNA is predicted as a stable double-stranded stem.These findings suggest that RNA folding of two VEGF isoforms Overexpression of HER-2/neu and K-Ras due to altered
and other cellular factors may be involved in the RZitarget transcriptional control is involved in NSCLC and it is correlatedainteractionean rive. with enhanced production of angiogenic factors which inducea endothelial cell chemotaxis leading to neovascularization, high

cellular proliferation, poor tumour differentiation, high cell
motility, adhesion and invasion leading to high metastatic rates.It
also makes tumour cells resistant to chemotherapy and radiation
due to protection from PCD. NSCLC cells were obtained from a
chemoresistant pt.The expression pattern of angiogenic &
apoptotic factors, K-Ras and HER-2ineu (gene,mRNA transcript,
protein) was quantitatively analyzed by PCR,RT-PCR, Northern-
blot, IHC and ELISA. NSCLC cells were characterized by

Cancer Gene Therapy



Abstract 6

Anti-angiogenic therapies: Preclinical evaluation of a genetically modified endostatin against
ovarian cancer.

A

S. Ramakrishnan, Y. Yokoyama, I. Subramanian, R. Ghebre and L. F. Carson.
Department of Pharmacology and Obstetrics and Gynecology,

University of Minnesota, Minneapolis.

Development of new blood vessels from preexisting vasculature, angiogenesis, is important for the

growth and peritoneal metastasis of ovarian cancer. Tumor cells secrete a number of angiogenic growth

factors such as vascular endothelial growth factor, VEGF. VEGF has dual role in ovarian cancer, inducing

angiogenesis and development of ascites. Both malignant ascites formation and tumor angiogenesis are

blocked by neutralizing VEGF with an antibody. Angiogenesis is a complex process involving endothelial 0

cell proliferation, migration, matrix degradation, tube formation and finally maturation. Each one of these

steps is a potential target for intervention. More than 20 different antiangiogenic compounds are currently

investigated for potential clinical use. Endostatin is one of the antiangiogenic molecules undergoing

clinical evaluation. Endostatin is a proteolytic fragment of collagen type XVIII. Endostatin treatment

showed varying degree of efficacy in different tumor model systems. One of the limiting factors in using

endostatin for ovarian cancer treatment is its bioavailability in the peritoneum. Endostatin was genetically 0

modified to target tumor vasculature and improve its biological activity. Gene delivery vectors were
'U

designed to establish sustained, long-term secretion of endostatin inside the peritoneum. Preclinical studies

using genetically modified endostatin show promising results against ovarian cancer growth. 0

0'U

'U

0

0

0



Abstract 7

Antiangiogenic Gene Therapy of Ovarian and Breast Cancers - Preclinical Studies
Indira V. Subramanian1 , Yumi Yokoyama2 , Jakub Tolar3, Bruce R. Blazar3 and

S. Ramakrishnanl,2 ,
Department of Obstetrics and Gynecology/Women's Health', Pharmacolgy2, Medicine3.
University of Minnesota Medical School, Minneapolis, MN 55455, USA.

Human ovarian cancer cells are genetically modified by 'Sleeping-beauty'
mediated delivery of DsRed fluorescent protein, which enabled in vivo imaging of the
tumors grown at orthotopic sites. Using this model we investigated the effect of AAV
mediated gene therapy of a mutated human endostatin, P125A-endostatin. Earlier we
have described a non-conservative mutation of proline to alanine at the position 125 of
human endostatin resulted in increased binding to endothelial cells. Furthermore, mutated
endostatin when modified to incorporate an integrin binding sequence enhanced the
biological activity of the mutated protein when compared to the native molecule. In the
present study, we investigated the long-term in situ expression of P125A-endostatin in
mouse using Adeno Associated Virus (rAAV-P125A endo). A single injection (i.m. or
i.p) of rAAV-P125A endo resulted in prolonged expression of transgene for two months.
rAAV-P125A endo construct inhibited ovarian cancer growth significantly in the
orthotopic tumors model. Whole mouse imaging was used to evaluate the extent of
peritoneal seeding of ovarian cancer. As a confirmation, animals were imaged at the time
of necropsy as well to document tumor burden. These studies showed that about 40 % of
rAAV-P125A endo treated mice remained tumor free until Day 175 after a single
injection of the virus. Gene therapy methods using rAAV-P125A endo construct was also
effective in inhibiting spontaneous mammary adenocarcinoma development in C3(1)Tag
transgenic mice. Both number of lesions and tumor burden was significantly reduced by
sustained secretion of P125A-endostatin. Mammary fat pads from most of the surviving
animals injected with rAAV-P125A endo showed no evidence of microscopic disease.

Angiogenesis Meeting - Mayo Clinic, Rochestoer, MN Oct.2004
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Adeno-associated virus mediated delivery of a mutant endostatin
inhibits orthotopic growth of ovarian cancer in Athymic mice

Indira V Subramanian', Tri Minh Bui Nguyen2, Jakub Tolar3, Bruce Blazer3 and S.
Ramakrishnan 1,2 0

Department of Obstetrics and Gynecology/Women's Health', Pharmacolgy2, Medicine3.
University of Minnesota Medical School, Minneapolis, MN 55455, USA.

Earlier we have shown that human endostatin having a point mutation at position
125 (P125A-endostatin) improves endothelial cell binding and antiangiogenic activity.
These studies also showed that the efficacy of antiangiogenic therapy was dependent on
continuous delivery of P125A-endostatin over long periods of time. Therefore, we
investigated the sustained expression of P125A-endostatin using adeno-associated viral
(AAV) vectors in athymic mouse model systems bearing human ovarian cancer
xenografts. AAV vector was efficient in the expression of the transgene when delivered
either by intramuscular or intraperitoneal route. Dose dependent expression of P125A-
endostatin was observed for more than two months. In the initial experiments
subcutaneous growth of ovarian cancer was evaluated. Growth of established tumors was
inhibited by 70 % by a single injection of rAAV-Pl25Aendo. Residual tumors from mice
showed decreased vascularity and distinct changes in the architecture of blood vessels.
Subsequently, we investigated the effect of AAV mediated gene delivery of P125A-
endostatin (rAAV-Pl25Aendo) in an orthotopic model of ovarian cancer. Human ovarian
cancer cells were genetically modified by 'Sleeping-beauty' mediated delivery of DsRed
fluorescent protein. Transplantation of the tumors expressing DsRed protein enabled in
vivo imaging of tumor growth and metastasis inside the peritoneum. Intraperitoneal
injection of human ovarian cancer cells expressing DsRed into athymic mice resulted in
colonization of ovaries and peritoneal metastasis. Intramuscular injection of 1 x 109 virus
particles showed significant reduction in the intraperitoneal growth of ovarian cancer.
When compared to the rAAV-LacZ treated control groups, rAAV-P125Aendo injected
mice showed a 50 % reduction in total tumor burden, which was statistically significant.
About 40 % of the treated animals remained tumor-free over a period of 114 days.
Noninvasive methods of imaging during the course of the experiment and internal
imaging at the time of necropsy were used to determine the efficacy of rAAV-
P125Aendo gene therapy to inhibit orthotopic growth of ovarian cancer. These studies
suggest that AAV-mediated gene therapy of P125A-endostatin is useful in inhibiting
intraperitoneal growth of ovarian cancer. Future studies using chemotherapy and
antiangiogenic gene therapy will determine the potential clinical utility of this approach.
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(4) INTRODUCTION:

The vast majority of ovarian cancers arise from the surface epithelium. Only a
small percent of ovarian cancers are genetically linked . Epidemiological data clearly
suggest that ovulation related events can be associated with ovarian cancer development.
Recurrent process of wounding and repair during repeated ovulation is implicated in
transformation of surface epithelium. Transformed cells are then selected in vivo for their
ability to attract new blood vessels, angiogenesis, one of the necessary steps involved in
the establishment of tumors. Secretion of angiogenic factors is prognostically significant.
Furthermore, gonadotropic hormones can induce angiogenic factors in cell cultures.
These studies lead to a possible relationship between, ovulation, ovulatory hormones and
angiogenic phenotype. Based on these data, the present proposal is designed to
investigate the role of angiogenic factors in the development of ovarian cancer.

(5) BODY:

Hypothesis and Purpose: In addition to genetic changes in ovarian surface
epithelium, secretion of proangiogenic growth factors is an important step in the
development of ovarian cancer.

Task 1 and 2: To evaluate expression of angiogenic growth factors in surface epithelium
of the ovary and to determine whether angiogenic growth factor play a role in the
development of ovarian cancer.

Ovarian surface epithelial cell line from rat (ROSE199), which spontaneously arose
during culture, was obtained from Dr. N. Auersperg, University of British Columbia.
This cell line was characterized for the expression of proangiogenic growth factors using
RT- PCR. These studies showed that ROSE 199 cells express low levels of VEGF and
Ang- 1. ROSE 199 cells did not grow in anchorage independent manner and did not form
tumors when injected into athymic mice.

When ROSE 199 cells were transfected with a retroviral construct containing
activated form of rat 'neu' oncogene, the transfectants formed colonies in semi solid
medium. Unlike the parental cells, neu-transformed ROSE 199 cells readily formed
tumors in athymic mice.

ROSE 199 cells were then stably transfected with human VEGF 165 cDNA. A
number of clones expressing varying amounts of VEGF were selected. VEGF transfected
clones did not show any morphological changes. Furthermore, the proliferative rate of
ROSE 199 cells was not affected by VEGF transfection. VEGF positive ROSE199 cells
retained all the properties of a normal cell including the inability to grow in semi solid
medium. However, VEGF expression seems to provide survival advantage in vivo.
Injection of ROSE 199 cells expressing VEGF readily formed solid tumors when injected

4



s.c. Intraperitoneal injection resulted in malignant ascites formation. These studies
demonstrated that acquiring angiogenic phenotype is a necessary event in ovarian cancer
development. This model provided evidence for the role of VEGF in ovarian cancer
development. Using this model we investigated whether neutralization of VEGF can
revert the tumorigenic phenotype. In deed, treatment of mice with selective VEGF
receptor specific kinase inhibitor, SU5416, inhibited tumor growth in nude mice.

VEGF over expression does not affect the proliferation rate of ROSE 199 cells. ROSE 199
and transfectants were seeded at 10,000 cells per well in 24-well plates. On indicated
time points, cells were trypsinized to determine cell number. These studies showed that
the transfectants are proliferating at the same rate as the control cultures (Fig. 1).

Figure: 1 ROSE199 Cell Line Proliferation Rate
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VEGF-secreting ROSE 199 cells were then evaluated for their angiogenic phenotype. As
a control ROSE 199 cells and a tumorigenic cell line derived by transfection with a
retroviral construct containing a mutated, rat Her-2/neu cDNA was used. Essentially,
about 2 million cells were resuspended in Matrigel and subcutaneously injected into
athymic mice. After 7 days, matrigel plugs were surgically resected and sectioned for
immunocytochemical staining using anti-CD31-PE conjugate to detect blood vessels. The
images were captured by Metamorph software and the vessel number was calculated by a
Skeletonization program. Vessel densities indicate that VEGF transfected cloned in deed
attract more blood vessels when compared to vector controls (Fig. 2).
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Fig. 2. Vessel density in Matrigels.

Determination of Tumorigenic Phenotype : Does secretion of VEGF provide survival
advantage and tumorigenesis in vivo ? ROSE 199 cells secreting VEGF were
subcutaneously injected into athymic nude mice to determine tumorigenic phenotype.
Control ROSE 199 cells rarely induced tumors. In contrast, VEGF transfected cells
readily formed tumors. About 85 % of the injected mice developed subcutaneous tumors
when injected s.c (Fig. 3). Subsequently, we determined whether VEGF-ROSE 199
cells can form malignant ascites by injecting these cells i.p. In deed, all the injected mice
developed malignant ascites with an average volume of about 7 mls in 60 days. Vector
controls did not form ascites. These studies clearly demonstrate that VEGF secretion by
ovarian surface epithelium confer tumorigenic phenotype and leads to ascites formation.

Tumor Development in Athymic Female Nice (n=20)
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04
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Ne /(9F1S 99 VEC f RMOSF 199 iFTty/ROS E 199

Cell Line

Fig. 3. Tumorigenic phenotype ofVEGF-ROSE199 cells. As a control, ROSE199 cells
transduced with Neu oncogene by retrovirus was used. 1 = 100 % tumor incidence.

VEGF transduced ROSE 199 cells were injected into athymic mice to evaluate tumor
growth. Data in Fig. 4 show that the vector controls did not form any detectable tumors
whereas the VEGF transfected ROSE199 cells formed an average of about 2500 mm3
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tumors with in 100 days. Clear evidence for tumor growth was visible as early as 40 days
after s.c. injection.

C ___ D~_ __

Fig. 4: In vivo growth of VEGF-ROSE199 cells in athymic nude mice. Panel A and C
intraperitoneal growth of VEGF-ROSEJ 99 cells. Panel B and D show s.c. growth of
VEGF-ROSE199 cells. C - survival of i.p. injected animals. D- tumor volume
measurement s. c.

These studies suggest that secretion of angiogenic growth factors such as VEGF can
provide survival advantage and initiation of tumor formation by ovarian surface
epithelium.

Since VEGF secretion provided in vivo survival advantage and converted the non-
tumorigenic ROSE 199 cells into a tumorigenic phenotype, we carried out studies to
determine whether one can reverse this phenomenon by intervening VEGF mediated
signaling. VEGF-ROSE cells were injected into groups of athymic mice and one group
was treated with a recombinant human single chain antibody to VEGF. Antibodies will
neutralize the VEGF outside the cell and prevent angiogenic signaling. In another set of
experiment, a specific inhibitor of VEGF-Receptor 2, SU 5416 was used. SU5416
inhibits the tyrosine kinase activity of filk-1. Both external neutralization and inhibition of
VEGF-receptor mediated signaling significantly inhibited the growth of VEGF-ROSE

SU5416 ••~

Fig. 5 : Structure of SU 5416, a selective inhibitor offlk-J receptor tyrosine kinase
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cells in athymic mice. These studies suggest that angiogenic growth factor secretion is a
necessary component in ovarian cancer development and that inhibition of angiogenic
signaling can inhibit ovarian cancer growth.

VEGF/ROSEI99 Tumor Growth Curve (athymic n=10)
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Fig. 6. Effect of SU5416 on VEGF-ROSE 199 induced tumor growth. SU5416 was
administered i.p. daily 3-days after implantation of cells and continued for two weeks.
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Fig. 7: Effect of a single chain antibody to VEGF on the growth of VEGF secreting rat
ovarian surface epithelial cell line. Solid squares show PBS treated control mice. Each
group contained 10 mice. Antibody treatment is indicated as arrows. Each mouse was
injected with 100 ug of the antibody.
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Then we investigated whether the angiogenic 'switch' of VEGF-ROSE cells can be
balanced by genetically regulated expression of an antiangiogenic molecule. For this
purpose, a tetracycline regulated expression cassette was generated. VEGF-ROSE cells
were transduced with Tet-operated endostatin expression vector. Initial studies focused
on tetracycline-induced expression of endostatin in vitro (Fig. 8) . Data in Fig. 8 show
endostatin expression in VEGF-ROSE cells when treated with different concentrations of
doxycycline. Up to 500 ng/ml of doxycycline there was a concentration-dependent
stimulation of endostatin secretion as determined by a specific ELISA. At very high
concentration, endostatin secretion was inhibited due to toxicity.

Fig. 8. Tetracycline-induced secretion of endostatin in VRTet cells.
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After validating the that tet-operated expression of endostatin did not alter growth
kinetics of transfected cells, we embarked on investigating the tumorigenic potential of
this cell line. If proangiogenic phenotype of VEGF-ROSE cells were to be balanced by
the secretion of endostatin, we expect reversal of tumorigenic phenotype. To test this
hypothesis, athymic nude mice (20, female mice) were subcutaneously injected with
VRTet-endo cells. Mice were then randomized into two groups of 10 each. After 7 days,
one group of mice was treated with doxycylin in sucrose containing drinking water. The
second group of mice served as a control. Tumor growth was followed by caliper
measurements at regular intervals. Data in Fig. 2 show the tumor growth profile. Mice
drinking regular water showed tumor growth reaching a volume of 700 mm3 by day 28.
On the other hand the mice drinking doxycycline-containing water showed complete
suppression of tumor growth. These studies clearly demonstrate that balancing the
angiogenic potential of VEGF-ROSE cells by secretion of endostatin completely reverse
the tumorigenic phenotype (Fig.9).
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Fig. 9. Doxycycline induced expression of endostatin completely suppresses VEGF-
ROSE tumor growth in nude mice.
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These demonstrated that VEGF secretion is a prerequisite for transformed ovarian surface
epithelium to establish as tumors. VEGF expression also resulted in malignant ascites
formation.

(6) KEY RESEARCH ACCOMPLISHMENTS:

"* Growth factors secreted by a normal rat ovarian surface epithelium (ROSE 199)
were determined by RT-PCR.

"* ROSE199 cells were characterized for in vitro growth, anchorage independent
growth and angiogenic response.

"* ROSE199 cells stably transfected with VEGF did not alter in vitro growth
characteristics.

* VEGF expression in ROSE 199 induced angiogenic response in matrigel assays.
* VEGF-expression resulted in tumorigenic phenotype.
* Neutralization of VEGF activity inhibited VEGF-ROSE 199-induced tumors.
* Endostatin was expressed conditionally in VEGF-ROSE 199 cells.

10



"* Doxycycline induced expression of endostatin balanced the proangiogenic
response of VEGF-ROSE199 cells.

"* Balancing the angiogenic phenotpe by co-expression of antiangiogenic factor,
endostatin reverted the tumorigenic phenotype of VEGF-ROSE cells.

(7) REPORTABLE OUTCOMES:

Manuscript :

1. J.J. Schumacher, J. Cosin, N. Auersperg, and S. Ramakrishnan. VEGF Over-
expression in a normal ovarian surface epithelial cell line leads to tumorigenesis and
ascites formation. (communicated).

(9 ) CONCLUSIONS : Secretion of VEGF gives a selective advantage for non-
tumorigenic ovarian surface epithelial cell line to become tumorigenic. Formation of
malignant ascites is clearly associated with VEGF secretion, which is a characteristic of
ovarian cancer. When angiogenic potential is balanced by the production of
antiangiogenic molecule in the same cells, the tumorigenic potential was reverted. These
studies suggest the important role of VEGF in ovarian cancer development. Furthermore,
these studies provide evidence for the potential reversal of tumorigenic phenotype by co-
expression of an antiangiogenic molecule, endostatin.

(10) REFERENCES: None

(11) APPENDIX:

J.J. Schumacher, J. Cosin, N. Suersperg, and S. Ramakrishnan. VEGF Over-expression
in a normal ovarian surface epithelial cell line leads to tumorigenesis and ascites
formation.
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Summary

Vascular endothelial growth factor (VEGF) is a potent angiogenic factor that is

upregulated in malignancies such as ovarian cancer. To determine the functional role of

VEGF in the development of ovarian tumors, we transduced human VEGF165 into a

normal rat ovarian surface epithelial cell line, ROSE199 (VR). A number of highly

secreting VR clones were established. As a positive control, ROSE 199 cells were

transfected with the neu oncogene which is over-expressed in >30% of ovarian cancers.

Neu transfected ROSE199 cells showed phenotypic characteristics of transformation in

vitro with an abundance of focal forming units in monolayer cultures and colony growth

in soft agar. In contrast, VEGF secreting ROSE199 cells did not show characteristic

changes of transformation. Transfection of ROSE 199 cells with VEGF165 or vector

alone did not alter in vitro proliferation rate of these cells compared to parental ROSE 199

cells. Neu transfected ROSE 199 cells formed solid tumors in 19/20 (90%) of mice

injected. Interestingly 17/20 (85%) of mice injected subcutaneously with VR cells

developed vascularized tumors. Intraperitoneal injection of VR cells lead to malignant

ascites formation in 100% of injected mice whereas, control transfected ROSE 199 cells

failed to produce tumors in either s.c. or i.p. models. Furthermore, blocking VEGF

mediated signaling by the Flk-1/KDR receptor kinase inhibitor SU5416 reduced the

growth of VR tumors. In order to determine whether the angiogenic phenotype can be

balanced by expression of an antiangiogenic molecule a Tet-operated inducible

expression system was utilized in the VR cell line. Tet-induced expression of endostatin

reverted the tumorigenic phenotype of VR cells and extended lifespan in mouse models.

These studies demonstrate that VEGF expression may play an important role in the



etiology of ovarian cancer and blocking VEGF mediated signaling may be useful in the

treatment of epithelial ovarian cancer.

Introduction

The most common form of ovarian cancer results from the malignant transformation of

the ovarian surface epithelium, a single layer of cells that surround the ovaries. Ovarian

epithelial cells function to secrete lysosomal proteases that aid in follicular rupture during

ovulation and proliferate and migrate to heal the resultant wound. The etiology of

ovarian surface epithelial cancer however, remains poorly understood. Epidemiological

evidence supports two main theories: the 'incessant ovulation' hypothesis and the

'gonadotropin hypothesis. The 'incessant ovulation' hypo thesis suggests that the risk of

ovarian cancer increases with increased number of ovulations [1]. This is supported by

evidence that a decrease in occurrence of epithelial ovarian cancer (EOC) is found in

women with reduced ovulatory cycles due to pregnancy, oral contraceptive use, and

lactation. It is therefore suggested that repeated wounding and healing of the ovarian

surface epithelium (OSE) increases the susceptibility for malignant transformation.

Growth factors and cytokines influence post-ovulatory repair of the OSE and impaired

regulation of these factors may also be involved in the development of ovarian cancer [2,

3]. The 'gonadotropin' hypothesis predicts that high levels of pituitary gonadotropins

increase cancer risk by stimulation of the ovarian surface epithelium [4]. Studies have

shown that gonadotropins stimulate OSE proliferation and induce expression of growth

factors such as hepatocyte growth factor (HGF), keratinocyte growth factor (KGF) [5],

and vascular endothelial growth factor (VEGF) [6], which may play a role in the onset of



EOC. It is likley the etiology of ovarian cancer is multifactorial, with genetic, hormonal,

and environmental factors playing a role; however, a common feature of these hypotheses

is the continued high level expression of growth factors by the OSE and surrounding

stroma cells.

Neovascularization is an important step in tumor growth and metastasis (Folklman 1989,

Hon 1991, Kim 1993, Millauer 1994). In order to grow beyond a critical size, solid

tumors must acquire an angiogenic phenotype to attract nourishing vasculature which in

the absence of leads to necrosis and/or apoptosis (Brem, Cancer Res 1976, 36, 2807-12.

Holmgren, L, O'Reilly Nat Med 1995, 1, 149-53). Therefore, it is not surprising that

tumor cells are potently angiogenic resulting from a decreased production of angiogenic

inhibitors and increased secretion of stimulators (Bouck N. Cancer Cells 1990, Bicknell,

Harris, Eur J Cancer 1991). Along with tumor cells, fibroblasts, macrophage, and

endothelial cells secrete a number of factors that influence the angiogenic environment of

a tumor. Thus, acquisition of an angiogenic phenotype is ultimately regulated by the net

balance between positive and negative regulators in the local environment (Rastinejad

1989, Good 1990, O'Reilly 1994, and Parangi 1996). Many studies have shown that

VEGF, a potent angiogenic growth factor, is upregulated in ovarian tumors and that high

levels of VEGF are found in associated ascites fluid in ovarian cancer patients [7-10].

Furthermore, neutralization of VEGF with a monoclonal antibody inhibits ovarian tumor

growth and ascites formation in athymic mouse models [11]. Conversly, multiple

antiangiogenic molecules have been identified such as endostatin that have been shown to

specifically inhibit endothelial cell proliferation in vitro and angiogenesis in vivo

(O'Reilly, Folkman, Cell 1997). Endostatin, along with other anti-angiogenic agents is



capable of suppressing growth of a variety of primary tumors including melanomas,

fibrosarcomas, and hemangioendotheliomas (Kamphaus GD, Kalluri R J Biol Chem

2000, O'Reilly, Folkman, Cell 1997). We therefore hypothesized that acquisition of an

angiogenic phenotype by OSE may be an important initial step in the development of

epithelial ovarian cancer and determine the affect of interferring with the angiogenic

potential of these cells with antiangiogenic endostatin. Utilizing a normal rat ovarian

surface epithelial (ROSE 199) cell line, we induced high level expression of human

VEGF165 and characterized its effects on OSE both in vitro and in vivo.

Material and Methods

Chemicals

The chemical name of SU5416 is 3 -[(2 ,4 -dimethylpyrrol-5-yl)methylidenyl]-indolin-2.

one. Details of the methodology and characterization of the SU5416 compound have

been described previously [9] [10]. Briefly, SU5416 was prepared from commercially

available 3 ,5-dimethylpyrrol-2-carboxaldehyde by aldo-condensation with indolin-2-one

in ethanol in the presence of piperidine. Doxycycline hydrochloride (D-9891) and tissue

culture grade dimethylsulfoxide (DMSO) were purchased from Sigma (D-2650).

Cell Culture

The parental ROSE 199 cells were derived from a line of spontaneously immortalized rat

OSE (Adams and Auersperg, 1981). ROSE 199, Neu/ROSE 199 and pINA/ROSE 199

cells were grown in M199 medium (GibcoBRL) with high glucose (4.5 g/liter) containing

10% fetal bovine serum and supplemented with 100 IU m-1I penicillin and 100 ug ml- 1



streptomycin (Cellgro). Selection and maintenance of Neu/ROSE 199 cells was

accomplished by growing cells in the presence of 0.8 mg/mI G418 (Calbiochem).

VEGF 165 (VR) and vector only (Empty/ROSE199) transfected ROSE 199, VR cells

expressing human endostatin (VRTet-endo), and vector control (VRTet) cells were grown

in Dulbecco's Modified Eagle Medium (GibcoBRL) with low sodium chloride (4.7

g/liter) supplemented with 10% fetal bovine serum and 100 IU ml-1 penicillin and 100 ug

ml1I streptomycin. VR and control vector clones were selected and maintained in

DMEM in the presence of 50 ug/ml Zeocin (Invitrogen). Selection and maintenance of

double-stable clones VRTet-endo was accomplished by growing cells in the presence of

0.8 mg/ml G418 (Calbiochem) and 200 g/ml Hygromycin B (Sigma). Vector control

(VRTet) cells were selected and maintained in G418 (0.8 mg/ml) only.

Generation of transfected cell lines

i man VEGF cDNA was cloned into the CMV promoter-driven mammalian expression

vector pSecTag C (Invitrogen). The full-length VEGF 165 cDNA (498 bp) was inserted

directly between the EcoRI and NotI sites downstream of the murine IgG kappa-chain

signal peptide (VEGF165/ROSE199). Transfection of VEGF165/ROSE199 or vector

alone (Empty/ROSE 199) was performed by calcium phosphate method [ 12]. Zeocin

resistant colonies were selected with optimized concentrations of Zeocin (50 ug/ml) and

culture supernatants were assayed for VEGF165. The oncogenic Neu/ROSE 199 cell line

was generated using a retrovirus containing the coding sequence for rat transforming neu

inserted into retroviral vector pINA. The retroviral plasmid is a derivative of

pgagneoSRV in which the rat beta actin promoter replaced the SV40 promoter as



previously described by Edwards et al. 1993 [13]. Both the pINA and pneu INA vector

DNA were kindly provided by Dr. A.W. Edwards (University of Cambridge, Cambridge,

UK). ROSE199 cells were serially infected with either pneuINA or pINA retrovirus and

G418 resistant clones were characterized.

Generation of tetracycline-regulated human endostatin expressing VR cells

Endostatin is a cleavage fragment of collagen type XVIII and not readily secreted

therefore, a 104-bp secretion signal of the human VEGF165 gene was cloned upstream of

the 553 bp human endostatin cDNA. An upstream primer was synthesized incorporating

the entire secretion signal ofhVEGFI65 gene and BamHI restriction enzyme site: 5'-

GGG GGA TCC ATG AAC TTT CTG CTG TCT TGG GTG CAT TGG AGC CTC

GCC TTG CTG CTC TAC CTC CAC CAT GCC AAG TGG TCC CAG GCT GCA

CCC CAC AGC CAC CGC GAC TTC-3'. A downstream primer was synthesized to

introduce a HindII site 5'-GGG AAG CTT CTA CTT GGA GOC AGT CAT-3'. This

cDNA contained nucleotide (nt) sequences encoding 1504 - 2055 of human collagen

XVII for cloning into the BamHI/HindIII site of pRev-TRE retroviral response vector

(Clontech). We utilized the RevTetTM System to produce infective retroviral particles

providing inducible expression of human endostatin gene by addition of the tetracycline

derivative, doxycycline (Dox). This procedure has previously been described

(RevTetTM System user manual/Clontech). Briefly, human endostatin cDNA was

cloned into the BamHI/HindIII site of the pRev-TRE response vector and large-scale

preparations of both pRev-TRE/endostatin response and pRev-Tet-On regulatory plasmid

DNA was prepared. Retrovirus encoding human Endostatin or Tet-On regulatory genes



were generated by stable transfection (Fugene 6, Roche Biochemicals) of the PT67

packaging cell line. Stable virus-producing PT67 clones were selected in appropriate

selection medium (G418 0.8 mg/ml or Hygromycin B 200 g/ml). VRTet-endo cells were

generated by co-infection of VR cells with culture supernatant from Tet-On and

endostatin virus-producing PT67 cells followed by combination G418 and hygromycin B

antibiotic selection. Similarly, VRTet control cells were generated by infection with

supematant from PT67 cells producing Tet-on virus and G418 resistant clones selected.

Measurement of h VEGFJ 65 and Endostatin protein expression

Secretion of human VEGF 16 5 protein from VR or vector only transfected ROSE 199 cells

in vitro was determined using a human VEGF enzyme-linked immunosorbent assay

(ELISA) kit according to the manufacturer's protocol (R & D Systems). Briefly, 1 x 105

zeocin resistant VEGF or control transfected cells were seeded into 6-well plates in 2 mls

of respective medium. After 48 hours, culture supernatants were harvested, centrifuged at

)00 rpm for 5 min. and assayed by ELISA to determine protein expression.

Tetracycline regulated protein expression was verified using human endostatin specific

ELISA (R & D Systems, Inc.). 1 x 105 cells from VRTet-endo and VRTet antibiotic

resistant clones were seeded into 6-well culture dishes in 2 mls appropriate culture

medium in the presence or absence of doxycycline (1 ug/ml). After 48 hours culture

supernatants were collected, centrifuged at 1,000 rpm for 5 minutes and assayed to

determine protein expression. Clones showing high level expression (>4000 pg/ml) were

further analyzed to assess tetracycline regulated endostatin expression. Clones were



cultured in the presence of increasing concentrations Dox and protein expression

analyzed by ELISA.

Proliferation rate of ROSE]99 cell lines

Cell proliferation in vitro was determined by MTT assay [14]. Briefly, 1 x 103 cells/well

were seeded in a 96-well culture plate in 0.2 ml of respective culture medium. After 72

hours, 20 ul MTT (Sigma) stock solution (2.5 mg MTT/ml of PBS) was added to each

well and incubated at 37 oC for 4 h, the medium was aspirated and 100 ul of DMSO was

added to each well. Conversion of MTT to formazan by metabolically viable cells was

monitored by a Dynatech MR 5000 fluorescence microplate reader at a wavelength of

450 nm. Results were analyzed by regression analysis. Results were further confirmed

by seeding 1.0 x 104 of each cell line into 6-well tissue culture plates in their respective

medium and counting viable cells by trypan blue exclusion.

VR cell proliferation in vitro was determined by BrdU cell proliferation assay (Oncogene

Research Products, Cambridge, MA). Briefly, 1 x 104 VR, VRTet-e'ndo, and VRTet

control cells were seeded into a 96-well culture plate in triplicate in 0.2 ml respective

culture medium. Cells were allowed to attach overnight and cell proliferation measured

at 4 h and 24 h time points according to manufacturer's protocol. 20 pl Brdu Label

(1:2000) was added to wells and incubated 4 hours. Medium was removed and cells

fixed in fixative/denaturing solution for 30 minutes followed by addition of 100 1 Anti-

Brdu antibody (1:100) for an additional hour at room temperature. Cells were washed 3X

in wash buffer followed by addition of peroxidase conjugated secondary antibody. After

30 minutes, plate was washed, flooded with dH20 and peroxidase substrate added for 15



minutes. Absorbance was measured at 490 m with intensity being proportional to amount

of incorporated BrdU in cells.

Characterization of transfected ROSE199 cells in vitro

The propensity for focus formation was assessed in vitro. As a positive control,

ROSE 199 cells expressing the mutant rat neu oncogene were used. Briefly, 3.0 x 105 neu

transfected ROSE 199, VEGF/ROSE 199 or Empty/ROSE 199 cells were seeded into 10-

cm tissue culture dishes and allowed to grow to 100% confluence. The cells were

allowed to incubate at 37 oC + 5% CO2 for an additional 2-4 days before assessing focus

(colony) formation. Focal units equal to or greater than 0. 1mm were counted.

The potential for cells to form colonies in semi-solid medium was measured by

suspending 4 x 104 VEGF/ROSE 199, Empty/ROSEl99 or Neu/ROSEl99 cells in 1 ml

of top agar consisting of 0.36% Bacto-agar in DMEM media with 10% FBS. The top

agar was plated onto 1.5 mls of solidified bottom agar, consisting of 0.5% Bacto-agar in

DMEM. After 21 days, the dishes were examined and colonies containing more than

approximately 50 cells were counted. Cloning efficiencies were determined by the ratio:

number of colonies counted / number of cells seeded.

In vivo matrigel assays

In vivo matrigel assay has previously been described [15], [16]. Briefly, matrigel (Sigma

E-1270) containing 2 x 106 VR, Emtpy/ROSE 199, Neu/ROSE 199, or pINA/ROSE 199

cells were implanted s.c. into the right hind flanks of athymic mice. 7 days after



transplantation, mice were euthanized and matrigel plugs removed for histological

examination.

To verify the in vivo activity of recombinant endostatin, matrigel (10 mg/ml, Sigma E-

1270) containing 2 x 106 VRTet-endo or VRTet cells were implanted subcutaneously

(s.c.) into the right hind flanks of female athymic mice. Mice were given water

containing 2 mg/ml Dox plus 5% sucrose ad libidum. After 7 days, animals were

euthanized and matrigel plugs removed and either fixed in 10% buffered formalin,

embedded in paraffin, sectioned and stained with hematoxylin and eosin, or snap frozen

in liquid nitrogen for immunohistochemical staining with anti-CD-3 1 -PE conjugate.

Tumorigenicity assays

Female athymic mice, 6 to 8 weeks old, were obtained from NCI (National Cancer

Institute). 2 x 106 VR cells (clone 4) or Empty/ROSE199 cells were suspended in 200 ul

of sterile saline and injected either i.p. or s.c. into the right hind flank of the animal.

For SU5416 studies, animals were treated once daily with a 50-1 i.p. bolus injection of

SU5416 at 15 mg/kg per day, a selective inhibitor of the Flk-1/KDR receptor tyrosine

kinase (Sugen Inc., San Francisco, CA) in DMSO or DMSO alone for fourteen days

beginning 3 days after implantation. treatment was initiated on same day as cell

transplantation in 'preventive'studies or on day seven for 'therapeutic' studies.

To test the effect of endostatin on VR cell tumor development, 2 x 106 VRTet-endo

(clone 13) or VRTet cells were resuspended in 200 1 of sterile PBS and injected s.c. into

the right hind flank of the animals. After 7 days, half the mice injected with VRTet-endo

cells (n=10) and animals injected with VRTet cells (n=10) received drinking water



supplemented with Dox (2 mg/ml) and sucrose (5%) ad libidum. The other half of the

VRTet-endo injected mice (n=10) received plain water to rule out possible effects of Dox

supplementation. For all s.c. models, tumor development was then monitored and solid

tumor growth was measured by venir calipers. Tumor volume was calculated by the

following formula: tumor volume (mm3 ) = (a x b2 ) x /6, where ' a' represents the length

(longest diameter in mm) and 'b' represents the tumor width (shorter diameter in mm).

Average tumor volumes were calculated for each group. For i.p. models, mice were

monitored for ascites fluid formation and signs of disease. Animals were kept until

natural death or until they became moribund and necessitated culling. Animals were

autopsied for the presence of solid tumor and ascites fluid. Statistical significance was

determined by Student's t-test. Resected tumor tissues were either fixed in 10% buffered

formalin, embedded in paraffin, sectioned and stained with hematoxylin and eosin, or

snap frozen for immunohistochemical staining with anti-CD31-PE conjugate. To

ascertain that the tumors (s.c. or i.p.) were derived from the injected cells, parts of the

tumor tissues were minced, treated with collagenase and cultured in DMEM plus 10%

FBS and 50 ug/ml Zeocin (VR Cells) and 0.8 mg/mil G418 (VRTet-Endo) to verify

maintenance of antibiotic resistance. Diagnostic toxicity was assessed by measuring mean

weight change and hematocrit levels (% RBC) of mice on days throughout the treatment

period.

Immunohistochemistry

Harvested tumor tissues or matrigel plugs were embedded in tissue freezing medium

(Miles Inc., Elkhart, IN) and snap frozen in liquid nitrogen. The samples were then cut



into 10-m thick sections and stored at -80 0 C until further use. For immunohistochemical

analysis, tissue specimens were air dried and subsequently fixed in acetone at room

temperature for ten minutes. The slides were then allowed to air-dry for one hour and

washed three times in phosphate buffered saline (PBS, pH 7.4) for 5 minutes each. The

samples were then blocked with PBS containing 5% bovine serum albumin for 30

minutes at room temperature and subsequently incubated with a phycoerythrin (PE)

conjugated monoclonal antibody to PECAM-1 (PE conjugated anti-mouse C D3 1, 1:50

dilution, PharMingen, San Diego, CA) for 1 hour at room temperature in a humidified

chamber. The slides were washed three times in PBS and immediately imaged in an

Olympus BX-60 fluorescence microscope at 200X magnification.

Results

Expression of h VEGF165 in ROSE199 cells

We have previously found that human VEGF165 stimulates proliferation and migration

f multiple endothelial cell lines including HUVEC, BCE (bovine capillary endothelium),

and SMHEC4 (mouse microvascular heart endothelial cells). Therefore, ROSE 199 cells

were transfected with pSecTag C containing the entire coding sequence for h VEGF1 65

(VEGF/ROSE199) or pSecTag C vector only (Empty/ROSE199). After selection in

zeocin, supernatant from resistant clones was assayed for the presence of secreted

hVEGFI65 using a human specific VEGF ELISA. Clones transfected with VEGF 165

secreted hVEGF protein ranging from 300 pg/ml up to 3200 pg/ml (Fig. 1). No

significant detection was observed in control transfected ROSE 199. Highly expressing

clones (>2000 pg/nl) were selected for further studies. Expression of neu in pneuINA



transfected ROSE199 cells was verified by immunohistochemical staining of G418

resistant cells using a rat specific anti-neu antibody (Oncogene Research Products) (data

not shown).

Proliferation rate of ROSE199 cells in vitro

The ability of hVEGF165 to influence the growth of ROSE199 cells in vitro was

investigated. Viable cell counts were performed on parental ROSE 199, VR, and

Empty/ROSE199 cells at 24 hr., 48 hr., and 72 hr. time points. Viable cell counts by

trypan blue exclusion revealed no significant difference in cell proliferation rate between

the different ROSE 199 cell lines in vitro. These data were further confirmed by

determining viable cells by MTT assays. There was no significant difference in cell

doubling time between the cell lines. Parental ROSE 199 cells had a doubling time of 16

hours, Empty/ROSE199 17.4 hours and VR cells showed a doubling time of 18.2 hrs.

The marginal differences seen in doubling times were not statistically significant (Table

3.1). Endostatin has been shown to specifically inhibit endothelial cell migration and

proliferation (O'Reilly Folkman 1997). We determined if retroviral infection with

endostatin or tet control virus altered the growth rate of VR ovarian surface epithelial

cells in vitro. Cell proliferation as determined by BrdU labeling showed no significant

difference in growth rates at 4 h or 24 h time points between parental VR, VRTet-endo,

and VRTet cell lines (Fig. 5.3). Average increases in O.D. values from 4 h to 24 h time

points were 1.24 + 0.04, 1.21 + 0.01, and 1.03 + 0.03 for VR, VRTet-endo, and VRTet

cells respectively.



In vitro phenotypes of transfected ROSE199 cells

Anchorage independence (growth in soft agar) and loss of contact inhibition (focus

formation) are generally considered phenotypic markers of transformation. Parental

ROSE199 cells have previously been shown to retain non-transformed characteristics of

normal epithelium (Hoffman Int. J cancer, 1993). We assayed transfected ROSE199 cell

lines for focus formation in monolayer cultures and anchorage independent growth in soft
agar. Results summarized in Table 1 shows that the oncogenic neu transfected ROSE 199

cells formed foci in monolayer cultures but neither VR, Empty/ROSE 199 nor

pINA/ROSE 199 cells were able to form foci after reaching confluence. Similar results

were observed in anchorage independent growth assays where the Neu/ROSE 199 cells

were able to form multiple large colonies in soft agar with a cloning efficiency of

approximately 70% while parental ROSE 199 and Empty/ROSE 199 cells produced no

colonies at any of the cell densities tested. VR cells; however, did form a small number

of colonies in soft agar with an average cloning efficiency of 5%.

Angiogenesis induced by ROSE199 transfectants

In order to assess angiogenic stimulation by the different ROSE199 cell lines in vivo, 2

million, a) VR b) Empty/ROSE199 c) Neu/ROSE 199 or d) pINA/ROSE 199 cells were

mixed in matrigel and injected s.c. into athymic nude mice. Seven days after

implantation animals were euthanized and matrigel specimens resected for histological

examination (Fig. 2a). H & E staining of paraffin embedded sections revealed

microvessels dispersed throughout matrigels containing VEGF/ROSE199 and

Neu/ROSE199 cells compared to nearly avascular matrigels containing Empty/ROSE199



and pINA/ROSE199 cells (Fig. 2 b). Frozen sections of gels were stained with a PE-

conjugated antibody against mouse CD-31 and vessels were directly visualized by

fluorescence microscopy (Fig. 2c). A traditional estimation of microvessel density was

performed by a manual count of tumor blood vessels per high power field (200X

magnification) as well as evaluation using computer assisted image analysis as described

by Wild et at [17]. As shown in figure 2d, VEGF and Neu transfected ROSE199

implanted matrigels had a 4 to 5 fold higher vessel count than matrigels containing

control ROSE199 cells (p< 0.01).

Tumorigenicity of VEGF transfected ROSE199 cells

In parallel experiments, athymic mice were injected with 2 million VEGF/ROSE 199 or

Empty/ROSE199 cells either s.c. or i.p. Tumor incidence was 20/20 (100%) in mice

injected i.p. with VEGF/ROSE199 cells and 17/20 (85%) in mice injected s.c. with

VEGF/ROSE 199 within 2 months of cell transplantation. In contrast, no tumors (0/20)

developed in any of the mice injected with Empty/ROSE199 cells in either s.c. or i.p.

models (Table 2). The animals injected i.p. with VEGF/ROSE199 cells necessitated

culling within two months after injection due to extensive ascites formation and animals

becoming moribund (Fig 4 a and c). Examination of the peritoneum revealed widespread

intra-abdominal tumor mass and up to 11 mls of ascites fluid per mouse. Animals

injected s.c. with VEGF/ROSE199 cells developed palpable, vascularized tumors which

reached an average size of 2500 mm 3 in volume (Fig. 4 b and d). Tumors were locally

invasive into muscle and adipose tissue but no distant metastasis were found. Animals

were euthanized and tumors harvested for histological examination.



Inhibition of VR tumor growth by SU5416

SU5416 has previously been shown to inhibit the growth of a variety of tumor types [10].

We tested the ability of SU5416 to inhibit VEGF/ROSE199 tumor growth in

subcutaneous and intraperitoneal models. Athymic mice were injected s.c. or i.p. with 2

million VEGF/ROSE199 cells and randomized into different treatment groups (10

mice/group). In s.c. models, mice were treated i.p. with SU5416 (15 mg/kg/day) or

DMSO alone starting on the day of cell transplantation (preventive), or seven days after

cell transplantation (therapeutic). Figure 4.2 a and b show SU5416 significantly inhibited

VEGF/ROSE199 tumor growth in both 'preventative' and 'therapeutic' treatment

regimens by nine weeks after cell transplantation. The average tumor volumes for treated

vs. control in the 'preventive' and 'therapeutic' models were 56 mm3 vs. 500 mm 3 and

700 mm3 vs. 2300 mm 3 , respectively. In mice receiving treatment immediately, tumor

development was delayed by 4 weeks compared to controls. We next tested efficacy of

SU5416 in an i.p. model to more closely resemble the physiological environment of the

disease. In the i.p. model, mice were treated with SU5416 (15 mg/kg/day) or DMSO i.p.

starting day 7 after cell transplantation. Treated animals had an increase in survival time

of greater than 3 weeks compared to control mice with 50% of mice in the control group

dying by day 50 after cell transplantation compared to day 75 in the treated group (Fig.

4.3). These data show treatment with SU5416 significantly inhibits ovarian surface

epithelial tumor growth in both 'preventative' and 'therapeutic' models as well as in

increasing survival time by more than 3 weeks when compared to DMSO control

animals.



Verification and quantification of human endostatin expression

In order to verify our PCR amplified recombinant cDNA encoded human endostatin

downstream of the hVEGF165 secretion signal, restriction enzyme analysis was

performed using BamHI/HindIII restriction enzymes. Digestion of pRev-TRE/endostatin

DNA yielded an approximately 657 bp band on agarose gel electrophoresis (data not

shown). DNA sequencing further confirmed the correct secretion signal sequence in-

frame with the human endostatin start codon.

Expression of human endostatin protein was confirmed using a specific human endostatin

ELISA kit. VRTet-endo clones were selected for G418 and Hygromycin B resistance and

culture supernatant was assayed for the presence of secreted hEndostatin protein in the

presence or absence of doxycycline (1 g/ml). One clone in particular (clon e 13) showed

high level endostatin expression in the presence of dox with up to 5000 pg per million

cells. This clone was further analyzed for tetracycline regulated endostatin expression in

the presence of increasing concentrations of dox. ELISA results show a concentration-

dependent increase in endostatin expression with >5000 pg protein secreted per million

cells at a concentration of doxycycline of 500 ng/ml (Fig. 5.1). Finally, we verified the

presence of endostatin mRNA expression by VRTet-endo clones using reverse-

transcription PCR. Amplification of total RNA isolated from VRTet-endo clones 4, 12,

and 13 resulted in a 657 bp band corresponding to the human endostatin sequence (553

bp) plus hVEGF165 secretion signal (104 bp) as shown by agarose gel electrophoresis

(Fig. 5.2). As expected there was no banding observed in the VRTet clone confirming

the presence of endostatin mRNA only in the VRTet-endo transduced cells.



Biological activity of hEndostatin in vivo

To determine if the recombinant endostatin retained biological anti-angiogenic activity,

we measured recruitment of mircrovessels into matrigels containing endostatin secreting

VR cells. Athymic mice were injected s.c. with matrigels containing VRTet-endo or

VRTet cells and given doxycycline treated water (2 mg/ml, 5% sucrose) ad libidum for

one week. Animals were then euthanized and matrigel specimens resected for

histological examination. Figure 5.4 A through F shows H & E staining of paraffin

embedded matrigel sections with a high density of microvessels dispersed throughout

matrigels containing VRTet control cells compared to significantly fewer microvessels

recruited into matrigels containing VRTet-endo cells. CD-31-PE fluorescent staining of

endothelial cells (Fig. 5.4 G and H) revealed similar results with significantly decreased

fluorescence in VRTet-endo matrigels compared to matrigels containing control VRTet

Quantification of fluorescent pixels showed a statistically significant inhibition of

microvessel recruitment in VRTet-endo containing matrigels compared to VRTet with an

iverage of 34,125 + 8648 versus 13,672 + 4490 pixels as determined by computer

as3 ted analysis (*p<0.05).

Effect of endostatin expression of VR tumor growth

To determine the effect of endostatin expression on VR tumor development in vivo, we

injected 2 x 106 VRTet-endo or VRTet cells s.c. into the right hind flanks of athymic

mice and administered doxycycline at 2 mg/ml in their drinking water. Animals injected

with control VRTet cells developed large tumors reaching an average tumor volume of

3500 mm3 by 4 weeks after cell implantation (Fig. 5.5). There was a statistically



significant inhibition of tumor growth observed in animals treated with VRTet-endo cells

receiving dox compared to animals receiving plain water with average tumor volumes

of500 mm3 and 3000 mm3, respectively. There was no evidence of toxicity in any of the

animals tested. These data suggest that reverting the angiogenic phenotype of VR cells

can significantly inhibit tumor formation in vivo.

Discussion

VEGF expression is implicated in the pathology of ovarian cancer, with high levels of

VEGF expression associated with poor prognosis [20]. Unfortunately, the molecular

basis of ovarian cancer and the role of VEGF remains relatively unknown. A number of

oncogenes have been implicated in the pathology of ovarian cancer including BRCA-1/-2,

p53, and neu/c-erbB2. A high frequency of allele loss in the BRCA- 1 (1 7q) and BRCA-2

(13q) loci has been observed in both familial and sporadic ovarian tumors [21] and p53

gene mutations resulting in over-expression of the p53 protein has been suggested as an

important prognostic factor for epithelial ovarian cancer [22]. Studies have also shown

that the neu/c-erbB2 gene is frequently amplified and/or over-expressed in human

epithelial ovarian cancers (EOC) [23]. A study by Davies et at. showed that when

ROSE 199 cells were transduced by retrovirus expressing mutated rat neu, the neu

expressing ROSE 199 cells had an altered morphology and expressed characteristic

malignant phenotypes such as loss of contact inhibition, anchorage independent growth,

and tumor formation in athymic mice [24]. It has recently been demonstrated that

activation of the neu receptor induces VEGF expression in tumor cells [25]. In order to

identify if over-expression of VEGF in ROSE 199 cel Is resulted in similar tumorigenic



phenotypes, we compared in vitro and in vivo growth characteristics of parental

ROSE 199 (negative control) and Neu/ROSE 199 (positive control) cells to VEGF and

vector only transfected ROSE 199 cells. Injection of either Neu/ROSE199 cells or

VEGF/ROSE 199 cells s.c. or i.p. into female nude mice resulted in tumor formation.

None of the mice injected with Empty/ROSE199 cells developed tumors. This study

shows that over-expression of the potent angiogenic stimulator VEGF confers a

tumorigenic phenotype to normal ROSE 199 cells. Similarly, previous studies have also

suggested a more functional role for VEGF in cancer development. Lee et al. studied the

use of VEGF for therapeutic angiogenesis in ischemic myocardium. Their results showed

that unregulated and continuous expression of VEGF in murine myoblasts lead to

formation of endothelial cell-derived vascular tumors in immunodeficient mice [26].

Furthermore, Arbriser et aL showed that over-expression of VEGF 121 in MS 1

endothelial cells resulted in development of slowly growing endothelial tumors in nude

mice [27]. Our studies along with others suggest that factors in addition to known

oncogenes and tumor-suppressors may play a significant role in tumor formation.

In our study, mice injected i.p. with VEGF/ROSE 199 and Neu/ROSE 199 cells but not

Empty/ROSE 199 cells developed extensive abdominal ascites fluid. These studies

suggest the importance of VEGF in ascites development. Accumulation of ascites is

thought to be due to blockage of lymphatics and to increased influx of fluid. VEGF is

implicated in ascites development by increasing permeability of peritoneal microvessels.

Ascites development by VEGF/ROSE 199 cells provides distinct evidence for the role of

VEGF in ascites formation in ovarian cancer. Furthermore, characterization of the

VEGF/ROSE199 cells revealed that in contrast to the Neu/ROSE 199 cells, VEGF



expression did not alter ROSE199 cell growth in vitro. Focus formation assays revealed

that Neu/ROSE199 cells continued to grow in monolayer cultures forming multiple foci

whereas the VEGF/ROSE 199 and Empty/ROSE 199 cells did not grow beyond

confluence and no visible colonies formed. In addition, Neu/ROSE 199 cells acquired the

ability to form multiple, large foci when plated in soft agar. Interestingly,

VEGF/ROSE 199 cells formed colonies in soft agar at a very low efficiency compared to

Neu/ROSE 199 cells but consistently formed small numbers of colonies in separate

experiments.

It is possible that epithelial cells are capable of an autocrine-signaling pathway via VEGF

and its receptors Flk- 1I /KDR or Flt- 1. Abu-Jawdeh et al. showed expression of VEGF

mRNA and protein in malignant and borderline tumors of the ovary but low to no

expression in normal ovarian cortex or surface epithelium [7]. This was further

confirmed by Boocock et al. who showed expression of mRNAs encoding VEGF, Flt-1

and Flk-1/KDR in primary ascitic cells and in multiple ovarian carcinoma cell lines [28].

To ascertain if autocrine stimulation was possible we analyzed the different ROSE 199

cell lines for VEGF receptor mRNA expression by real-time PCR and found low-level

expression of both Flk-1 and Flt-1 receptor transcripts. However, when we analyzed the

proliferation rate of the VEGF transfected cells compared to parental ROSE 199 and

vector only transfected cells, with and without exogenous VEGF administration (100

g/ml), we observed no change in growth rate compared to parental ROSE 199 cells (data

not shown). Therefore, VEGF does not seem to act as an autocrine growth factor for

ROSE 199 cells in vitro; however, VEGF expression provides a survival advantage in vivo

by attracting new blood supply to tumor tissue.



Attempts to interfere with the angiogenic process have involved inhibition of VEGF

production [29, 30], neutralization of VEGF with antibodies [31, 32] and interference

with VEGF signaling and receptor activation [33]. Olson et al. showed significant

reduction in solid tumor growth and ascites fluid development in mice treated with

neutralizing antiserum to VEGF [34]. A later study by Lin et al. showed a 75%

inhibition of tumor growth and 50% reduction in vascular density in carcinoma transplant

models using a recombinant soluble VEGF receptor [35]. More recently, synthetic

compounds that act to inhibit the enzymatic activity of VEGF receptors have been

developed. SU5416 is a potent and selective inhibitor of Flk-1/KDR receptor tyrosine

kinase activity, which has been shown to be effective in limiting tumor growth in a

variety of tumor types [18]. Our studies reveal that inhibition of Flk-1/KDR receptor-

mediated signaling significantly reduced VEGF/ROSE 199 tumor growth suggesting a use

in treatment of EOC. Since SU5416 targets host endothelial cells, this treatment may be

effective in escaping development of drug resistance common to many chemotherapeutic

agents. These studies demonstrate that triggering the angiogenic 'switch' by over-

expressing a potent angiogenic growth factor is an important step in development of

ovarian surface epithelial cancer. The angiogenic phenotype of a cell or tissue is

controlled by a balance of positive and negative regulators of angiogenesis (Rastinejad

1989, Good 1990, O'Reilly 1994, and Parangi 1996). In normal tissues expression of

angiogenic inhibitors such as thrombospondin (TSP), platelet factor IV(PF4) and InFa

predominate over angiogenic stimulators. In cancer however, the balance of these factors

are switched resulting in expression and secretion of high levels of angiogenic growth

factors such as VEGF and bFGF, usually with a concomitant down-regulation of



4

angiogenic inhibitors. Several studies have shown that altering the balance of these

factors can significantly influence tumor development and growth (Iruela-Arispe, ML,

Dvorak HF, Thromb Haemost 1997). Zhang et al. have shown that Meth-A sarcoma cells

displayed up-regulation of VEGF and down-regulation of TSP-2 when transfected with

tissue factor, a protein normally involved in the coagulation cascade. When these cells

were transfected with antisense to tissue factor there was a down-regulation of VEGF and

up-regulation of TSP-2 resulting in suppression of sarcoma vascularization and decreased

tumor growth (Zhang Y, Nawroth PP. J Clin Invest 1994). Here we investigated whether

expressing an endogenous antiangiogenic compound endostatin, in VR cells was

sufficient to alter the angiogenic phenotype of these cells and consequently their tumor

forming capacity in athymic mice. Using a tetracycline-inducible retroviral expression

system, we induced high level expression of human endostatin protein in VR cells upon

treatment with doxycycline. Endostatin secretion was dose-dependently induced by

addition of dox to culture medium, with increased endostatin protein levels seen with

increased concentrations of dox; however, the system was slightly 'leaky' in that low

levels of endostatin expression were seen in the absence of dox. We utilized clones

expressing high levels of endostatin, up to 7000 pg per million cells and found that the

recombinant endostatin was able to suppress angiogenesis in vivo as seen in matrigel

assays where microvessel recruitment into matrigel plugs was significantly reduced when

injected s.c. into nude mice receiving doxycycline supplemented water. Matrigels in

mice injected with control vector cells (VRTet) or endostatin expressing cells (VRTet-

endo) without dox supplementation showed high microvessel densities by

immunostaining with anti-CD-3 1, an endothelial cell specific marker. Because over-



expression of VEGF in ROSE199 cells induced non-tumor forming cells to become

tumorigenic, we evaluated if the VR cells expressing endostatin retained their

tumorigenic phenotype in vivo. Injection of VRTet-endo and VRTet cells into nude mice

with or without dox supplementation showed that when endostatin was expressed by

these cells, tumor-forming capacity was greatly inhibited. Mice injected with control

cells VRTet-endo cells without dox, formed palpable, vascularized tumors with

cumulative tumor volumes similar to those observed in the parental VR cell line.

Therefore, shifting the balance of angiogenic factors in this cell line was sufficient to

inhibit vascularization of matrigels and tumor formation in athymic mouse models.

Future studies will test the effects of VEGF over-expression in other cell lines,

specifically human ovarian surface epithelium as well as the use of Tet-inducible

endostatin system in these cell lines. We would also like to investigate the effects other

angiogenic growth factors such as endocrine-gland-derived vascular endothelial growth

factor (EG-VEGF) identified by Ferrara et al. If EG-VEGF is similarly upregulated in

ovarian cancer it may provide a novel target for antiangiogenic therapies [36]. Lastly, we

would like to utilize tetracycline-regulated expression of endostatin to induce expression

at different time points or stages of tumor development to decipher critical stages of

tumor development and growth that are highly susceptible to antiangiogenic therapies.

The results described in this paper demonstrate a functional role for VEGF165 in the

formation of ovarian surface epithelial tumors and suggest that acquisition of an

angiogenic phenotype may be an earlier step in tumorigenesis than previously thought.

These studies demonstrate a use for antiangiogenic therapy in ovarian epithelial cancer

treatment.
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4) INTRODUCTION
The use of agents that can inhibit angiogenesis, particularly in anti-tumor research has

indicated that anti-angiogenic therapy can be a promising therapeutic modality in the
future. Most anti-angiogenic agents have been discovered by identifying endogenous
molecules, primarily proteins, that inhibit EC growth. Some of these angiostatic
compounds are currently in various phases of clinical cancer trials
(http://cancertrials.nci.nih.gov). Although a number of compounds have shown promise
in the clinic, no major breakthroughs have been reported using anti-angiogenic agents as
stand-alone therapy. This underscores the need for more and better angiostatic
compounds for use as stand-alone treatment or in combination with conventional
therapies.

Recently, we reported the design of the anginex peptide (also know as Bpep25), a
cytokine-like B-sheet-forming peptide 33mer, which is a potent inhibitor of angiogenesis
and tumor growth. Anginex is more effective at inhibiting EC growth than platelet factor-
4 and several other well-known angiogenesis inhibitors such as angiostatin, endostatin,
AGM- 1470 and thrombospondin- 1.

5) BODY
Hypothesis: Anginex (Bpep25) and its designed analogs can be used to abrogate

tumor growth in vivo and potentiate the action of chemotherapy or radiation, making use
of lower, less toxic, doses of either conventional modalities.

The objectives are to perform in vitro and tumor model studies in mice using MA148
ovarian cancer cell line in the absence and presence of either chemo-therapeutic agents or
radiation. Studies will be performed to elucidate the essential amino acids of the peptide
and by modifying the amino acid sequence, its own efficacy will by tried to be improved.
Given the angiostatic potential of anginex and its analogs, the overall aim of this research
is to develop anginex or an analog into an anti-tumor therapeutic agent against ovarian
cancer.

Relevance to Ovarian Cancer: The tumor model studies mentioned above will be
performed using an ovarian cancer cell line, MA148. In this regard, studies will be
performed to specifically assess the efficacy of treatment of the peptide and its analogs on
ovarian carcinoma.

Methology and Design:
Specific Aim 1: define structure-activity relationships in anginex and design new,
more potent flpep sequences. The Bpep-25 (anginex) sequence will be modified by
substituting individual amino acid residues and by analine scanning. Walkthrough
peptides will also be generated. Peptides will then be screened for various in vitro
bioactivities relating to angiostatic potential: endothelial cell (EC) proliferation and
collagen gel based tube formation assay. Proper folding of peptides will be assessed by
using CD and NMR in order to differentiate direct and indirect (conformational) effects.
The initial round of amino acid substitutions will naturally lead into multiple substitutions
and designing in conformational constraints (rationally placed S-S bond(s) or specific
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turn sequences). Designing and bioassying will be applied iteratively with the intent of
improving angiostatic potential.
Results Aim 1: Alanine scanning and walkthrough Bpep-25 peptides were synthesized
and analyzed in in vitro assays, and structure-function relationships were derived. After
identifying the key residues for the activity, all lying on the same surface of the folded
peptide, a series of partly non-peptidic mimetics were designed. This series uses a
dibenzofuran (DBF) scaffold onto which are covalently attached short, key amino acid
sequences derived from anginex. Recently, we provide evidence that B-sheet is in fact the
bioactive conformation of anginex, by using a series of double-cysteine disulfide-bridged
analogs CD and NMR spectral analysis of the analogs indicate formation of B-sheet
conformation. As long as placement of disulfide bonds preserved the B-strand alignment
as in the proposed bioactive conformation, bioactivities were preserved.
Specific Aim 2: elucidate the molar mechanism of action of anginex by which
angiostatic effects are mediated. This includes identifying the angiostatic pathway, the
receptor(s) involved, and the internalization pathway.
Results Aim 2: From former years, we knew the essentials of the molecular mechanism
of anti-angiogenic action of anginex. The peptide interacts with a receptor, CD36, on the
surface of EC, becomes internalized and triggers the apoptotic cascade. This process is
specific for angiogenically-activated EC where CD36 is upregulated, and does not affect
resting EC or other cell types. This year, we discovered that anginex may also be
interacting with ca2-integrins. The peptides analogs, although highly cytostatic, do not
induce apoptosis applying the same mechanism as anginex. A clear understanding of the
molecular mechanism of either anginex or its analogs is still in its infancy.
Specific Aim 3: study effectively to inhibit angiogenesis and tumor growth in vivo.
For this aim, we have focussed on performing nude mouse tumor growth models. In these
studies, the ovarian cancer cell line MA148 will be used. In these models, all pre-clinical
research can be performed to prepare the research line for phase I clinical trials.
Pharmacokinetics and tissue distribution of peptides in animals will then be studied with
the use of anti-peptide mAbs, polyclonals and mass spectrometry.
Results Aim 3: The ovarian cancer cell line MA148 has been used in nude mice tumor
studies with anginex and its analogs. For these studies, MA148 cancer cells have been
injected SC into the hind flank of nude mice and tumors have been allowed to establish
prior to administrating the drug. At the optimal dose 10 mg/kg over a 4-week period,
tumor size was reduced by about 70%, somewhat greater than that of angiostatin (well-
know angiogenesis inhibitor). In this model, one of the analogs, 6DBF7 (also known as
CF8) functioned better than parent peptide anginex by reducing tumor volume to about
90% at the same dose. Apparently, this novel design, holding on to the bioactive
conformation (B-sheet), improved the bioavailablity of the pharmaceutic.
Specific Aim 4: investigate combined angiogenesis and chemotherapy in vivo.
Additional studies will be performed to investigate whether conventional chemotherapy
can be improved by co-administration with anti-angiogenic Bpep peptides.
Results Aim 4: Using the ovarian cancer mouse model (MA148) as described above, we
were able to show that when anginex (10 mg/kg) was combined with a sub-optimal dose
of carboplatin (32.5 mg/kg), tumors regressed to an impalpable state in all the mice.
Carboplatin was chosen because it is the leading chemotherapeutic against ovarian
carcinoma used in humans. However, these tumors remained undetectable until at least
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one week after termination of the treatment, after which tumors re-established
themselves, indicating continued presence of microscopic disease, which was
unresponsive to carboplatin and apparently independent of angiogenesis. In different
experiments using the same set-up we combined anginex with chemotherapeutic
paclitaxel which not resulted in a synergistic effect when the treatments were combined.
Presently we are combining anginex (10 mg/kg) in the ovarian mouse model with a sub-
optimal dose of radiation (5 Gy once a week), and tumors regressed to an impalpable
state similar to the combination of anginex and carboplatin. Using a syngeneic breast
tumor mouse model anginex inhibited the carcinoma growth by about 40% as
monotherapy and the combination of anginex with radiation (single dose of 25 Gy)
resulted in a significant improvement in survival and complete responses in 60% of the
mice.

6) KEY RESEARCH ACCOMPLISHMENTS
- anginex inhibits the growth of ovarian cancer by about 70%
- using information derived from structural activity assays, functional key residues

were identified. In addition, we identified that B-strand alignment is the bioactive
conformation, which was applied in the design of the series of partial non-peptide
mimetics. The most efficacious of these analogs is 6DF7.

- 6DBF7 inhibits the growth of ovarian tumors in athymic mice by about 90%, an
improvement over anginex.

- when anginex treatment is combined with a sub-optimal dose of carboplatin or
radiation in the ovarian mouse model complete tumor regressions are noticeable.
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fl-Sheet is the bloactive conformation of the anti-angiogenic
anginex peptide
Ruud R M. DINGS*t, Monica M. ARROYO*, Nathan A. LOCKWOOD�, Loes I. VAN EIJKt, Judy R. HASEMAN*,
Arjan W. GRIFFIQENt and Kevin H. MAYO*l

oepartment of Biochemistry, Molecular Biology and Biophysics, University of Minnesota Health Science Center, 6-155 Jackson Hall, 321 Church Street, Minneapolis, MN 55455, USA.,
tTumor Angiogenesis Laboratory, Department of Internal Medicine, University of Maastricht, University Hospital Maastncht, P.O. Box 5800, 6202 AZ Maastricht, The Netherlands, and
lDepartment of Chemical Engineering and Materials Science, University of Minnesota Health Science Center, 6-155 Jackson Hall, 321 Church Street, Minneapolis, MN 55455, USA.

Anginex is a designed peptide 33mer that functions as a cytokine- endothelial cell proliferation, apoptosis and in vitro angiogenesis,
like agent to inhibit angiogenesis. Although this short linear were performed on all analogues. As long as the placement of
peptide has been shown by NMR and CD to form a nascent disulphide bonds preserved the fl-strand alignment, as in the
fl-sheet conformation in solution, the actual bicactive structure proposed bioactive conformation, bioactivities were preserved.
formed upon binding to its receptor on the surface of endothelial Knowledge of the bioactive conformation of anginex will aid
cells could be quite different. By using a series of double-cysteine in the design of smaller molecule mimetics of this potent anti-
disulphide-bridged analogues, we provide evidence in the present angiogenic peptide.
study that the fl-sheet is in fact the bioactive conformation of
anginex. CD and NMR spectral analysis of the analogues indicate Key words: apoptosis, disulphides, endothelial cell proliferation,
formation of a fl-sheet conformation. Three functional assays, NMR, peptide, structure.

INTRODUCTION anginex also folds primarily into tetrameric fl-sheet sandwiches at
millimolar concentrations. At concentrations in the micromolar

Angiogenesis, the formation of new blood vessels out of pre- range and lower, however, anginex exists in solution primarily
existing capillaries, is pivotal to a broad array of biological in the monomer state and is composed of a relatively broad
functions, ranging from normal processes like embryogenesis distribution of conformations with considerable random coil
and wound healing to abnormal processes such as tumour and some fl-sheet character [121. Therefore, at the micromolar
growth, arthritis, restenosis and diabetic retinopathy [1,2]. concentrations used in in vitro bioassays and in viva animal
The use of agents that can inhibit angiogenesis in vitro and studies demonstrating the anti-angiogenic [8,9] and anti-tumour
in viva, particularly in anti-tumour research, has indicated that [13-15] potency of the peptide, anginex is mostly a random coil
anti-angiogenic therapy can be a therapeutic modality in the monomer. Therefore the bioactive structure of anginex, which
future. Most anti-angiogenic agents have been discovered by is selected from this rather broad conformational distribution,
identifying endogenous molecules, primarily proteins, which remains unclear.
inhibit endothelial cell (EC) growth. This traditional approach has The aim of the present study was to test the hypothesis that the
produced a number of anti-angiogenics, such as platelet factor-4 bioactive conformation of anginex (flpep-25) is a fl-sheet with
(PF4) 13], thrombospondin- 1 [4], angiostatin [51, endostatin [6] the same strand alignment as in the NMR-derived structure of
and bactericidal-permeability increasing (BPI) protein [7]. homologous flpep.-4 (see Figure 1) [11]. To accomplish this, a

Recently, we have reported [8,9] the anti-angiogenic activity of series of disulphide-linked peptide analogues of anginex were
a novel peptide 33mer (flpep-25 or anginex). Anginex belongs to a made. By comparing activities from all 30 members of the fipep
family of homologous fipep peptides that were designed by using library, it has already been deduced [9] that functionally key
basic folding principles and incorporating short sequences from residues in anginex are primarily hydrophobic residues, i.e. Leu5,
the fl-sheet domains of a-chemokines and BPI protein [10]. All Val7, LIe20, Val22 and Leu24. Because of this, cysteine residues
fipep peptides form fl-sheets to varying degrees and can self- replaced residues primarily at positions that would be on the
associate in solution as dimers and tetramers [9,101. A high- hydrophilic face of the amphipathic anginex fl-sheet. Moreover, to
resolution NMR structure of tetrameric flpep-4 demonstrated simplify peptide synthesis and purification, six functionally non-
that its monomer subunits are folded into an amphipathic essential residues at the C-terminus of anginex [9] were removed,
three-stranded anti-parallel fl-sheet motif [11]. Two types of creating a peptide 27mer analogue of anginex that is shown
six-stranded anti-parallel fl-sheet dimers can form and these in the present study to be equipotent with the parent peptide.
dimers associate via their hydrophobic faces into tetramers. Double-substituted cysteine pairs were made: Cys6-Cys 25, Cyse��
Although a high-resolution structure of anginex (flpep-25) could Cys23, Cys'0-Cys21 , Cys'2 -Cys'9 , Cys'3-Cys"�, Cys'3-Cys'9 and
not be determined by using NMR because of aggregate exchange Cys6 -Cys26 . These disulphide-bridged analogues were analysed
resonance broadening, CD and NMR studies [8,9] indicate that in three functional assays: EC proliferation, apoptosis and in vitro

Abbreviations used: BPI protein, bactericidat-permeabitity increasing protein; bFGF, basic fibroblast growth factor; CP, cyclicized peptide; EC, endotheliat
cell; HUVEC, human umbilicat-vein EC; NOE, nuctearOverhauser effect; PF4. ptatetetfactor-4; PFG, pulsed-field gradient; P1, propidium iodide; RMS, root
mean square.

To whom correspondence should be addressed (e-mail mayoxOOl@umn.edu).

© 2003 Biochemical Society
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angiogenesis. Peptide conformation was assessed with CD and were performed in 2H20 at temperatures of 5 'C and 40 'C.
I H NMR spectroscopies. Peptide concentrations ranged from 0.1-2 mM.

EXPERIMENTAL Structural modelling
Analysis of nuclear Overhauser effect (NOE) data and structural

Peptide preparation modelling (using X-PLOR [19]) were performed essentially

Peptides were synthesized using fluoren-9-ylmethoxycarbonyl as described previously [201. Calculated structures were
('Fmoc') chemistry on a Milligen/Biosearch 9600 peptide solid- superimposed using the SwissPdbViewer [21] or Insight II
phase synthesizer, as described previously [8,9]. To form (Accelrys, Inc., San Diego, CA, U.S.A.) and were analysed using
intramolecular disulphide bonds, crude peptides were solubilized X-PLOR analysis routines.
at low concentrations (100 rM) and cysteine residues were
oxidized by slowly bubbling wet oxygen gas into a stirred
aqueous solution overnight at room temperature. Freeze-dried Human umbllcal-veln EC (HUVEC)cultures
crude peptides (oxidized) were purified by preparative reverse- HUVECs were harvested from normal human umbilical cords
phase HPLC on a C18 column with an elution gradient of 0- by perfusion with 0.125 % (w/v) trypsin/EDTA. Harvested
60 % (v/v) acetonitrile with 0.1 % (v/v) trifluoroacetic acid in HUVECs were cultured in gelatin-coated tissue-culture flasks and
water. Purity and composition of the peptides were verified by subcultured 1:3 once a week in culture medium [RPMI- 1640 with
HPLC (Beckman Model 6300), amino acid analysis and MS. 20 % (v/v) human serum supplemented with 2 mM glutamine,
The presence of the disulphide bond was checked in all peptides 100 units/ml penicillin and 0.1 mg/ml streptomycin].
by using 5,5'-dithiobis-(2-nitrobenzoic acid (Ellman's reagent;
'DTNB') pre- and post-treatment with dithiothreitol. Proliferation measurement

EC proliferation was measured using a [3H]thymidine in-
CO corporation assay. HUVECs were seeded at 5000 cells/well in

flat-bottomed tissue-culture plates and grown for 3 days in culture
Aqueous solutions for CD were prepared by dissolving the medium in the absence or presence of regulators. During the last
freeze-dried peptide in the appropriate amount of water 6 h of the assay, the culture was pulsed with 0.5 /Ci of [methyl-
to give final peptide concentrations of 0.1 mM at pH 5.5. 3H]thymidine/well. Results are expressed as the arithmetic mean
Concentrations were verified by tryptophan absorption at 280 nm. c.p.m. of triplicate cultures.
CD spectra were recorded on a Jasco J-710 spectrophotometer
using either a 0.01 cm or 0.1 cm path-length thermally jacketed Apoptosis measurement
quartz cuvette maintained at 24 or 37 'C with a NesLab water
bath. Acquisition was performed using a 50 nm/min scan rate, HUVECs were cultured in fibronectin-coated tissue-culture
1 nm bandwidth and 2 s response. The appropriate baseline was flasks in culture medium [22]. Apoptosis was measured by
subtracted from each spectrum. Reported spectra are averages determination of subdiploid cells after DNA extraction and
of six scans and are expressed as mean residue ellipticity. CD basis subsequent staining with propidium iodide (PI) as described
spectra (a-helix, f-sheet and random coil) were measured with previously [23]. Briefly, HUVECs were cultured for 3 days in the
poly(lysine) and poly(glutamic acid) (Sigma) using conditions presence of 10 ng/ml basic fibroblast growth factor (bFGF) and
and parameters reported previously [16,17]. Experimental CD the conditions as mentioned above. Serum deprivation of
spectra were fitted with a linear combination of a-helix, f-sheet HUVECs was used as a positive control for apoptosis. Cells
and random coil basis spectra to estimate secondary structure were then harvested and subsequently fixed and permeabilized
contributions, in 70 % (v/v) ethanol at - 20 'C. After at least 2 h, the cells were

centrifuged and resuspended in DNA extraction buffer [45 mM
Na 2HPO4, 2.5 mM citric acid and 0.1 % Triton X-100 (pH 7.4)]

NMR measurements for 20 min. PI was added to a final concentration of 20 mg/ml
and red log-scale fluorescence was analysed on a FACS-calibur.

For NMR measurements, the freeze-dried peptide was dissolved Apoptosis was quantified as the percentage of cells with PI
in water at a concentration of approx. 2 mM. The pH was fluorescence below the fluorescence of cells in the G0/G1 (diploid)
adjusted to pH 5.5 by adding microlitre quantities of NaOH or phase of the cell cycle. Cells with PI fluorescence less than 10 %
HCI to the peptide sample. NMR spectra were acquired on a of cells in G0/G1 phase were regarded as cells in the advanced
Varian UNITY Plus-600 NMR spectrometer using a homonuclear stages of cell death.
approach described previously [8]. Data were processed directly
on the spectrometer or offline using VNMR (Varian, Inc., Palo
Alto, CA, U.S.A.) or NMRPipe [18] on an SGI workstation and
were analysed using Sparky (T. D. Goddard and D. G. Kneller, Sprouting and tube formation of bovine ECs were studied
SPARKY 3, University of California, San Francisco, CA, U.S.A.). using Cytodex-3 beads overgrown with bovine ECs in a

Since cyclicized peptides (CPs) are relatively hydrophobic three-dimensional collagen gel (vitrogen-100; Collagen Corp.,
and amphipathic, pulsed-field gradient (PFG)-NMR self-diffusion Fremont, CA, U.S.A.) as described by van der Schaft et al.
measurements were performed as a check for peptide aggregation. [24]. Following gelation, culture medium containing 20 ng/ml
PFG-NMR experiments were performed and analysed as bFGF, with or without anginex or CP analogues, was applied
described by Mayo et al. [ 10] using a Varian Unity-Plus 500 NMR on top of the gel. Photographs were taken after 24 h of cell
spectrometer. The maximum magnitude of the gradient was culture at 37 'C. Sprouts were traced on transparent paper and
60 G/cm, and the PFG longitudinal eddy-current delay pulse digitized by scanning using HPscan software. Analysis of the
sequence was used for all self-diffusion measurements which amount of sprouting was performed by binarization of the file and
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Figure 1 Amino acid sequence and structure of anginex and CP analogues .

The amino acid sequence of anginex is shown conformed as an anti-parallel /-sheet on the 190 200 210 220 230 240 250

left-hand side of the Figure. The N-terminus is at the right bottom as labelled. CP analogues X (nm)
have only the first 27 residues and therefore are devoid of C-terminal residues Arg-Glu-Lys-Ser-
Lys-Asp. The new C-terminal residue has its backbone carboxylate group amidated. The amino
acid sequence for the control linear peptide 27mer (no cysteine residues) CP-1 is given on Figure 2 CD spectra for CP analogues
the right-hand side of the Figure. CP-2 to CP-6 [i.e. CP-2 (Cys 6_Cys2), CP-3 (CysO-Cys23),
CP-4 (Cys'O-Cys21), CP-5 (Cys12-Cys 19), CP-6 (Cys13-Cys' 8)] have the same sequence Far-UV CD spectra for CP analogues are shown as mean residue ellipticity (to]) versus

as CP-1, with disulphide bridges positioned between pi-strand 1 and P-strand 2 as indicated. wavelength. All spectra display a mixture of p-sheet and random coil conformations, as shown

CP-7 [Cys 13-Cys19] and CP-8 [Cys6-Cysa1 are control peptides that alter the alignment of by linear fits of basis spectra (inset). Spectra shown were obtained at 37 OC; spectra at 24 OC
p-strands 1 and 2. Single-letter amino-acid notation is used. were comparable. Peptide concentration was 0.1 mM in H20, pH 5.5. Other experimental

conditions are given in the Experimental section.

quantification of sprout pixel count using Scion Image software,
which yields a measure of sprout length [25]. CD

CD and NMR spectroscopies were used to assess the con-
RESULTS AND DISCUSSION formation of CP analogues. For all CP analogues, far-UV

For the CP series, all CP analogues have the same sequence CD traces indicated a mixture of /-sheet and random coil

as anginex minus the six C-terminal residues Arg-Glu-Leu-Ser- conformations (Figure 2), with the degree of f-sheet character

Leu-Asp (Figure 1). CP-1 is the control linear peptide 27mer corresponding to the intensity of the characteristic 217 nm trough

(no cysteine residues), and CP-2 to CP-8 are double-cysteine- [17,26,27]. Linear combinations of secondary structure basis

substituted disulphide-bridged peptides: Cys6-Cys25  (CP-2), spectra (a-helix, /-sheet and random coil) fitted to the CP

Cys'-Cys" (CP-3), Cys"°-Cys2 ' (CP-4), Cys'-Cys"9 (CP-5), analogue spectra (Figure 2, inset) showed the largest fl-sheet

Cys'-Cys"8 (CP-6), Cysil--Cysi9 (CP-7) and Cys6-Cys 26 (CP-8). content (79 %) in the linear CP-1 peptide and the smallest (40 %)

The amino acid sequences for parent anginex and CP-l are given in CP-6. Fitted data indicate the absence of helical content for

in Figure 1, and positions for disulphide bonds in CP-2 to CP-6 most of the CP analogues. Even though CP4, CP-5 and CP-6

are indicated by curved lines at the right of the CP-1 sequence. show 2-6% helix content, this contribution is small enough

Because functionally key residues in anginex are primarily that it is within the error from the fitting process. In addition,

hydrophobic, i.e. Leu5 , Val7, lle2', Val22 and Leu2', and would lie because the CP analogues are relatively flexible, the secondary

on one side of the amphipathic structure in a fl-sheet conformation structure contributions are only meant to semi-quantify the trend

[9], residues on the hydrophilic face (and not the hydrophobic in f-sheet content. Nevertheless, the CP analogue conformational

face) of the proposed f-sheet were substituted with cysteine distributions are consistent with that for anginex [ 11].

residues. For assurance that cysteine-substituted positions did not
affect activity of the parent peptide, single-substituted alanine 1H NMR conformational analysis
variants (Ser6 --* Ala, GIns --* Ala, Lys"0 - Ala, Phe"2 --*
Ala, Lys" -- Ala, Trp' 8 --* Ala, Lys"9 -* Ala, lie"' --> Ala, Even though CD data demonstrate the presence of significant
Lys2" -- Ala, Asn' -+ Ala and Asp26 -- Ala) were also made populations of f-sheets in all CP analogues, proton NMR spectra
and tested in the in vitro EC proliferation assay. Relative to the for all CP analogues, except CP-2, are characteristic of mostly
parent peptide, activities were unaffected solely by amino acid random coil conformations (results not shown). CP-2 is the only
substitutions at these positions (results not shown). On forming CP analogue that shows well-dispersed resonances indicative of a
an actual P-sheet in CP-2 to CP-6, positioning of disulphide well-folded structure [28,29]. Since the parent anginex peptide
bonds constrains the fl-strand alignment to be the same as that exists in solution in a monomer/dimer/tetramer equilibrium
proposed for the folding of anginex [8]. CP-7 [Lys"3 -- Cys [29,301, PFG-NMR self-diffusion measurements were performed
and Lys"9 -- Cys] and CP-8 [Ser6 --* Cys and Asp26 --+ Cys] are on CP analogues (results not shown). Analysis of the CP analogue
control peptides that shift the f-strand alignment by one residue diffusivities indicates that, at a concentration of 2 mM, CP-2 is
to be out of register with the other CP analogues, mostly dimeric, whereas the other CP analogues are a mixture
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Figure 3 TOCSY and NOESY spectra for CP-2

600 MHz 1H TOCSY (A) and NOESY (B) spectra are shown for CP-2. Peptide concentration was 2.3 mM in H20/H20 (9:1, v/v), pH 5.5 at 40 °C. Spectra were accumulated with 8000 data points
over 8000 Hz sweep width and were processed with 1 Hz line broadening. Only spectral regions downtield from the partially deuterated water resonance are shown and some key NOEs are identified.
Several cross-peaks have been labelled to indicate intra- and inter-monomer xH-I-H NOEs, which have been used to indicate jt-strand alignment. In (B), the cross-peaks are labelled with two
numbers separated by a solidus to indicate which residues in the sequence are involved. Single-letter amino-acid notation has been used.

of dimers and monomers. None of the CP analogues apparently Table 1 Structural statistics for the calculated structures of CP-2 from NMR
associates with the tetramer state like anginex. data

RMS deviations values are means + S.D. for the 18 structures. Energy values represent
means + S.D.

NMR structure of CP-2 Parameters

Because initial NMR experiments indicated that CP-2 is well-
folded, a complete NMR structure analysis of this peptide was RMS deviations from experimental distance restraints (A)*
performed. The a H-NH region of a TOCSY plot of CP-2 shows NOE (n = 176) 0.047 + 0.007
high frequency dispersion of NH and aH resonances, indicating H-band (n = 16)thih frequencyofa d erfond #RMS deviations from idealized geometry
the presence of a well-folded fl-sheet conformation (Figure 3A). Bands (A•) 0.003

This is also evident by the observation of cross-strand aH-aH Angles (A) 0.5 + 002

NOEs (Figure 3B and Figure 4A). Structurally, these NOESY Imprapers (0) 0.37 + 0.02
data indicate the presence of the same anti-parallel fl-sheet strand Energies (kJ . mol- 1)
alignment as observed in /pep-4 and other fOpep peptides [ 11]. E,0E 21.3 + 25

For CP-2, conformational modelling was performed using NOE EBOND 15.98 + 2.5
data acquired for the peptide. A total of 160 NOE distance EANLE 164.8+11.7
constraints were derived from analysis of NOESY spectra. EMPROPER 80.3_+23.8
These include 94 intra-residue, 22 sequential, 16 medium-range ETOTA 335.6 + 43.1
(1i -jl < 5) and 28 long-range (1i -jl > 5) constraints. In addition, *None oa the 18 final structures exhibited distance restraint violations greater than 0.5 A or
a total of eight hydrogen bonds were identified by inspection of dihedral angle violations greater than 50.
initial CP-2 structures and from long-lived backbone NHs, giving tThefinalvalue otthe NOE(ENOE)wascalculatedwithatorceconstant of210 Uk. m0-' A•-2,
rise to 16 hydrogen bond distance constraints. The total number
of experimentally derived constraints was therefore 168, giving
an average of six constraints/residue. Initially, 100 structures
for CP-2 were calculated as described in the Experimental
section. The best-fit superpositions of backbone Ca atoms structures satisfy experimental constraints quite well. In addition,
for the final 18 structures are shown in Figure 4(B). These 4) and *' angular order parameters are all >0.8. Taken together,
structures showed no NOE violations greater than 0.5 A (where the above data indicate that the structures used to represent the
1 A= 0.1 nm). Structural statistics (Table 1) show that the N- solution conformation of CP-2 are well converged. The root mean
terminus is somewhat less structurally defined and that the square (RMS) deviation for backbone atoms of fl-sheet residues
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Figure 4 NOE-derived structures of CP-2

(A) Key cross-strand NOEs and the overall fold for CP-2. Single-letter amino-acid notation is used. The best-fit superpositions of backbone Co atoms for the final 18 structures are shown in (B). The
RMS deviation for backbone atoms of P-sheet residues 6-12 and 19-25 (excluding terminal and loop residues) is 0.61 A, and for backbone atoms of residues 6-25 (excluding N- and C-terminal
residues) it is 1.13 A.

6-12 and 19-25 (excluding terminal and loop residues) is 0.61 A be almost as active, and control peptides CP-7 and CP-8 were only
and for backbone atoms of residues 6-25 (excluding N- and C- slightly active. The kinetics of these anti-proliferative effects on

terminal residues) is 1.13 A. ECs were similar to those found for anginex, with half-maximal

Even though only CP-2 is well-folded as an anti-parallel pl effects after 36-40 h and maximal responses after 3 days. As

sheet, it is most probable that peptides CP-3, CP-4, CP-5 and CP- with anginex, the inhibition of proliferation by CP analogues was

6 share the same overall fi-sheet fold, because they only differ in specific for ECs, since proliferation of fibroblasts obtained from

the position of the disulphide bridge, human endometrium was unaffected (results not shown).

CP analogues inhibit EC proliferation CP analogues promote apoptosis in ECs

CP analogues were tested for their ability to inhibit To investigate whether CP-induced inhibition of EC growth is
the proliferation of growth-factor-induced (bFGF, 10 ng/ml) based on specific induction of apoptosis in these cells, as was
HUVECs in the [3H]thymidine incorporation assay [ 15]. Relative demonstrated for anginex [8], HUVECs were exposed to 25 /1 M
to the activity of the parent peptide anginex [8], CP analogues peptide for 48 h, and the percentage of cells undergoing apoptosis
effectively inhibited the proliferation of HUVECs to various was quantified by analysis of DNA fragmentation following DNA
extents (Figure 5). Although the linear control, CP-1, and three extraction, PI staining and flow cytometric analysis. Although all
of the disulphide-bridged variants, CP-4, CP-5 and CP-6, were CP analogues demonstrated apoptotic activity, CP-4 and CP-5
essentially as effective as anginex, CP-2 and CP-3 appeared to were the most active and even slightly more effective, on average,
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Figure 5 Inhibition of EC proliferation by CP analogues

Proliferation of bFGF-stimulated (10 ng/ml) HUVEC cultures was measured by quantification
of [3 Hlthymidine incorporation. Proliferation is expressed as mean c.p.m. (+ S.EM.) of
quadruplicate cultures of four independent experiments. Dose-response curves of CP analogues
and parent anginex on bFGF-stimulated HUVEC proliferation are shown.
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C P1 C P -2 C P-3 C P-4 C P5 C P-6 Ax control Figure 7 Anginex Inhibits in vitro anglogenesis in a collagen matrix

Bovine ECs were cultured on gelatin-coated Cytodex-3 beads in a collagen matrix. Sprouting
was induced by addition of 20 ng/ml bFGF and 25 juM of the CP analogues or anginex

10o 0 (Ax) was added when tested. Tube formation of a representative experiment under control condi-

go - tions (A; pixel count 1002) and in the presence of anginex (B; pixel count 211), CP-1 (C; pixel
count 205) and CP-6 (0; pixel count 513) is shown. CP-7 had a pixel count of 990. Mean

80 size of the beads is 170 + 40 gm. (E) Quantification of the means (+ S.EM.) of four different

70 experiments.

so s than anginex (Figure 6A). Since apoptosis in this assay is defined

o -o as those subdiploid cells with a minimum of 10% of the DNA
S30 content of the diploid cells, advanced or late stage apoptosis

may result in less than 10% of that value. Consequently, the
20 total number of dead cells was also quantified (Figure 6B).

...... The loss of ECs in G 2 and M (4n DNA) phases of the cell cycle
is approx. 10% or less (results not shown). The correlation

CP.1 CP-2 CP.3 CP.4 CP-6 CP.6 Ax control between apoptosis induction and anti-proliferative effects
suggests that CP analogues, like anginex, regulate EC growth

Figure 6 CP analogues induce apoplosis in ECS by forcing ECs to undergo apoptosis.

HUVEGs were cultured for 2 days in the absence or presence of 25 1 M CP analogues or anginex
(Ax). Upper panel, apoptosis induction was demonstrated by analysis of subdiploid cells after In vitro angiogenesis assay
DNA extraction and staining with Pt. Lower panel, total number of dead cells was determined
by total number of diploid cells as quantified by FACS analysis. Quantification of the means Since angiogenesis is a complex process, which, aside from EC
(_+ S.E.M.) of four different experiments is shown. proliferation, depends on cell migration and differentiation, the
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effects of CP analogues on angiogenesis were investigated in an 4 Rastinejad, F, Polverini, P. J. and Bouck, N. P (1989) Regulation of the activity of a new
in vitro collagen matrix-based sprout formation assay [13-15]. inhibitor of angiogenesis by a cancer suppressor gene. Cell (Cambridge, Mass.) 56,
Figures 7(A-D) show raw data from this angiogenesis assay, 345-355

and Figure 7(E) gives the percentage of sprouting relative to 5 O'Reilly, M. S., Holmgren, L., Shing, Y., Chen, C., Rosenthal, R. A., Moses, M.,

control, as detailed in the Figure legend and the Experimental Lane, W. S., Cao, Y., Sage, E. H and Folkman, J. (1994) Angiostatin: a novel
angiogenesis inhibitor that mediates the suppression of metastases by a Lewis lung

section. Although all CP analogues were able to inhibit sprout carcinoma. Cell (Cambridge, Mass.) 79,315-328
formation to various extents, the best responses, comparable with 6 O'Reilly, M. S., Boehm, T., Shing, Y., Fukai, N., Vasios, G., Lane, W. S., Flynn, E.,
those from anginex, were observed with CP-I and CP-2. It was Birkhead, J. R., Olsen, B. R. and Folkman, J. (1997) Endostatin: an endogenous inhibitor
somewhat surprising that CP-4, CP-5 and CP-6, which were the ofangiogenesis and tumor growth. Cell (Cambridge, Mass.) 88, 277-285
most effective at inhibiting EC proliferation, were not as effective 7 van der Schaff, D W., Teebes, E. A., Haseman, J. R., Mayo, K. H. and Grittioen, A. W
in this assay. One reason for this could be the complexity of (2000) Bactericidal/permeability-increasing protein (BPI) inhibits angiogenesis via
the collagen gel sprouting assay itself. Because these peptides induction of apoptosis in vascular endothelial cells. Blood 96, 176-181
must first navigate through the gel before exerting their effect 8 Griffioen, A. W., van der Schaft, D. W., Barendsz-Janson, A. F, Cox, A.,

on ECs, it may be that CP-1 and CP-2 permeate the gel better Struijker Boudier, H. A., Hillen, H. F. and Mayo, K. H. (2001) Anginex, a designed peptide

than other CP analogues or interact somewhat differently with that inhibits angiogenesis. Biochem. J. 354, 233-242

the gel matrix. Alternatively, it may be that the sprouting assay is 9 Mayo, K. H., van der Schaft, D. W. and Grintioen, A. W. (2001) Designed p-sheet peptides
t eed g he matri, sthat inhibit proliferation and induce apoptosis in endothelial cells. Angiogenesis 4,
indeed the more sensitive indicator of anti-angiogenic potential. 45-51
In any event, bioactivity in this angiogenesis assay decreased 10 Mayo, K. H., Ilyina, E. and Park, H. (1996) A recipe for designing water-soluble,
most when the fl-strand alignment was shifted, as in CP-7 and a-sheet-forming peptides. Protein Sci. 5,13001-11315
CP-8, indicating that that specific strand alignment is crucial to 11 Ilyina, E., Roongta, V. and Mayo, K. H. (1997) NMR structure of a de novo designed,
maintaining full bioactivity. peptide 33mer with two distinct, compact/I-sheet folds. Biochemistry 36, 5245-5250

12 Mayo, K. H., Haseman, J. R., Ilyina, E. and Gray, B. (1998) Designed p-sheet-forming
peptide 33mers with potent human bactericidal/permeability increasing protein-like

Conclusions bactericidal and endotoxin neutralizing activities. Biochim. Biophys. Acta 1425, 81-92
13 van der Schalt, D. W., Dings, R. P., de Lussanet, 0. G., van Eijk, L. I., Nap, A. W.,

In the present study, we demonstrate that the bioactive Beets-Tan, R. G., Bouma-Ter Steege, J. C., Wagstaff, J., Mayo, K. H. and Griftioen, A. W.
conformation of the anti-angiogenic anginex peptide is an anti- (2002) The designer anti-angiogenic peptide anginex targets tumor endothelial cells and
parallel fl-sheet. This finding is consistent with earlier results [8,9] inhibits tumor growth in animal models. FASEB J. 16,1991-1993
on anginex that in the fl-sheet conformation all five hydrophobic 14 Dings, R. P, Yokoyama, Y., Ramakrishnan, S., Griffioen, A. W. and Mayo, K. H. (2003) The

residues (Leu', Vai7, Ile', Val22 and Leu24), which were identified designed angiostatic peptide anginex synergistically improves chemotherapy and

as being crucial to anti-proluferative activity, are proximal and are 15antiangiogenesis therapy with angiostatin Cancer Res. 63, 382-385
conformedn cruci the hnti-rophobifeatie activi, areprximla nd e 15 Dings, R. P. M., van der Schaff, D. W., Hargittai, B., Haseman, J. R., Griffioen, A. W. and
conformed on the hydrophobic face of the amphipathic fl-sheet Mayo, K. H, (2003) Anti-tumor activity of the novel angiogenesis inhibitor anginex.
[9]. Comparison of the three-dimensional structures of several Cancer Left. (Shannon, trel.) 194, 55-66
anti-angiogenic proteins, e.g. endostatin [3 1 ], PF4 [32], tumour 16 Adler, A. J., Greenfield, N. J. and Fasman, G. D. (1973) Circular dichroism and optical
necrosis factor [33] and BPI protein [34], provides a higher level rotary dispersion of proteins and polypeptides. Methods Enzymol. 27,675-735
of structural commonality among anti-angiogenic proteins in that 17 Greenfield, N. and Fasman, G. D. (1969) Computed circular dichroism spectra for the
they are comprised primarily of anti-parallel fl-sheet structure. evaluation of protein conformation. Biochemistry. 8, 4108-4116
Furthermore, a survey of amino acid sequences from numerous 18 Delaglio, F., Grzesiek, S., Vuister, G W., Zhu, G., Pleifer, J. and Bax, A. (1995) NMRPipe: a
anti-angiogenic proteins reveals that they are compositionally multidimensional spectral processing system based on UNIX pipes. J. Biomol. NMR. 6,
similar, containing numerous hydrophobic and cationic residues. 277-293

These structural and compositional characteristics, which appear 19 Brunger, A. T. (1992) X-plor Manual, Yale University Press, New Haven

to be functionally important, are embodied in anginex [9]. 20 Mayo, K. H., Haseman, J., Young, H. C. and Mayo, J. W. (2000) Structure-function
relationships in novel peptide dodecamers with broad-spectrum bactericidal and

As structure-function relationships in these and other anti- endotoxin-neutralizing activities. Biochem. J. 349, 717-728
angiogenic proteins and peptides become known, it will b 21 Guex, N. and Peitsch, M. C. (1997) SWISS-MODEL and the Swiss-PdbViewer: an
interesting to see if this is a common feature among anti- environment for comparative protein modeling. Electrophoresis 18, 2714-2723
angiogenic proteins. Knowing that this fl-sheet conformation 22 Relou, I. A., Damen, C. A., van der Schalt, D. W., Groenewegen, G. and Griffioen, A. W.
is that which promotes anti-angiogenic activity will aid in the (1998) Effect of culture conditions on endothelial cell growth and responsiveness.
development of small molecule mimetics of the anginex peptide. Tissue Cell 30, 525-530

23 Darzynkiewicz, Z., Bruno, S., Del Bino, G., Gorczyca, W., Hotz, M. A., Lassota, P and
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Abstract

Anginex is a novel cytokine-like peptide with potent anti-angiogenic activity, which operates specifically against
angiogenically-activated endothelial cells via prevention of cell adhesion/migration on the extracellular matrix and subsequent
induction of apoptosis. Here, we demonstrate that anginex inhibits tumor growth in vivo in mouse xenograft models. In the
MA 148 ovarian carcinoma model, tumor growth was inhibited dose-dependently by up to 80% when systemically administered
via osmotic mini-pumps starting at the time of tumor cell inoculation. The optimal dose was found to be 10 mg/kg per day.

When tested against established tumors, mini-pump-administered anginex demonstrated essentially the same effectivity at this
optimal dose, whereas once or twice-daily injections were only half as effective. When anginex was conjugated to human serum

albumin, effectivity was significantly improved, most likely due to increased bioavailability of the conjugate.
Immunohistochemical analysis of microvessel density indicated that the anti-tumor activity of anginex is mediated by
angiogenesis inhibition. This was confirmed in an in vitro angiogenesis assay based on tube formation in a collagen gel.
Animals demonstrated no signs of toxicity as judged by unaltered behavior, normal weight gain, blood markers and macro- and
microscopic morphology of internal organs upon autopsy. Overall, these in vivo studies indicate that anginex is an effective
anti-tumor agent.
© 2003 Elsevier Science Ireland Ltd. All rights reserved.

Keywords: Angiogenesis; Anginex; Bioavailability; Microvessel density; Conjugation; Systemic treatment

1. Introduction through which new blood vessels develop from pre-
existing vasculature [ 1]. The growth of solid tumors is

Angiogenesis or neovascularization is the process dependent on angiogenesis, as tumors generally
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and neovasculatization occurs only when there are significantly improved by conjugating anginex to
more positive than negative regulators of angiogen- human serum albumin to improve its bioavailability.
esis [2,3]. These results demonstrate that anginex is a promising

A highly vascularized tumor is correlated with a pharmacological anti-cancer agent that should be
poor clinical prognosis, not only because of the developed for clinical testing.
potential for uncontrolled tumor growth, but also
because of the increased access of the tumor to
capillaries, which contributes to increased metastatic 2. Materials and methods
potential [4,5]. Consequently, methods that inhibit
angiogenic sprouting provide a unique opportunity to 2.1. Cell culture
arrest tumor growth and prevent metastasis formation.
Many endogenous and exogenous anti-angiogenic The human epithelial ovarian carcinoma cell line,
agents have been identified, such as angiostatin [6], MA148, was kindly provided by Prof. Dr Ramakrish-
endostatin [7], thrombospondin [8], TNP-470 [9], nan. MA148 cells were cultured at 37 °C in RPMI
platelet factor-4 [10], thalidomide [11], squalamine 1640 medium (Life Technologies, Grand Island, NY)
[12], bactericidal/permeability-increasing protein [13] supplemented with 10% fetal bovine serum (Cellgro,
and carboxyamino-imidazole [14]. Mediatech, Washington, DC) and 1% penicillin/strep-

Although preclinical testing of anti-angiogenic tomycin (Cellgro, Mediatech). Cultures were grown
agents shows promise, the need for more and better in the presence of 5% CO 2 and split 1:3 every 3 days.
angiogenesis inhibitors is driven by the absence of any The human SK-OV-3 carcinoma cell line was kindly
major clinical breakthroughs (e.g. SU5416, BB2516, provided by Dr Rebecca Bagley (Genzyme).
AG3340, Bay 12-9566, IM-862 [15]). The most
successful angiostatic agents have been those that 2.2. Proliferation assay
directly act by inhibiting endothelial cell proliferation.
Anginex, a designed P3-sheet-forming cytokine-like Human umbilical vein derived EC were harvested
33-mer peptide, which potently inhibits multiple steps from normal human umbilical cords by perfusion as
in the angiogenesis process, is a member of this class described earlier [16]. HUVEC were seeded in a 96-
of angiogenesis inhibitors. A family of homologous well culture plate coated with I mg/ml fibronectin (2 h
P3pep peptides was designed by using basic folding at 20 'C) at a concentration of 3000 cells per well in a
principles and incorporating short sequences from the volume of 50 IAl. MA148 cells were seeded in a non-
P-sheets domains of ot-chemokine IL-8 and bacteri- coated 96 wells culture plate at a concentration of
cidal/permeability increasing (BPI) protein [16]. The 5000 cells per well in a volume of 50 l.. Both cell
angiostatic activity of anginex is based primarily on types were allowed to adhere for 3 h at 37 TC at 5%
apoptosis-induction via prevention of adhesion on and CO2 and subsequently 50 p.1 of culture medium with
migration through the extracellular matrix of angio- 20 ng/ml basic Fibroblast Growth Factor (bFGF), with
genically-activated endothelial cells [16]. or without anginex or conjugated anginex was added.

The aim of the present study was to test and to The cells were cultured for 72 h. Two different
optimize the in vivo efficacy of anginex as an anti- proliferation assays were used to quantify the effect of
cancer agent in mouse models. Various treatment the treatments, [3H]-thymidine incorporation and the
regiments, i.e. dose response, mode and frequency of cell counting kit (CCK) was used. [methyl-3H]-
administration, were investigated. For other angio- thymidine(Amersham Life Science)/well (0.5 p.Ci)
genesis inhibitors, the literature reports that continu- was used to pulse the culture, during the last 6 h of the
ous, systemic administration of, for example assay and activity was measured using liquid
endostatin [17], results in more effective tumor scintillation. CCK-8 solution (10 pLl) (Dojindo,
growth suppression at significantly reduced doses Gaithersburg, MD) was added to the culture during
compared with bolus administration. Continuous the last 2 h of the assay. This was then quantified using
systemic administration of anginex in a 10 mg/kg a microplate reader, and the absorbance was measured
per day dose provided optimal efficacy. Efficacy was at 450 nm with the reference wavelength at 650 nm.
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All measurements were done in triplicate, and the resuspended at 2 X 107 cells/ml in serum-free
experiments were done at least three times. RPMI-1640 medium. One hundred microliters of the

suspension was injected subcutaneously into the right
2.3. In vitro angiogenesis flank of the mouse. For mice with minimal residual

disease, treatment was initiated at the time of
Sprouting and tube formation of EC were studied inoculation with MA148 cells. As a therapeutic

using cytodex-3 beads overgrown with EC in a three- intervention variant, tumors were allowed to grow to
dimensional gel. Bovine capillary EC (BCE) was an average size of 50 mm 3 (day 17 post-inoculation)
mixed with gelatin coated cytodex-3 microcarrier before treatment was initiated.
beads (Sigma, The Netherlands) at a concentration of Another therapeutic intervention model was per-
25 cells per bead and cultured for 72 h in a tissue formed with a more aggressive carcinoma, human
culture plate in RPMI-1640, supplemented with 20% SK-OV-3, where tumors were allowed to establish
FBS (fetal bovine serum), 2 mM L-glutamine, 50 themselves to an average size of approximately 75
ng/ml streptomycin, and 50 U/ml penicillin. The mm3 before treatment was initiated. In either case,
beads were spun down and resuspended at a animals were randomized prior to the initiation of
concentration of 25 beads per 100 I., in eight treatment.
volumes of vitrogen-100 (Collagen Corporation,
Fermont, CA, USA), one volume 10 x concentrated
a-MEM (Life Technologies, Breda, The Nether-
lands), one volume 11.76 mg/ml sodium bicarbonate
and 20 ng/ml bFGF. One hundred microliters of this Three variations in treatment administration were

mixture was suspended to each well of a 96-well employed: loco-regional injections, alginate beads

culture plate, after which gelation was allowed to take and osmotic mini-pumps. Loco-regional adminis-

place at 37 TC. After gelation medium containing 20 tration was performed by injecting agents subcu-

ng/ml bFGF was applied on top of the gel, with or taneously in the right flank within 1 cm of the tumor,

without anginex at concentrations as indicated. After rather than directly into the tumor mass. Single and

24 h photographs were made. For quantification these double daily injections were performed. Double daily

images were analyzed using NIH image computer injections were administered at 12-h intervals.

software. Statistical analysis was done using the Alginate beads and osmotic mini-pumps were both
Mann-Whitney U-test. used in order to compare two different continuous and

systemic modes of treatment. Alginate beads, a

2.4. Animals simple, mild, aqueous-based gel formation of sodium
alginate in the presence of divalent cations such as

In all studies, female athymic nude mice (nu/nu, Ca2+, were made using alginic acid (Sigma Chemical
5-6 weeks old) were used. These mice were Co.), with some modifications from the method
purchased from the National Cancer Institute and previously described [18]. Briefly, the peptide angi-
allowed to acclimatize to local conditions for at least I nex was dissolved in 2% w/v sodium alginate
week. Animals were given water and standard chow solution, which was then extruded through a 30-G
ad libitum, and were kept on a 12-h light/dark cycle, needle into a 0.1 M calcium chloride solution while
All experiments were approved by the University of stirring. Alginate beads were stored overnight at 4 °C
Minnesota Research Animal Resources ethical and subsequently washed three times in sterile
committee. distilled H20. Each week, these beads were made

fresh and placed subcutaneously in the left flank of the
2.5. Xenograft mouse models animals, achieving a dose of 10 mg/kg per day. In

studies using osmotic mini-pumps (Durect, Cupertino,
MA148 cells, growing in exponential phase, were CA), mini-pumps were implanted subcutaneously in

harvested by trypsinization, washed with Hanks' the left flank of mice. Concentrated solutions of
balanced salt solution (Cellgro, Mediatech) and anginex were formulated such that the 28-day
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treatment period would be covered by implantation of methyl)cyclohexane-1-carboxylate (47 mM in diox-
a single pump. ane) that acted as the cross-linker. The reagent was

For each route of administration, control groups of added in nine aliquots of 4 iRl/ml at 5-min intervals
animals were given either PBS, PBS containing under gentle agitation, and gently shaken overnight at
human serum albumin, or PBS containing a negative 32 'C. The resulting protein was purified by gel
control peptide 13pep-28 that is 91% sequentially filtration, lyophilized and redissolved in H20 (I ml).
homologous and 67% identical to anginex [161. One milligram of anginex, dissolved in H20 (0.25
Tumor growth curves were found to be virtually ml), was then added to the protein solution. The
identical in any of these control cases. resulting cloudy solution was stirred at 25 'C over-

night, centrifuged to remove any precipitate, purified

2.7. Tumor volume measurements using gel filtration, and finally dialyzed and lyophi-
lized to give the desired conjugate. The protein was

Tumor volume was determined by measuring the characterized by HPLC and mass spectrometry. From
diameters of tumors using calipers (Scienceware, mass spectral analysis it was estimated that there was
Pequannock, NJ) and calculated by the equation for an average of five anginex molecules per HSA
the volume of a spheroid: (a 2 x b x ir)/6, where a is molecule. An EC proliferation assay (incorporation
the width and b is the length of the tumor. of [3H]thymidine) showed no enhanced activity of
Measurements were performed two or three times conjugated anginex compared to its molecular
per week. At the conclusion of an experiment, tumor equivalent of free anginex.
weights were also taken following excision of the
tumors from euthanized animals. Statistical analysis 2.9. Immunohistochemistry
was performed using the Student's t-test.

Immunohistochemistry was used to assess micro-
2.8. Anginex-HSA conjugate vessel density and the extent of total cell death.

Tumors of approximately the same size were selected
Given that small peptides like anginex are subject for processing. Tumor tissue was embedded in tissue

to rapid clearance via the kidney, a study was freezing medium (Miles Inc, Elkart, IN) and shock
performed in which anginex was coupled to a larger frozen in liquid nitrogen. Sections of tissue (10 p.m
carrier protein, human serum albumin (HSA). To thick) were prepared for immunohistochemical anal-
produce this conjugate, 5 mg of HSA (Aldrich ysis. For this, tissue sections were brought to room
Chemicals, Milwaukee, WI) was dissolved in I ml temperature, air dried overnight, and then fixed in
of 50 mM Na 2HPO4 buffer, pH 7.5, containing I mM acetone for 10 min. Slides were allowed to air dry for
EDTA. Freshly dissolved S-acetylthioacetic acid at least 30 min and were washed three times for 5 min
(SATA, 65 mM in dimethyl sulfoxide) was then each in phosphate-buffered saline (PBS, pH 7.4).
added and stirred at 25 'C for I h [ 19]. The resulting Samples were then blocked with PBS containing 0.1%
derivatized protein was separated from smaller bovine serum albumin and 3% human serum albumin
molecules by gel filtration using Sephacryl S-200HR for at least 30 min at room temperature in a humidified
(Amersham Pharmacia Biotechnology). To the col- box. Samples were subsequently incubated with
lected and combined fractions, a 0.5 M aqueous phycoerytrin (PE)-conjugated monoclonal antibody
solution of hydroxylamine hydrochloride (in P0 4  to CD-31 (PECAM-I) in a 1:50 dilution (Pharmigen,
buffer containing 25 mM EDTA; pH 7.5) was added San Diego, CA) to stain for microvessel density. After
and stirred at 25 'C for 1.5 h in order to remove the a I-h incubation at room temperature, slides were
acetyl-protecting group [20]. The amount of free washed with PBS and immediately imaged using an
sulfhydryl was measured using dinitrothiobenzoic Olympus BX-60 fluorescence microscope at 200 X
acid (Ellman's reagent) [21]. There were, on average, magnification. Digital images were stored and pro-
five free sulfhydryls per HSA molecule. cessed using Adobe Photoshop (Adobe Inc., Mountain

Following gel purification, the derivatized protein View, CA).
was treated with succinimidyl 4-(N-maleimido- To assess the extent of total cell death, tissue
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sections were stained by using the terminal deoxyr- containing homologous peptide fPpep-28 (5 or 10
ibonucleotidyl transferase-mediated dUTP-nick-end mg/kg per day). As a model for minimal residual
labeling (TUNEL) assay, which was performed disease, treatment was initiated immediately after
according to the manufacturer's instructions (in situ inoculation of animals with tumor cells. Anginex was
cell death detection kit, fluorescein; TUNEL, Roche). observed to inhibit tumor growth dose dependently
Although the TUNEL assay detects apoptosis, it can with the optimal dose being 10 mg/kg per day (Fig. 1).
not be ruled out that TUNEL will also stain for At this dose, anginex inhibited tumor growth by 80%
necrosis, where extensive DNA fragmentation may relative to control groups. Whereas greater effectivity
occur. Stainings were imaged using an Olympus BX- was not observed at the higher dose of 20 mg/kg per
60 fluorescence microscope at 200 x magnification, day, tumor growth was inhibited by only 50% on
and the digital images were stored and processed average at half the optimal dose (5 mg/kg per day).
using Adobe Photoshop (Adobe Inc., Mountain View, Tumors in all control groups were essentially of the
CA). same size. Data, taken from three independent studies,

Quantification of microvessel density and the rate are shown as average tumor volumes in mm 3 _ S.E.
of total cell death were determined as described (Fig. 1).
earlier [22]. Statistical analysis was performed using
the Student's t-test. 3.2. Anginex inhibits growth of established tumors

2.10. Toxicity assessment Having demonstrated its in vivo efficacy, anginex
was then tested in mice with established MA148

As an indirect measure of toxicity, body weights of tumors (approx. 50-75 mm 3). The optimal dose of 10
mice were monitored three times per week using a mg/kg per day was administered via mini-pumps,
digital balance (Ohaus Florham, NJ). Hematocrit which resulted in a 70-80% inhibition of tumor
levels were determined in blood samples extracted
by tail vein bleedings prior to treatment, 10 days after 1600
the initiation and on the last day of treatment. Blood 1400 -. eatnt -28

samples were collected using heparinized micro-
hematocrit capillary tubes (Fisher; Pittsburgh, PA). 1200.

Samples were spun down for 10 min in a micro- E1000 - i vehicle

hematocrit centrifuge (Clay-Adams; NY) and hem-
atocrit levels were calculated using an international
microcapillary reader (IEC; Needham, MA). To > 6- anma x

obtain creatinine levels blood was withdrawn on the 400- engi

last day of treatment. Creatinine was determined 1 _ 0,1,n

according manufacturer's instructions (Sigma Diag- 200
nostics; St Louis, MO). 0 - 11" I I I I "T-

0 1s 20 25 30 35
Time (days)

3. Results Fig. 1. Anginex causes significant tumor growth inhibition. The
mean tumor growth of human MA148 ovarian carcinoma is shown
for athymic mice treated with a dose-range of anginex (-V-: 5 mg/kg

3.1. Anginex inhibits tumor growth dose dependently per day, n = 14; -0-: 10 mg/kg per day, n = 16; -+-: 20 mg/kg per
day, n = 8) administered via mini-pumps implanted in the left flank

The dose dependency of anginex was assessed in of animals. Controls contained PBS with BSA (-M-; n = 13) and

the MA148 human ovarian carcinoma xenograft PBS with 3pep-28 5 mg/kg per day (.0-; n = 8) and 10mg/kg per

model, whereby anginex was administered at 5, 10, day (-A-; n = 4). The treatment period was initiated on the day of
tumor inoculation (day 0) and lasted for 28 days as indicated by the

and 20 mg/kg per day via osmotic mini-pumps. For horizontal arrow in the figure. Data were taken from three
this study, there were three control groups: one given independent studies and represent the mean tumor volume in mm

3

PBS containing BSA and the other two given PBS (-S.E.).
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growth (Fig. 2A). The efficacy of anginex against an alternative to continuous systemic administration
MA-148 tumors was comparable to that observed by osmotic mini-pumps, anginex was encapsulated in
against tumors produced using another ovarian alginate beads. Delivery of anginex via alginate beads
carcinoma cell line, SKOV-3 (data not shown). As was less pronounced compared to mini-pumps,

producing only about a 50% reduction in tumor

A volume (Fig. 2A). Lower efficacy was also observed
when anginex was administered loco-regional by

5000- [ 4*-. daily subcutaneous injections. At the sub-optimal
IF dose of 5 mg/kg per day, tumor growth in these

.•4000- vehicl, experiments was inhibited by only 30%. Giving the
0 -• same dose of anginex by twice daily injections did not

. 3000 improve efficacy of the peptide (Fig. 2B).

16,2000 Tanginex
hlgifate 3.3. Anginex conjugation to HSA enhances inhibition

F-Z 1000 4 • .i anginox of tumor growth
pumps

0 .1 Since anginex is a small peptide that may be
0 20 30 40 50 60 cleared rapidly via filtration through the kidney, an

B attempt to improve bioavailability was made by

_ _ _ _ __,_conjugating anginex to human serum albumin
5000- (HSA-anginex, HSA/anginex molecule ratio of

1E - 1:5). Activity of the conjugate was first measured in
E.4000. -Spep-21 EC proliferation assays and the results were compar-
Svehicle able in both assays. On a molar basis, the activity of

3000. conjugated and unconjugated anginex, in these in
20 anginex vitro assays was found to be essentially the same,

whereas anginex is basically ineffective against the
cancer cell line MA148 (Fig. 3). In vivo activity of the
conjugate was then tested in the MA148 xenograft

0 tumor model along with unconjugated anginex. Molar
0 20 30 40 50

Time (days) 120-

Fig. 2. Effect of different routes of administration for anginex. (A) 100 -
Tumor growth of human MA148 ovarian carcinoma in athymic a I

mice treated with anginex (10 mg/kg per day) that was administered s
in alginate beads (-0-; n = 10) or via osmotic mini-pumps (-V-;
n = 9) implanted in the left flank of animals. Tumors grew on the

fight flank of animals. The alginate control group (-N-) used four ,
mice, whereas the mini-pump control group used five mice (-A-). IL4-
(B) The mean tumor growth of human MAI48 tumors in athymic 20-

mice treated with anginex (-V-: 5 mg/kg per day or -0-: 2.5 mg/kg
per day b.i.d.) that was administered by daily loco-regional injection 0-
near the site of the tumor. Controls were performed using PBS with 0 2 4 6 8 10 12 14 16
BSA (-W-) and PBS with 3pep-28 (-A-: 5 mg/kg per day). Ten mice Concentration (phM)
were present in all groups except controls, which used nine mice.

Horizontal arrows in both panels indicate the treatment period. Fig. 3. The effect of free anginex and conjugated anginex on
which was initiated on day 17 post-inoculation when palpable HUVEC and human ovarian MA148 carcinoma. Proliferation data
tumors were present and lasted until day 45. Data have been taken is shown which was measured after 72 h of culture in the presence of
from two independent studies and represent mean tumor volume in free anginex (-0- on EC; -0- on MA148) or conjugated anginex

mm
3 ± S.E. (-V- on EC) in different concentrations.
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equivalent doses (anginex at 2.5 mg/kg per day and body weight, measuring hematocrit and creatinine
the HSA-anginex conjugate at 41.5 mg/kg per day) blood levels, and examining macro- and microscopic
were subcutaneously administered via osmotic mini- morphology of internal organs upon autopsy at the
pumps. Data in Fig. 4 show averages of three end of each study. By any of these criteria, neither
independent experiments. A significant improvement anginex nor its HSA-conjugate appeared to be toxic.
in tumor growth inhibition was observed when Treated and untreated mice behaved and ate normally.
animals were treated with the conjugate. Thirty days Body weights of treated and untreated mice were the
post-treatment (day 58), tumors in animals treated same among any of the groups studied. Each mouse
with HSA-conjugated anginex remained significantly gained on average approximately 3 g during the
smaller than those in control animals treated with free course of the studies. In addition, prior to the start of
HSA (P < 0.05). At this time point, the mean tumor treatment, 10 days after the initiation of treatment, and
volume in HSA-conjugate treated animals was the last day of treatment, blood was drawn and
approximately 75% less than in control treated hematocrit levels were determined as measurement
animals. Results from tumor volume measurements for bone marrow toxicity. Prior to treatment, the
were virtually the same as those derived from wet average percentage of red blood cells was
weights of post-mortem excised tumors (vehicle 54.3% t 4.7%. Ten days after initiating treatment,
2875 t 1404 mg; conjugate 767 t 267 mg). red blood cells accounted for 51.0% t 3%,

51.0% ± 2% and 46.3% t 6.6% for control, anginex
3.4. Toxicity assessment and conjugate treated groups, respectively. On the last

day of treatment red blood cells accounted for
In vivo toxicity of anginex and its conjugate was 50.3% t 1.1%, 50.0% ± 2.6% and 50.0 ± 1.0% for

assessed by observing animal behavior, determining control, anginex and HSA-conjugate treated groups,
respectively. Creatinine levels, which were deter-

4it mined on the last day of treatment, showed amounts of
35M. P0 -- 0 1 49.6 ± 2.5 pLmole/i, 46.6 ± 4.5 ptmole/l, and 42.1
•300. 300 €•mole/1 ± 3.0 p.mole/l for control, anginex and

20 1conjugated treated groups, respectively. At the
250 so termination of all studies, macro- and microscopic

25000 1oo
Z so vehicle morphology of internal organs showed no abnormal-

100 0 jhile ities among all groups of animals.
1500 Time (do"y)

1000. T nginex 3.5. Aspects of the mechanism of action

I-- ;00.P_ If _To demonstrate that anginex functions by inhi-
0 10 ..20 ... ....... bition of blood vessel formation, microvessel density

(MVD) and the extent of total cell death (Fig. 5 and
Time (days) Table 1) in cross-sections from tumor tissues were

Fig. 4. The mean tumor growth plotted for human MA148 ovarian determined. Results show that anginex inhibits the
carcinoma in athymic mice. Treatment lasted for 28 days and a number of microvessels by up to 50%, whereas the
prolonged significant tumor growth reduction is seen until conjugate inhibited MVD by approximately 80%. Not
termination of the study (*P < 0.05). The insert shows the data
during treatment. Treatment consisted of anginex (-0-; 2.5 mg/kg only was the number of microvessels reduced in
per day; n = It) or HSA-conjugated anginex (-V-; 41.5 mg/kg per anginex treated animals, but vessel length was also
day; n = 18) that was administered via osmotic mini-pumps reduced by a similar extent. This, together with an
implanted in the left flank of animals. Tumors grew on the right increase in the number of endpoints, is indicative of a
flank of animals. Control animals were treated with free HSA in change in vessel architecture. In all parameters (Table
PBS (-I-; n = 17). The horizontal arrow indicates the treatment 1), the HSA-conjugate demonstrated greater anti-
period, which was initiated on the same day as inoculation (day 0;
prevention model). Data were pooled from three independent angiogenic effectivity compared to free anginex. The
studies and represent mean tumor volume in mm

3 ± S.E. TUNEL assay, which reveals the extent of total cell



62 R. P.M. Dings et al. /Cancer Letters 194 (2003) 55-66

A

G H
2=

SM 141-

I4U

12"I: -

t1m,
I I 1 TNl

V 1 . l ,Slau e onlUaI, v.1*1. angh n x cooitiugVa-
(23 Me"g) (10 mg9g) (21 =g) ;(O1 0 mg

Fig. 5. Histochemical analysis. Tumor cross-sections were stained for vessel density (A-C) and for apoptosis (D-F). Microvessel density
(MVD) is revealed by PE-labeled anti-CD31 antibody staining. Apoptosis staining is revealed by using the TUNEL assay. (A, D) Exemplify
tumor tissue cross-sections taken from control-treated mice; (B, E) Exemplify tumor tissue cross-sections taken from anginex-treated mice, and
(C, F) exemplify tumor tissue cross-sections taken from HSA-conjugate-treated mice. Data in (G, H) show the mean of white pixels per image
(t S.E.), MVD and apoptosis, respectively. Black bars represent results from control tumors; double diagonally stripped and the left diagonally
striped bars represent tumors treated with anginex (respectively 2.5 and 10 mg/kg per day), whereas horizontally striped bars represent tumors
treated with HSA-conjugated anginex at 41.5 mg/kg per day. Statistical analysis was performed using the Student-t-test, where the asterisk
indicates P < 0.05 vs. control-treated tumors and the symbol # indicates P < 0.01 vs. anginex-treated (2.5 mg/kg) tumors. Original
magnification 200 x ; scale bar = 50 Am.



R.P.M. Dings et al. / Cancer Letters 194 (2003) 55--66 63

Table I
Vessel density quantification and related parameters

Vessel density' End pointsb Branch points' Vessel lengthd

Vehicle 56 785 ± 23 790 20.3 ± 10.2 17.1 ± 9.9 22.7 ± 7.4
Anginex 27 576 ± 13 3W4• 41.2 ± 14.0 13.0 ± 8.9' 7.2 ± 3.0'
Conjugate 9875 ± 3638'- 30.4 ± 16.6 3.2 ± 2.3"- 5.7 ± 2.7-'

" Following binarization of images, microvessel density was estimated by scoring the total number of white pixels per field. Results show the
mean white pixel count per image ± standard deviation."b Mean number of vessel end points ± standard deviation as determined after skeletonization of the images.

SMean number of vessel branch points/nodes per image in pixels ± standard deviation as determined after skeletonization of the images.
"d Mean total vessel length per image in pixels ± standard deviation as determined after skeletonization of the images.

SP < 0.05. Experimental group compared to vehicle, using the Student t-test.
f P < 0.01. Experimental group compared to anginex, using the Student t-test.

death within tumors (Fig. 5D-F), showed that cell 4. Discussion
death was greatest in animals treated with the HSA-
anginex conjugate, consistent with results from Anginex is a rationally designed, cytokine-like
microvessel staining (Fig. 5H). These results were peptide of 33-mer, which has been shown in vitro to
supported by the inhibition of tube formation in the in induce apoptosis specifically in angiogenically-acti-
vitro angiogenesis assay. In this assay, sprout vated endothelial cells (EC) by inhibiting EC from
formation was measured in a 3D collagen gel (Fig. adhering to and migrating on the extracellular matrix

6), and anginex was found to inhibit tube formation by [ 161. The present paper reports the in vivo efficacy of

50% at 800 nM. this small peptide and its development as a therapeutic
anti-cancer agent. We have shown here that anginex
significantly inhibits the growth of ovarian carci-
noma-derived tumors in athymic mice. Of the three
administrative routes used (daily loco-regional bolus
injections, continuous systemic delivery via osmotic
mini-pumps, and suspension in alginate beads
implanted subcutaneously), continuous systemic
administration of the peptide worked best. Inhibition

. anosx of tumor growth was observed to be dose dependent

0 and optimal at 10 mg/kg, with a maximum reduction
ae 50 in tumor size of approximately 80% relative to

control. When anginex was administered loco-region-
ally by once or twice daily injections, tumor growth

2s- "was inhibited by only approximately 50%. This
reduction in efficacy is consistent with the previous
observation that continuous administration of endo-

0 .......... statin resulted in sustained systemic concentrations of
-' -!tS - o• the protein leading to increased efficacy, which was

concentrmolon (wM) manifested as increased tumor regression compared to
single daily bolus administration [17]. Nevertheless, it

Fig. 6. Anginex inhibits in vitro angiogenesis in a collagen matrix, was somewhat surprising to find that twice-daily
BCE were cultured on gelatin coated Cytodex-3 beads in a collagen injection of the same total dose did not lead to
matrix. Sprouting was induced by addition of 20 ng/ml bFGF (A).
(B) Sprouting of BCE in the presence of 20 ng/ml bFGF and 25 LM enhanced efficacy over single daily injections as was
anginex. Quantification of results (C) was performed by NIH-image demonstrated with other angiogenesis inhibitors, e.g.
software (n = 3, *P < 0.013). matrix metalloproteinase inhibitor AG3340 [23].
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AG3340 was able to inhibit tumor growth at the same soluble in water [161, this latter point is moot with
rate as when it was administered in only 1/8 of the regards to explaining in vivo effects from the HSA-
dose, but injected multiple times a day. The plasma anginex conjugate. The HSA-anginex conjugate
levels of the proteinase inhibitor explained this effect. shows a substantial improvement in efficacy. Whereas
Apparently, single or double daily injections of a sub-optimal dose of free anginex proved to be
anginex did not produce appropriate threshold or ineffective, a molar equivalent dose of anginex
steady state levels of the drug in the serum to be as conjugated to HSA inhibited tumor growth by
effective. approximately 65%. Although we did not measure

As a third route of administration, we also serum levels of anginex or of the HSA-anginex
investigated the use of alginate beads in which conjugate, treatment with the conjugate presumably
anginex was suspended. This non-toxic and biode- led to prolonged circulation in the serum merely due
gradable method is an established method of drug to the increase in size. This, in turn, relates to
delivery [24] and was also reported to be an effective improved bioavailability of the drug.
means of delivery by others in the anti-angiogenesis Mechanistically, anginex functions in vitro as an
field [25]. However, with anginex this slow-release anti-angiogenic agent [16]. Immunohistochemical
approach was less effective than administration via results on cross-sections of exercised tumors from
osmotic mini-pumps. At best, tumor growth was anginex-treated and untreated animals, demonstrate
inhibited by approximately 60% when delivered via that tumor growth inhibition by anginex is indeed
alginate beads. The problem with the use of alginate mediated by its ability to inhibit angiogenesis. Here,
beads stems from the fact that the percentage of this has been quantified by microvessel density and
encapsulated compound can differ and that adminis- digital analysis of vessel architecture. Microvessel
tration, i.e. release, is not well regulated [26]. density in tumors, but not in other tissues, is

Because anginex has a relatively low molecular significantly decreased in anginex-treated animals
weight (3.9 kDa) and may, therefore, be rapidly compared to control tumors. In addition, anginex-
excreted via the kidney, we thought that its in vivo treated tumors have smaller vessels and the analysis of
efficacy could be improved by conjugating the peptide vessel architecture reveals decreased branching and
to a larger 'carrier' protein, i.e. human serum albumin less differentiation of the vascular bed. Furthermore,
(HSA; 67 kDa). Molecular weight-dependent tissue TUNEL analysis shows an increased amount of cell
accumulation and clearance has been systematically death within tumors exposed to anginex. This
investigated for dextrans [27] and polyethylenegly- increased cell death most likely results from a
cols (PEGs) [28]. For PEGs it was found that the reduction in angiogenesis, i.e. vessel density
circulatory half-life of PEG increased from 18 min to reduction, because in vitro data demonstrate that
1 day as the PEG molecular weight increased from 6 anginex only affects angiogenically-activated endo-
to 190 kDa. However, although renal clearance thelial cells (Fig. 3 and [16]). Therefore, apoptosis of
decreased, hepatic clearance increased with increas- tumor cells is not a direct effect of anginex treatment,
ing PEG molecular weight. For dextrans in a but rather it is an indirect effect due to a reduction in
molecular-weight range of 4 to 150 kDa, renal the number of endothelial cells in the tumor. In studies
clearance decreased with increasing molecular with other anti-angiogenics, similar observations were
weight, whereas hepatic clearance was maximal at made. For example, treatment with C225, an antibody
70 kDa and a further increase in molecular weight to the EGF receptor showed that inhibition of tumor-
resulted in a decrease of liver uptake. Conjugation of induced angiogenesis led to tumor cell apoptosis and
smaller molecules to larger carrier molecules, e.g. regression which, in turn, led to a significant
HSA, has been shown to be effective in increasing antitumor effect against human pancreatic carcinoma
bioavailablity for reasons, beyond an increase in size, in nude mice [30].
e.g. changes the molecular hydrophobicity. For For several reasons, anginex shows promise for
instance, this was demonstrated by conjugating the clinical use as a therapy against cancer. Anginex is a
well-known and hydrophobic chemotherapeutic agent potent anti-tumor agent that demonstrates no signs of
paclitaxel to HSA [29]. Because anginex is readily toxicity in mice. Moreover, the peptide is syntheti-



R.P.M. Dings et aL / Cancer Letters 194 (2003) 55-66 65

cally produced and has a very long shelf-life either as [131 D.W. van der Schaft, E.A. Toebes, J.R. Haseman, K.H. Mayo,

a powder or in solution. Currently, we are using the AW. Griffloen, Bactericidal/permeability-increasing protein

NMR structure of anginex and derived structure- (BPI) inhibits angiogenesis via induction of apoptosis in
vascular endothelial cells, Blood 96 (2000) 176-181.

function relationships to design a small molecule [141 R.S. Kerbel, Tumor angiogenesis: past, present and the near

mimetic of the peptide. future, Carcinogenesis 21 (2000) 505-515.

[15] M. Fogarty, Learning from angiogenesis trial failures.
Scientist 16 (2002) 33-35.

Acknowledgements 116] A.W. Griffioen, D.W. van der Schaft, A.F. Barendsz-Janson,
et al., Anginex, a designed peptide that inhibits angiogenesis,
Biochem. 1. 354 (2001) 233-242.

This research was supported by grants from the [171 0. Kisker, C.M. Becker, D. Prox, et al., Continuous
Department of Defense (DA/DAMD 17-99-1-9564) administration of endostatin by intraperitoneally implanted

and the National Institutes of Health (RO0 CA-96090) osmotic pump improves the efficacy and potency of therapy in

to K.H. Mayo. a mouse xenograft tumor model, Cancer Res. 61 (2001)
7669-7674.

1181 MK. Majumdar, E. Wang, E.A. Morris, BMP-2 and BMP-9
promotes chondrogenic differentiation of human multipoten-

References tial mesenchymal cells and overcomes the inhibitory effect of
IL-I, J. Cell Physiol. 189 (2001) 275-284.

[1] A.W. Griffioen, G. Molema, Angiogenesis: potentials for [19] R.J. Duncan, P.D. Weston, R. Wrigglesworth, A new reagent
pharmacologic intervention in the treatment of cancer, which may be used to introduce sulfhydryl groups into
cardiovascular diseases, and chronic inflammation, Pharmacol proteins, and its use in the preparation of conjugates for
Rev. 52 (2000) 237-268. immunoassay, Anal. Biochem. 132 (1983) 68-73.

121 J. Folkman, M. Klagsbrun, Angiogenic factors. Science 235 [201 I.M. Klotz, R.E. Heiney, Introduction of sulthydryl groups
(1987) 442-447. into proteins using acetylmercapto succinic anhydride, Arch.

131 D. Hanahan, J. Folkman, Patterns and emerging mechanisms Biochem. Biophys. 96 (1962) 605-612.
of the angiogenic switch during tumorigenesis, Cell 86 (1996) [211 G.L. Elman, Tissue sulfhydryl groups, Arch. Biochem.
353-364. Biophys. 82 (1959) 70-77.

141 S.G. Williams, M. Buscarini, J.P. Stein, Molecular markers for [221 R. Wild, S. Ramakrishnan, 1. Sedgewick, A.W. Griffioen,
diagnosis, staging, and prognosis of bladder cancer, Oncology Quantitative assessment of angiogenesis and tumor vessel
(Huntingt) 15 (2001) 1469-70, 73-4, 76; discussion 76-84. architecture by computer-assisted digital image analysis:

[51 N. Weidner, Angiogenesis asa predictor of clinical outcome in effects of VEGF-toxin conjugate on tumor microvessel
cancer patients, Hum. Pathol. 31 (2000) 403-405. density, Microvase. Res. 59 (2000) 368-376.

[61 M.S. O'Reilly, L. Holmgren, et al.. Angiostatin: a noveldestMcoacRa.5(20)3876[231 D.R. Shalinsky, J. Brekken, H. Zou, et al., Broad antitumor
angiogenesis inhibitor that mediates the suppression of and antiangiogenic activities of AG3340. a potent and
metastases by a Lewis lung carcinoma, Cell 79 (1994) selective MMP inhibitor undergoing advanced oncology
315-328. clinical trials, Ann. N.Y. Acad. Sci. 878 (1999) 236-270.

171 M.S. O'Reilly, T. Boehm, Y. Shing, et al., Endostatin: an
endogenous inhibitor of angiogenesis and tumor growth, Cell [24] S. Takka. O.H. Ocak F. Acarturk, Formulation and investi-
88 (1997) 277-285. gation of nicardipine HCt-alginate gel beads with factorial

[81 F. Rastinejad, P.J. Polverini, N.P. Bouck, Regulation of the design-based studies, Eur. 3. Pharm. Sci. 6(1998) 241-246.
activity of a new inhibitor of angiogenesis by a cancer [251 T.A. Read, D.R. Sorensen, R. Mahesparan, et al., Local

suppressor gene, Cell 56 (1989) 345-355 endostatin treatment of gliomas administered by microencap-

[91 M. Kusaka, K. Sudo, T. Fujita, et al., Potent anti-angiogenic sulated producer cells, Nat. Biotechnol. 19 (2001) 29-34.

action of AGM-1470: comparison to the fumagillin parent, [261 B. Arica, S. Calis, H. Kas, M. Sargon, A. Hincal, 5-

Biochem. Biophys. Res. Commun. 174 (1991) 1070-1076. Fluorouracil encapsulated alginate beads for the treatment of

[101 S.K. Gupta, J.P. Singh, Inhibition of endothelial cell breast cancer, Int. J. Pharm. 242 (2002) 267-269.

proliferation by platelet factor-4 involves a unique action on [271 R. Mehvar, M.A. Robinson, J.M. Reynolds, Molecular weight

S phase progression,, J. Cell Biol. 127 (1994) 1121-1127. dependent tissue accumulation of dextrans: in vivo studies in

[111 A. Onn, J.E. Tseng, R.S. Herbst, Thalidomide, cyclooxygen- rats, J. Pharm. Sci. 83 (1994) 1495-1499.

ase-2, and angiogenesis: potential for therapy, Clin. Cancer [281 T. Yamanka, Y. Tabata, Y. Ikada, Distribution and tissue
Res. 7 (2001)3311-3313. uptake of poly(ethylene glycol) with different molecular

[121 A.K. Sills Jr., J.1. Williams, B.M. Tyler, et al., Squalamine weights after intravenous administration to mice, J. Pharm.
inhibits angiogenesis and solid tumor growth in vivo and Sci. 83 (1994)601-606.
perturbs embryonic vasculature, Cancer Res. 58 (1998) [291 F. Dosi, P. Brusa, P. Crosasso, S. Arpicco, L. Cattel,
2784-2792. Preparation, characterization and properties in vitro and in



66 R.P.M. Dings et al. / Cancer Letters 194 (2003) 55-66

vivo of a paclitaxel-albumin conjugate, J. Control. Release 47 results in regression of human pancreatic carcinoma growing
(1997) 293-304. orthotopically in nude mice by antiangiogenic mechanisms,

1301 CI. Bruns, M.T. Harbison, D.W. Davis, et al., Epidermal Clin. Cancer Res. 6 (2000) 1936-1948.
growth factor receptor blockade with C225 plus gemcitabine



IýArWER RESEARCH 63, 382-385, January 15, 20031 
APPENDIX 3

The Designed Angiostatic Peptide Anginex Synergistically Improves Chemotherapy

and Antiangiogenesis Therapy with Angiostatin1

Ruud P. M. Dings, Yumi Yokoyama, Sundaram Ramakrishnan, Arjan W. Griffloen, and Kevin H. Mayo2
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Angiogenesis Laboratory, Department of Internal Medicine, University Hospital Maastricht, 6202 AZ Maastricht, the Netherlands JR. P. M. D., A. W. G./

ABSTRACT (Sigma Diagnostics, St. Louis, MO) was dissolved in PBS (32.5 mg/kg) and
administered i.p. once every 3 days. Angiostatin (20 mg/kg) was administered

Recently, we demonstrated that the designed peptide anginex displays daily s.c. in the neck, as described previously (9).
potent antiangiogenic activity. The aim of the present study was to inves- Culture. MA 148, a human epithelial ovarian carcinoma cell line, was
tigate anginex treatment as a single-agent therapy and to test its ability to cultured on noncoated flasks using 10% fetal bovine serum, 1% penicillin/
improve conventional chemotherapy and antiangiogenesis therapy. In a streptomycin in RPMI 1640. Cultures were split 1:3 every 3 days. Mouse
human ovarian carcinoma mouse model, anginex Inhibited tumor growth angiostatin (kringle 1-4) was cloned and expressed in Pichia pastoris (10),
by 70%. When anginex was combined with a suboptimal dose of carboe- agottn(rnl -)wscoe n xrse nPci aw 1)by tumos W engres was combied toitn impal ab state.oAtiml puse ofang os n with culturing, elution, and purification done as described previously (9, I1).
platin, tumors regressed to an impalpable state. Anginex plus angiostatin OainCrioaMueMdl eaeahmcnd ie(~u
worked synergistically to inhibit tumor growth. Assessment of microvessel Ovarian Carcinoma Mouse Model. Female athymic nude mice (nulnu,
density suggested that the antitumor activity of anginex is mediated by 5-6 weeks old) were purchased from the National Cancer Institute and allowed
angiogenesis inhibition. In any of the experiments, no sign of anginex- to acclimatize for I week. Human ovarian MA148 epithelial carcinoma cells

induced toxicity was observed, were cultured, harvested, and inoculated s.c. into the right flank of the mouse
as described previously (9). in the initial experiment, treatment was initiated
after randomizing mice and implanting osmotic minipumps (Durect, Cuper-

INTRODUCTION tino, CA) into the left flank. The pumps had a treatment span of 28 days, which
started on the same day as the inoculation of the ovarian carcinoma cells.

Neovascularization, or angiogenesis, is the process of new capillary Subsequently, studies were carried out in a therapeutic intervention model with
outgrowth from preexisting blood vessels. Sustained angiogenesis is established tumors to test the capacity of anginex to inhibit tumor growth and
one of the essential alterations in cell physiology that collectively to test it in conjunction with angiostatin. In this latter model, treatment was
dictate malignant growth (1). Angiogenesis is required for solid initiated 7 days postinoculation with the MA148 cells. To test the ability of
tumors to grow beyond the size of approximately 1-2 mm 3 . A highly anginex to enhance conventional chemotherapy, carboplatin was used in com-
vascularized tumor is associated with poor clinical prognosis, not only bination with anginex in the same intervention model.

because of the potential for exponential tumor growth but also be- Tumor volume was determined by measuring the size of the tumors on the

cause of the increased access capacity to the capillaries (2), which flanks of the mice. The diameters of tumors were measured using calipers

supposedly facilitates metastasis formation (3). Consequently, meth- (Scienceware, Pequannock, NJ), and the volume was calculated using the

ods to inhibit angiogenic sprouting provide a unique opportunity to equation to determine the volume of a spheroid: (a2 X b X [1)/6, where a is

arrest tumor growth and prevent metastasis, either alone or in com- the width of the tumor, and b is the length of the tumor.

bination with conventional therapies. Combination of angiogenic in- Immunohistochemistry. Tumor tissues were embedded in tissue freezing
medium (Miles, Inc., Elkart, IN) and snap frozen in liquid nitrogen. Prepara-hibitors with radiation (4, 5), gene therapy (6), or chemotherapy (7)

has been shown to be successful. Recently, we reported the design of tion and procedures were done as described previously (12). Samples were
Sa (3-sheet-forming peptide 33-mer, with potent in vitro anti- subsequently incubated in a 1:50 dilution with phycoerythrin-conjugated

anginex, activity pepti ms with potent iu were to monoclonal antibody to mouse CD-31 (platelet/endothelial cell adhesion mol-
angiogenesis activity (8). The aims of the present study were to eueI hrign a igC)o ICcnuae CA A-Iecule 1; PharMingen, San Diego, CA) or a FITC-conjugated PCNA1 (Ah- I
investigate anginex treatment in vivo as a single-agent therapy and in Oncogene, San Diego, CA) to stain for MVD or proliferation, respectively.
combination with conventional chemotherapy and the structurally After a 1-h incubation at room temperature, slides were washed with PBS and
unrelated antiangiogenic angiostatin. Here, we show that although immediately imaged in an Olympus BX-60 fluorescence microscope at X200
anginex alone significantly inhibits tumor growth, treatment in com- magnification. Sections were also stained for cell death using a TUNEL assay
bination with a suboptimal dose of carboplatin results in tumor re- carried out according to the manufacturer's instructions (in situ cell death
missions to microscopic disease, and treatment in combination with detection kit, fluorescein; TUNEL; Roche). Although the TUNEL assay de-

angiostatin demonstrates a synergistic effect at inhibiting tumor tects apoptosis, it cannot be ruled out that TUNEL will also stain for necrosis,
growth. The present data warrant further development of anginex for where extensive DNA fragmentation may occur. Digital images were acquired

clinical use. and processed using Adobe Photoshop (Adobe Inc., Mountain View, CA).
Vessel density was quantified as described previously (12). Statistical analysis
was performed using Student's t test.

MATERIALS AND METHODS Toxicity Assays. As an indirect measurement of general toxicity, body
weights of mice were monitored twice weekly using a digital balance (Ohaus

Reagents. Anginex and control peptide P3pep28 were synthesized as de- Florham). To determine hematocrit and creatinine levels, blood samples were
scribed previously (8). 13pep28 is 91% homologous and 67% identical peptide extracted by tail vein bleedings I day after terminating treatment, and blood
compared with anginex but has no antiangiogenic activity (8). Carboplatin was collected in heparinized microhematocrit capillary tubes (Fisher, Pitts-

burgh, PA). For hematocrit levels, samples were spun down for 10 min in a
Received 9/11/02; accepted I 1/14/02. microhematocrit centrifuge (Clay-Adams), and the amount of hematocrit was
The costs of publication of this article were defrayed in part by the payment of page determined using an international microcapillary reader (IEC, Needham, MA).

charges. This article must therefore be hereby marked advertisement in accordance with
18 U.S.C. Section 1734 solely to indicate this fact. To obtain creatinine levels, a kit was purchased from Sigma Diagnostics and

'Supported by Department of Defense Grant DA/DAMD 17-99-1-9564 (to K. H. M. used according to the manufacturer's instructions.
and S. R.) and NIH Grant CA-96090 (to K. H. M.).

2 To whom requests for reprints should be addressed, at Department of Biochemistry,
Molecular Biology and Biophysics, University of Minnesota Health Sciences Center, 312 The abbreviations used are: PCNA, proliferating cell nuclear antigen; MVD,
Church Street, Minneapolis, MN 55455. Phone: (612) 625-9968; Fax: (612) 624-5121; microvessel density; TUNEL, terminal deoxynucleotidyl transferase-mediated nick end
E-mail: mayox001 @tc.umn.edu. labeling.
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RESULTS A
240 0

Anginex Inhibits Tumor Growth in Vivo. Mice inoculated with .
MA 148 ovarian carcinoma cells were randomized and treated system- 220 !. -
ically with anginex for 28 days using osmotic minipumps starting the 200 1 '

day of inoculation. A control peptide, 3pep28, which is 91% sequen- 180 .
tially homologous and 67% identical to anginex, was used to control E 160 1 vehicle
for peptide content. Another set of animals was treated with vehicle . 140 " 29 Z 5 30 35

containing BSA to control for protein content. As illustrated in Fig. 1, 0 120 0 4".culation)

treatment with anginex resulted in a dose-dependent inhibition of ." 100 T
tumor growth that was maximal at 10 mg/kg/day as compared with > anginex
vehicle-treated animals. At this dose, anginex inhibited about 70% of 0

E 60 /
tumor growth. At half this dose, tumor growth was inhibited by only " 40
50%, whereas a higher dose (20 mg/kg/day) did not result in enhanced 40- - X--

efficacy (Fig. 1). Tumors from 3pep28-treated mice did not differ in 20 - combiatio

size from tumors in the BSA-vehicle-treated animals. Moreover, 0. combination

treatment with BSA or Ppep28 did not result in altered tumor growth 0 10 15 20 25 30 35 40

as compared with treatment with saline alone (data not shown). treatment Time (days post-inoculation)
Anginex Inhibits Tumor Growth of Established Tumors and B

Improves Conventional Chemotherapy. Because initial animal ex- 30o
peniments were performed using an experimental setup in which 250
treatment was started at the time of tumor inoculation (a system that 25o .

models treatment of minimal residual disease), anginex was also
tested using the MA148 model in an intervention setup where treat- E 200 f ,vehicle
ment was initiated after tumor establishment. In these experiments, t
anginex inhibited tumor growth by approximately 50% (Fig. 2B). E oA 150 011502 0

In an attempt to improve the efficacy of platinum-based chemo- o, (hy.poc.Aon) angiostatin

therapy, anginex was administered to tumor-bearing mice that were j anginex

concurrently treated with a suboptimal dose of carboplatin. Carbo- E 100
platin treatment resulted in an effective reduction of tumor growth; i-

however, when it was combined with anginex, no tumor mass could so combination

be palpated in these mice (Fig. 2A). One week after termination of
treatment the tumor reestablished. o ---r--W-r-- _

Anginex and Angiostatin Act Synergistically to Inhibit Tumor 0 10 15 20 25 30 35 40
Growth. Using optimized treatment regimes for angiostatin (9) and treatment Time (days post-inoculation)
anginex, we found that both anginex and angiostatin, administered Fig. 2. The mean tumor growth curves in a human ovarian carcinoma model treated

separately, inhibited tumor growth comparably by approximately 50% with anginex, carboplatin, angiostatin, or a combination treatment. A, groups shown are

in the same ovarian tumor model. On the basis of those findings, the defined as follows: 0, vehicle containing BSA (n = 11); O, anginex (10 mg/kg/day,
n = 11); X, carboplatin (n = 12); +, a combination group (n = 12). Carboplatin was

given in a suboptimal dosage (32.5 mg/kg) once every 3 days i.p. B, groups shown are

defined as follows: E., vehicle containing BSA (n = 11); A, angiostatin (20 mg/kg/day,

1600 n = 11); O, anginex (10 mg/kg/day, n = 1I); V, a combination group (n = 12). In both
experiments, treatment was given for 28 days starting on day 7 postinoculation. The"vehicle and anginex were given by osmotic minipump implanted s.c. in the flank, and

1400 end of treatment angiostatin was given daily by s.c. injections in the neck (9). The data are shown as means

of tumor burden. Error bars, SEs. The tumor volumes were determined three times a
-1200 -week. The insets in both A and B show body weights of mice during treatment as an

E indirect measurement of toxicity.

1000

800" interaction between angiostatin and anginex was examined. Combi-

S600 nation therapy of angiostatin with anginex resulted in enhanced tumor
E growth inhibition (80%; Fig. 2B), which was deemed to be synergistic
I- 400 (Tfable 1).

200 -Toxicity. Animals treated with anginex (alone or in combination
2 regimens) did not show any sign of toxicity as assessed by unaltered

0 1behavior, weight gain during experiments, normal hematocrit and

015 20 25 30 creatinine levels, and macro- and microscopic morphology of internal
Time (days post-inoculation) organs on autopsy. Body weights of mice were monitored as an

Fig. 1. Anginex causes significant tumor growth inhibition. The mean tumor growth of indirect measurement of general toxicity. In experiments in which
human epithelial ovarian carcinoma cell line MA148 is shown in athymic mice treated carboplatin was administered, the weights of mice actually fell ini-
with a dose range of anginex administered by miipumps implanted in the left flank of tially and subsequently increased on termination of exposure to car-
animals (V, 5 mg/kg/day, n = 14; 0, 10 mg/kg/day, n = 16; *, 20 mg/kg/day, n = 8).
Controls (0l) contained PBS with BSA (n = 13) and PBS with 5 mg/kg/day opep28 (0, boplatin. This was taken as a sign of mild reversible toxicity. Anginex
n = 8) and 10 mg/kg/day 1pep28 (A, n = 4), which did not differ from each other. The did not augment this toxicity. One day after the termination of
treatment period was initiated on the day of tumor inoculation (day 0) and lasted for 28 treatm
days as indicated by the arrow. Data from three independent studies are shown and ent, blood was drawn, and hematocrit and creatinine levels were
represent the mean tumor volume in mm' (-SE). determined as a measure of bone marrow and kidney toxicity, respec-
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Table I Combination therapy of anginex with carboplatin and angiostatin FTV relative tively. Hematocrit levels reported as a percentage of RBCs (vehicle,
to untreated controls" 50.2 ± 2.9; anginex, 51.3 ± 2.5; carboplatin, 49.3 ± 2.8; and

A. Carboplatin combination 47.2 ± 2.4) and creatinine levels reported in AM (vehicle,

Combination treatment Ratioe 46.8 ± 8; anginex, 48 ± 1.4; carboplatin, 55.5 ± 12.6; and combi-
nation 42 ± 5.3) showed no significant differences in the studyExpected FTV/

Dayb Anginex Carboplatin Expected' Observed observed FTV involving carboplatin. The study combining anginex and angiostatin

20 0.28 0.28 0.08 0.05 1.6 treatment showed similar hematocrit levels reported as a percentage of
25 0.28 0.22 0.06 0.01 6 RBCs (vehicle, 49 ± 1.7; anginex, 49.2 ± 2.6; angiostatin,
32 0.48 0.25 0.12 0.01 12.4 47.8 ± 2.1; and combination, 48.3 ± 1.9) and creatinine levels
35 0.57 0.24 0.13 0 reported in Mm (vehicle, 46.8 ± 6.4; anginex, 48 ± 1.4; angiostatin,

B. Angiostatin 41 ± 0.4; and combination, 39.2 ± 5.9).

Combination treatment Ratio' Histological Analysis of MVD, Cell Death, and Proliferation.

Expected FTV/ Anginex treatment resulted in a decrease of tumor MVD, suggesting
Day' Anginex Angiostatin Expected" Observed observed FTV that the antitumor activity of anginex is the result of angiogenesis
25 0.42 0.64 0.27 0.19 1.4 inhibition. Angiostatin demonstrated a similar result. Although ang-
29 0.51 0.41 0.21 0.14 1.5 inex and angiostatin acted synergistically on tumor growth inhibition,
32 0.57 0.65 0.29 0.22 1.3 this was not reflected in the MVD assessment (Fig. 3B). Aside from35 0.57 0.64 0.37 0.24 1.6

"FTV, fractional tumor volume (mean tumor volume experimental)/(mean tumor vessel density (including number, size, and length; see Ref. 12), the
volume control). digital approach discriminates branch points, end points, and vessel

, Day after tumor cell transplantation. lengths. Some of these architectural parameters did change in com-
(Mean FIV of anginex) x (mean FTV of other experimental group)."Obtained by dividing the expected FTV by the observed FTV. A ratio of greater than bination treatment relative to single-agent treatment. For example.

I indicates a synergistic effect; a ratio of less than I indicates a less than additive effect, combination treatment revealed a synergistic reduction in the number
of branch points (data not shown). Tumors from anginex-treated

A B
7000- 8000

&6000- p00

• 5000- 8000

i4000 ' i 5000-
So4000-o

>3000 2
e 3000

2000- 2000

1000- 1000

0- 0

C D
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animals showed a convincing MVD reduction (P < 0.01), whereas tivity. Angiostatin showed the same trend. Combination therapy,
tumors from carboplatin-treated animals showed a smaller, albeit however, did not yield an increased MVD reduction. This may be
significant, MVD reduction (P < 0.05; Fig. 3A). Tumors treated with explained by the fact that differences in architecture are not repre-
the combination of anginex and carboplatin could not be stained sented in the MVD value assessed either digitally or manually. The
because all tumors disappeared 3 weeks after initiation of treatment. digital approach discriminates for architectural parameters, some of

Although combination of anginex and angiostatin also showed a which did change in combination treatment relative to single-agent
synergistic effect in the increased amount of cell death (P < 0.03), as treatment. For example, combination treatment revealed a synergistic
determined by TUNEL analysis, angiostatin by itself did not trigger reduction in the number of branch points (data not shown).
increased cell death compared with the vehicle group (Fig. 3D). As This study adds credence to the proposal that cancer treatment using
expected, carboplatin did show an increase in the amount of cells antiangiogenesis agents is more effective when performed in combination
undergoing cell death (P < 0.01). A down-regulation in proliferation, with other agents. However, it might be that only mixtures of antiangio-
as determined by PCNA staining, was revealed in all treated groups genic compounds would provide sufficient potency to be evaluated
compared with controls and was significant for anginex- and combi- properly in early clinical trials. Currently, clinical evaluation of anti-
nation-treated groups (P < 0.01; Fig. 3, E and F). angiogenic compounds is in its infancy, and although a stand-alone

approach using an antiangiogenic agent shows promise, combination

DISCUSSION therapy may provide for the best evaluation of these agents and, in the
end, may be more beneficial. The present results suggest that combina-

Induction of angiogenesis by malignant cells has been shown to tion of antiangiogenic agents with chemotherapeutic agents will produce
play a pivotal role in the process of tumor proliferation and metastasis a greater effect than combinations of antiangiogenic agents alone. At the
(13). Inhibition of angiogenesis is, therefore, a promising way to arrest very least, this study indicates that combining the antiangiogenic com-
tumor growth and prevent metastasis. Because of the need for new pound anginex with conventional chemotherapy allows the dosage of the
antitumor agents with improved potency, stability, selectivity, and chemotherapeutic to be reduced while maintaining the ability to effect
ease of delivery, we used a novel approach in designing the 0-sheet- tumor growth reduction.
forming peptide anginex (8). Anginex acts specifically on activated
endothelial cells to trigger apoptosis, presumably by preventing cell
adhesion and subsequent induction of anoikis (8). Here, we demon- ACKNOWLEDGMENTS
strate that anginex is an antiangiogenic compound with antitumor We thank V. P. Sukhatme for providing us with the angiostatin clone.
activity when administered systemically as a single-agent therapeutic.
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Abstract

Cancer is a disease promoted by excess angiogenesis. Interference with this process poses an attractive approach to
controling aberrant tumor growth, a hypothesis first proposed in the early 1970s that led to world-wide focus on
identifying and developing angiogenesis inhibitors, which currently number in the hundreds. This review surveys the
discovery and development of anti-angiogenic protein fragments and peptides, with a slant towards understanding
their structure-function relationships to aid in the design of better therapeutic agents.

Introduction and anti-angiogenics can inhibit neovascularization at
different steps in the formation of new blood vessels.

Although it was hypothesized some 30 years ago that For example, agents that block specific angiogenic
inhibition of angiogenesis could attenuate tumor growth ligands, e.g. VEGF, or their receptor-mediated signaling
[1, 2], it was only after the isolation, identification and in pathway(s) only block one of the angiogenic factors
vivo testing of the angiogenic inhibitory protein frag- secreted by tumors, leaving open the possibility that a
ments angiostatin [3] and endostatin [41 that Folkman's tumor can adapt and switch angiogenic stimulators, e.g.
hypothesis gained general acceptance. Since that time, from VEGF to FGF, in a second wave of VEGF-
numerous angiogenesis inhibitors (over 300) have been independent angiogenesis [6].
identified, a number of which are currently in various The complexity of tumor-induced angiogenesis also
phases of human cancer trials (http://cancertri- rests in the micro-environment of a given tumor, which
als.nci.nih.gov). Even though a few anti-angiogenic further complicates development of a highly effective
compounds have demonstrated promise in the clinic, anti-angiogenic agent. For example, hypoxia and isch-
no major clinical breakthroughs have been reported emia trigger the production of angiogenic survival
using a stand-alone anti-angiogenic agent as a thera- factors, such as VEGF, but also of endothelial apopto-
peutic, and even some of these compounds have failed in sis-inducing factors like TNF-a [7, 8]. The level of
clinical testing (e.g. SU5416, BB2516, AG3340, Bay 12- production of these factors is important because some
9566, IM-862 [5]). This underscores the need to identify cytokines, such as TNFot and TNFI3, can function both
and develop more and better angiogenesis inhibitors and as stimulators and inhibitors of angiogenesis depending
to perform clinical studies with them either as mono- upon their concentration. Another example is throm-
therapy or in combination with conventional treatment bospondin-2 (TSP-2), which displays anti-angiogenic
strategies. activity [9, 10], via secretion from fibroblasts, and

Tumor angiogenesis is a highly complex biological possibly other mesenchymal cells, as a paracrine medi-
process, and blocking only one step of this process may ator of EC proliferation [11]. Such agents are therefore
merely force a growing tumor to circumvent the contextual inhibitors of angiogenesis that depend on
particular blocked pathway. Tumors have in their their presence within a particular physiological environ-
arsenal a number of ways to promote angiogenesis, ment.

Angiogenesis inhibitors have been identified using a
myriad of approaches, including (1) isolation and
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[15], (6) soluble growth factor receptors as antagonists elastase cleaves plasminogen into an active form of
[16], (7) interference with growth factor signaling [17], angiostatin in vitro, it is not yet clear which protease(s) is
(8) ribozymes [18], (9) small molecule inhibitors [19], and (are) involved in the conversion of plasminogen to
(10) peptide design [20]. angiostatin in vivo. However, it was recently suggested

Angiogenesis inhibitors, particularly those specific for that depending on the type of tumor, either tumor cells
endothelial cells (ECs), are now also being used as themselves or tumor-associated macrophages express
'homing'-devices for chemotherapeutics in the hope of enzymatic activity capable of converting inactive plasmi-
increasing specificity and reducing toxicity. The tumor- nogen into angiostatin. Although plasminogen itself
homing capacity of EC-specific peptides was successfully does not bind to the integrin receptor a,93, it appears
used to target doxorubicin, a frequently used chemo- that angiostatin does, suggesting that interaction with
therapeutic with intrinsic anti-angiogenic activity [21]. 2Af 3 is, in part, responsible for the anti-angiogenic
In xenograft models, this targeting approach resulted in properties of angiostatin [24]. At least two other possible
prolonged survival, reduction of the optimal effective receptors for angiostatin have been reported: ATP-
dose and reduced toxicity. Targeting can be done either synthase [25] and integrin ca9fl1 [24]. Table 1 lists
classically by linking the chemotherapeutic chemically to receptors reported for angiostatin and other anti-angi-
the anti-angiogenic compound or in a novel approach ogenic protein fragments and peptides.
by linking it to peptides which specifically target tumor Other proteolytic fragments of human plasminogen
vasculature [22]. can also inhibit neovascularization and growth of lung

The most promising anti-angiogenics are those that metastases in mice [3]. For example, kringle 1 (KI)
act directly on ECs to inhibit tumor angiogenesis, an potently inhibits EC growth, whereas K4 exhibits almost
approach that is less prone to drug resistance and can be no anti-angiogenic activity in vitro [23]. Interestingly,
more therapeutically effective against a broad spectrum K5, which is not present in angiostatin, is structurally
of tumors. The well-known proteins, angiostatin and related to the other four kringles in plasminogen and
endostatin, are two such EC-specific angiogenesis in- also exhibits anti-endothelial activity [26].
hibitors. Although there are numerous proteins known The crystal structure of three kringles from angiost-
to be anti-angiogenic, this review is focused on the atin [27] folds, as expected for a kringle-structured
discovery and/or development of protein fragments and protein, into anti-parallel fl-sheet and aperiodic loops.
small peptide inhibitors of angiogenesis. Moreover, this These three kringles are organized in an overall L-shape.
treatise is not meant to be exhaustive; rather it is an Because angiostatin contains a nearly equal number of
attempt to review this literature with a slant towards anionic and cationic residues, the surface of the folded
better understanding structural similarities and struc- protein is relatively neutral. Nonetheless, the most
ture-function relationships through this general class of outstanding electrostatic feature of the protein is a
anti-angiogenic agents. highly electropositive lysine-rich binding site. This is a

Table 1. Anti-angiogenic compounds and their reported receptors.Protein fragments
Inhibitor Receptor Source

One approach that has been used to identify molecules Angiostatin a9fll [24]

with anti-angiogenic potential is to isolate components afi 3  124]

from the serum or body fluids of animals undergoing ATP-synthase [251
extensive angiogenesis, i.e., tumor-bearing or pregnant Endostatin 41J3 [311

animals. Many, if not most, of these components were •7/f5 [311

found to be fragments of proteins, which, relative to Glypicans [941
Tropomyosin [951

their parent protein that may or may not be anti- Toms [301

angiogenic by themselves, display anti-angiogenic prop- PEX 0f03 [42]
erties when separated from their parent protein. Al- Tumstatin, Tum-5 aýP3 [37]

though endostatin and angiostatin are perhaps the best Anastellin 0fl3 [47]
16K PRL Yet to be Indentified

known examples of such protein fragments, others are Thrombospoodin. I CD36 [67
Thrombospondin- I CD36 [671

discussed below as well. [96]

Syndecan [66]

Angiostatin HSPG [66]
fP, and f#3 integrins
lAP

The circulating angiogenesis inhibitor angiostatin [3] is a I K d
105Kdi80 Kd [66]

fragment of the non-anti-angiogenic plasma protein Anginex EC adhesion [20]

plasminogen. Angiostatin contains the first four triple- /migration receptor
loop disulfide-linked regions of plasminogen, known as RGD-containing a,,fl3 [48]

kringle domains [3, 23]. This approximately 40 kDa peptides a,,fl5 [211

protein was initially isolated from the serum and urine NGR-containing CD13

of mice with Lewis lung carcinoma (LLC). Although peptides
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recurring structural/compositional theme for most anti- (A) (B)
angiogenic proteins and peptides identified so far: le-
antiparallel #-sheet structure and proponderance of
positively charged and hydrophobic residues.

Endostatin

Endostatin was discovered using a similar approach as
with angiostatin, albeit with hemangioendothelioma as
the tumor source [4]. Like angiostatin, endostatin
specifically inhibits proliferation of EC in vitro and (C)
tumor growth in various mouse models in vivo. Fur-
thermore, endostatin has been shown to induce EC
apoptosis in the presence of minimal serum. Endostatin
is a 20 kDa C-terminal proteolytic fragment of the NCl (D)
domain of collagen XVIII, which is a member of a
family of collagen-like proteins referred to as multiplex-
ins and is localized primarily in the extracellular matrix
surrounding blood vessels. The multiplexin family of
collagens is distinguished by nearly 60% sequence
identity within the final 184 residues of their C-terminal
globular domains [28], suggesting that any one of these
fragments likewise would be anti-angiogenic. This was
recently confirmed by the anti-angiogenic activity of Figure 1. Molecular structures for four anti-angiogenic proteins/pep-

restin, the C-terminal non-collagenous region (NC 10) of tides. The molecular structures of endostatin [33] (panel ]A), fibro-

the a ] chain of human type XV collagen [29]. nectin type III repeat domain [491 (panel I B), thrombospondin- I (TSP-

The precise mechanism of action for endostatin 1) [691 (panel IC), and bactericidal permeability increasing (BPI)
protein [911 (panel ID) are shown. Beta-sheets are shown in blue,remains elusive, primarily because endostatin has been helices in red and gray represents random coil and fl-turns.

found to interact with multiple 'receptors' (Table 1).

Endostatin is known to associate with integrin 101, to
anchor protein caveolin-1, and to activate Src via a between amino acid residues 54 and 132, a fragment
tyrosyl phosphatase-dependent pathway in human ECs named tum-5, whereas its tumor proliferation inhibitory
[30]. These are in addition to earlier reports that activity resides between amino acid residues 181 and
endostatin contains a RGD (Arg-Gly-Asp) sequence 244. Maeshima et al. also demonstrated that both

and binds to integrins 00fl3 and aVflA [31]. Furthermore, tumstatin and tum-5 bind to acvfl3 (Table 1) in an
endostatin, as well as angiostatin, increase cytoplasmic RGD-independent manner and that binding is pivotal
Ca 2+ in ECs immediately following exposure [32]. for anti-angiogenic activity [39]. In vivo studies demon-

The crystal structure of endostatin [33] shows the strate that at a molar-equivalent concentration, human
amino acid sequence to be folded into predominantly tum-5 is at least 10 times more active than human
anti-parallel fl-sheet structure, with interspersed extend- endostatin [40].
ed loops and two short a-helices, as illustrated in
Figure IA. The structure of endostatin is homologous PEX
to that of E-selectin [34]. In fact, the entire f-sheet
structure of E-selectin is contained within the endostatin The non-catalytic C-terminal haemopexin-like domain
structure. Endostatin is highly positively charged, par- (PEX) of the matrix metalloproteinase MMP-2 can
ticularly due to the presence of multiple arginine interact with integrin cavfl3 to block MMP-2 binding and
residues and has a high affinity for heparin, which is thereby inhibit angiogenesis. MMPs are mosaic proteins
required for the full activity of the peptide [35]. containing an N-terminal pro-domain, a catalytic Zn2+

protease domain and the C-terminal PEX haemopexin-

Tumstatin and turn-5 like domain. PEX2 appears to be a naturally occurring
breakdown product of MMP-2. This protein fragment

Recently, the C-terminal globular non-collagenous NCl can inhibit cell-associated collagenolytic activity with
domain of the c3 chain of human type IV collagen preferential substrate specificity towards type IV colla-
(ot3(IV)NCl) called tumstatin [36], was reported to have gen, which is thought to play an important role in EC
anti-angiogenic properties [37]. Aside from its ability to proliferation and behaviour during the angiogenic
inhibit angiogenesis in vitro and in vivo, tumstatin also process because it is a major macromolecular constitu-
inhibits tumor cell proliferation [37, 38]. Using deletion ent of basement membranes [41]. Consequently, PEX
mutagenesis, Maeshima et al. [37] found that the anti- inhibits angiogenesis and, in this way, controls normal
angiogenic activity of tumstatin appears to be localized angiogenesis and neovascularization. Since MMP-2
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does not contain the RGD sequence, PEX binding to opposing effects on angiogenesis can also reside within
C0fl 3 (Table 1) is RGD-independent. Therefore, exoge- the same molecule as the parent protein promotes
nously administered PEX may be a therapeutic inhibitor angiogenesis (i.e., prolactin, growth hormone and plac-
of diseases associated with angiogenesis [42] and may be ental lactogen), but after proteolytic processing, the
less toxic than treatment with MMP enzyme inhibitors resulting peptide fragment acquires anti-angiogenic
themselves [43]. properties (i.e., 16 kDa prolactin, 16 kDa growth hor-

The structure of the PEX domain in MMP9 is a non- mone and 16 kDa placental lactogen) [51-54].
covalent asymmetric homodimer, consisting of multiple ECs are known to produce various forms of laminin,
#l-sheets. The overall structure of PEX9 adopts a four- but the structural characteristics and biological features
bladed f-propeller, and blade IV of PEX9 mediates the are incompletely known [55]. Whereas laminin itself, as
non-covalent and predominantly hydrophobic dimer- well as peptides derived from it, are pro-angiogenic [56,
ization contact [44]. 57], vasostatin (residues 1-180 of the NH2 domain of

calreticulin) can bind to laminin, thus promoting anti-
Anastellin angiogenic activity. Calreticulin by itself is anti-angio-

genic as well [55]. Domain IVa of the laminin a5 chain is
Anastellin is another anti-angiogenic peptide (76 amino likely to be responsible for the angiogenic response of
acid residues), derived from the first type III repeat of laminin. This domain promotes cell adhesion and binds
fibronectin [45], which contains a site important in to f1 and ciAfl3 integrins via the RGD sequence [58]. In
fibronectin self-assembly into fibrils [46]. Anastellin may addition, the laminin receptor 67LR plays an important
disrupt intermolecular interactions that maintain fibro- role in metastasis, tumor invasiveness and tumor angio-
nectin in its soluble form [46], and this disruption may genesis because it is upregulated during these conditions.
induce the molecule to undergo assembly into fibrils Interestingly, the RDGSYGIV peptide derived from
[45]. Alternatively, anastellin may change the confor- epidermal growth hormone (residues 33-42), which
mation of fibronectin in such a way that cryptic inhibits EC motility, is an antagonist for 67LR [59].
fibronectin-fibronectin binding sites that are capable Lastly, the metal-binding glycoprotein osteonectin
of driving fibril assembly are exposed. Systemic treat- (also called BM-40 or SPARC) has a protruding N-
ment of tumor-bearing mice with anastellin suppresses terminal f-hairpin with striking similarities to epidermal
the growth of subcutaneous tumors and inhibits tumor growth factor (EGF) [60]. Although the molecular
angiogenesis, as well as metastasis [47]. structure of osteonectin consists mostly of helices, this

This first type III repeat in fibronectin has a similar f-hairpin structure is believed to be the site that
function as the NCI domain from collagen IV. This promotes anti-angiogenic activity.
suggests a common mechanism for anti-angiogenic
substances derived from extracellular matrix and blood
proteins [47], especially considering that these anti- Small peptides (<50 amino acid residues)
angiogenic substances bind to adhesion molecules con-
taining the RGD-sequence. For instance, angiostatin Identification of anti-angiogenic fragments of proteins
binds to vitronectin, endostatin binds to fibulins, and that are themselves anti-angiogenic, prompted the
nidogen-2 and anastellin bind to fibronectin and fibri- search for even smaller anti-angiogenic peptides [61].
nogen in serum [47]. But moreover, all bind to cavfl3 This search was motivated by a desire to minimize the
(Table 1), which is expressed at high levels in angiogenic therapeutic dosage, to produce the peptide synthetically
ECs [48]. rather than by using recombinant techniques, to help

As shown in Figure 1B, the fibronectin type III identify an orally active agent, and, quite simply, to
domain consists of seven f-strands folded into two generate new anti-angiogenic compounds. Several ap-
anti-parallel f-sheets having an immunoglobulin-like proaches were used to achieve this goal: peptide
fold similar to that found in homologous modules in the dissection, phage-display, and peptide design. Presented
cytokine receptor superfamily [49, 50]. Moreover, the below and listed in Table 2 are examples of some small
surface of this molecule is highly positively charged. anti-angiogenic peptides (<50 amino acids) identified

using different approaches.
Others

TSP-I peptides
Prolactin, growth hormone and placental lactogen are
members of a family of polypeptide hormones that share An extremely potent inhibitor of angiogenesis is throm-
structural similarities and biological activities. They bospondin-1 (TSP-I), a large modular matrix protein
modulate angiogenesis along with two non-classical containing three identical disulfide-linked 180 kD
members of the family, proliferin and proliferin related chains. TSP-1 is effective at subnanomolar concentra-
protein. Opposing actions have been described between tions, both in vitro and in vivo [62--64] and is secreted at
these two similar, yet independent, molecules (proliferin high levels by a variety of normal cells. The use of intact
and proliferin related protein), which can stimulate and TSP-1 as an anti-angiogenic drug in humans is, howev-
inhibit angiogenesis, respectively. The potential to exert er, not practical due to its size (450 kDa) and not
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Table 2. Sequences of selected anti-angiogenic peptides. sequence within this 88 residue domain, smaller peptides

Name Sequence Source were synthesized and screened for activity. Two peptides
(Table 2): T3 (residues 69-88) and T7 (residues 74-98)

EGF,3,- 2  RDGSYGIV [59] were able to inhibit proliferation and to induce apop-
Mal 11 SPWSSASVTAGDGVITRIR [65] tosis specifically in ECs. Similar to tumstatin and the
7mer A,-G V Va T R I R-Neth [65]
DI-TSP AC.G V I' T Nva I R P-Neth [68] tur-5 domain, these peptides bound to and functioned
PTHrPj_1 0 AVSEHQLLHD [71] via integrin cAfl3 in an RGD-independent manner [70].
T3 LQRFTTMPFLFCNVNDVCNF [70] On a molar basis, peptide T3 was 2- to 5-fold less active
T7 TMPFLFCNVNDVCNFASRNDYSYWL [70] than tumstatin or tum-5. Although both peptides have a
RGD-4C CDCRGDCFC [21] propensity for fl-sheet formation, introduction of a
FNt2- I NIT VTLKKFPL [78] disulfide bond between the two interstrand cysteines

Anginex ANIKLSVQMKLFKRHLK [20] present in T3 did not improve activity, as predicted
WKIIVKLNDGRELSLD earlier for parent tumstatin [70].

'The L-amino acid is substituted by the D-enantiomer. Parathyroid hormone-related peptide

desirable due to its diverse and multiple biological Parathyroid hormone-related peptide (PTHrP) and the
activities. For example, TSP-I is involved in neurite closely related parathyroid hormone (PTH) are peptide
outgrowth, platelet aggregation, as well as angiogenesis hormones that regulate serum calcium levels, vascular
[65]. However, anti-angiogenic peptides derived from tone and bone formation [71]. PTHrP is composed of
native TSP-1 could provide a reasonable alternative, several domains with distinct physiological properties.

A central 50-kDa proteolytic fragment of TSP-I that The first 34 amino acids of PTHrP inhibit angiogenesis,
contains its procollagen homology region and properdin and 5 of the first 10 amino acids in PTH and PTHrP are
type I repeats, retains all of the angiogenesis inhibitory identical. Moreover, structure predictions indicate that
activity of parent TSP-I [63]. Moreover, TSP-I repeats these regions have similar conformations [71]. In human
(about 60 residues each) have been extensively studied PTHI- 34, residues 6-20 and 21-33 fold into two amphi-
and are known to function as inhibitors of angiogenesis philic helices that form an overall twisted belt from the
and glycosaminoglycan binding sites (reviewed in [661). N- to the C-termini with the crossing point near residue
Two peptides, residues 424-442 (Mal I) and residues Arg-20 [721. The dimer interface is mainly hydrophobic
481-499 (Mal II) derived from these repeat domains, and the mid- and C-terminal portions of the hydrophilic
display anti-angiogenic activity through a CD36-depen- surface are composed primarily of positively charged
dent mechanism [63, 67]. However, micro-molar con- residues. However, the sequence that promotes anti-
centrations of the peptides are required to achieve an angiogenic activity seems to be the ten aperiodic
effect equivalent to that produced by low nanomolar N-terminal residues AVSEHQLLHD [71], and this
amounts of native TSP-1. This loss of activity could be sequence is predicted to have a high propensity to form
recovered in one of the peptides, Mal II, by substituting fl-sheet conformation, which may be 'locked-in' upon
an L-amino acid with its D-isoleucyl enantiomer. binding its receptor.
Activity was optimized by ethylamide-capping, which
resulted in a similar potency to TSP-I ethylamide- RGD-based peptides
capped heptapeptide [65]. Following further modifica-
tion to a nonamer containing the non-natural amino The overexpression of adhesion molecules such as 003,

acid norvaline (see Table 2), this peptide successfully 13#f5 and fli-integrins, on ECs of angiogenic blood
inhibited tumor growth [68]. vessels is generally found to be associated with the

The crystal structure of the TSP-I type 1 repeat [69] angiogenesis process. This observation urged research-
(see Figure IC) contains a three-stranded, anti-parallel ers to develop antagonists that block EC interactions
fl-sheet that consists of alternating stacked layers of with the extracellular matrix as a way to inhibit
tryptophan and arginine residues from respective angiogenesis [48, 73-76]. One natural integrin-binding
strands, capped by disulfide bonds on each end. One ligand is the RGD-tripeptide sequence present in nu-
face of the molecule has a positively charged groove that merous endogenous proteins.
might be the 'recognition' domain for mediating inter- Considerable research is being performed to identify
actions with various ligands. Peptides derived from these other related sequences. One study using in vivo selection
repeats also display f-sheet character when examined by of phage display peptide libraries to isolate peptides that
CD spectropolarimetry. specifically home to angiogenic (tumor) blood vessels,

revealed a number of peptide motifs that specifically
Tumstatin derivatives bind to tumor vasculature. One of these peptides, RGD-

4C {d(CDCRGDCFC)2} is a molecule containing
As mentioned above, tumstatin (L3(IV)NCI) and its the integrin-binding sequence RGD (Arg-Gly-Asp)
deletion mutant tum-5 (residues 54-132), possess anti- (Table 2) [21, 22, 77]. Another peptide, d(CNGRCVSG
angiogenic activity. To delineate the most active CAGRC) 2, with a CX 3CX 3CX 3 structural motif contains
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the sequence NGR (Asn-Gly-Arg), known to be another Griffloen et al. [20] reported the potent anti-angiogenic
cell adhesion binding motif (Table 2). Phages expressing activity of a designed peptide 33mer [83], called anginex
these peptides specifically home in on angiogenic blood or flpep-25. Anginex specifically targets angiogenically
vessels from different tumor types, including carcino- activated ECs, inhibiting EC adhesion to and migration
mas, sarcomas, melanomas. A third peptide contain- on the extracellular matrix and thereby inducing apop-
ing the motif GSL (Gly-Ser-Leu) is also frequently tosis. Although no specific receptor for anginex has yet
recovered from breast carcinoma and Karposi's sarco- been identified, it appears that one or more adhesion/
ma [21]. migration receptor(s), upregulated in angiogenically

activated ECs, is (are) involved [20]. In tumor models
Fit-I peptide in mice, anginex is highly effective at inhibiting tumor

growth [84-86].
Vascular endothelial growth factor (VEGF) is a well- NMR structural studies show that anginex folds
known angiogenic stimulator, which functions through amphipathically into a three-stranded anti-parallel fi-
two endothelial specific tyrosine kinase receptors, Flt-1 sheet motif [87]. The hydrophilic face of the folded
(VEGFR-l) and Flk-I (VEGFR-2). Tan et al. [78] peptide carries a high net positive charge (+5), mostly
demonstrated that an I1 amino acid peptide (Flt2-1 1; from lysine residues. This fold and composition is
Table 2) derived from the second immunoglobulin similar to that found in a number of other fl-sheet-
domain of Fit-I functions as an angiogenesis inhibitor structured, anti-angiogenic cytokines, such as TNF [88],
by inhibiting VEGF function through a non-VEGF lymphotoxin (LT or TNF-fl) [89], transforming growth
binding mechanism, i.e., without binding to VEGF or factor-fl (TGF-fl) [90], and bactericidal/permeability
inhibiting VEGF's binding to its receptors. Peptide increasing protein (BPI) [91, 92]. The structure of BPI
sequences in Flt-I were identified primarily using Flt-l is shown in Figure ID to illustrate the extent of its f#-
VEGF-binding domain data by mutational analysis [79] sheet fold. Although anginex contains a short fl-strand
and the VEGF-Flt-ID2 protein crystal structure [80]. Of sequence identical to one from BPI, that same synthetic
the two peptides chosen (SPNITVTLKKFPL and sequence from BPI demonstrates no anti-angiogenic
RPFVEMYSEIPE), the former one demonstrated anti- activity, indicating that it is the unique anginex sequence
angiogenic activity in the CAM assay, and this activity and fold that impart anti-angiogenic function.
could be slightly enhanced by removing the N-terminal
dipeptide SP.

The crystal structure of the VEGF-Flt-ID2 protein Structural similarities among anti-angiogenic
complex indicates that parts of this active peptide are proteins/peptides
within the third fl-sheet of Flt-ID2, and CD and NMR
analyses indicate that the NITVTLKKFPL peptide Considering protein fragments and peptides discussed
(Flt2- 11) in solution forms a stable extended structure, above, it should be apparent that aside from their
presumably fl-strand, that can be stabilized by self- functional commonality of being anti-angiogenic, these
association to a dimer at higher concentrations. In the peptides, for the most part, are also structurally and
context of a fl-strand conformation, the Flt-I peptide compositionally similar. The vast majority folds as anti-
NITVTLKKFPL would present N-terminal hydropho- parallel fl-sheets and contain a relatively high incidence
bic amino acid residues I-V-L on the same face of the of hydrophobic and cationic residues.
strand. In general, for smaller derived peptides (Table 2), the

same can be said. Because experimentally determined
VEGF-binding peptides structures are not available for all these peptides, the

program PSIPRED was used to assess folding potential.
Phage display has been used to identify peptides that The secondary structures of all these smaller peptides
bind to VEGF and thereby inhibit its angiogenic are predicted to also exist in fl-strand conformation.
activity. By using this approach, Fairbrother et al. [81] Although these sequences are compositionally similar,
identified a number of VEGF-binding peptides, and Pan sequence alignment analysis using several homology
et al. [82] reported the NMR structure of one of these programs did not indicate significant sequential com-
peptides, a 19mer, that has a turn-helix conformation monalties among these peptides.
with hydrophobic residues partitioned to one face of the In addition, many other anti-angiogenic proteins, e.g.
folded peptide and polar/charged residues at the other PF4 [93], TNF [88] and BPI [91], are also structurally
face. Binding to the VEGF dimer is promoted via and compositionally similar to protein fragments and
interactions with hydrophobic residues. smaller peptides discussed above. Although the signif-

icance of this correlation is unclear, it appears that the
Anginex mechanisms of action of these anti-angiogenics are not

the same, i.e., they function using different receptors.
As discussed above, most anti-angiogenic agents are Few receptors reported to mediate the signal leading to
endogenous molecules or derived from endogenous angiostasis are definitive. In fact, the picture in terms of
molecules, primarily proteins. On the other hand, receptors is quite untransparent and a number of these
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agents apparently can act on multiple receptors (see Defense DA/DAMD 17-99-1-9564 (to K. H. Mayo) and
Table 1). For example, ATP-synthase on ECs has been the National Institutes of Health R01 CA-96090 (to K.
reported to be a receptor for angiostatin [25]. However, H. Mayo).
other angiostatin receptors include a,#3 and, to a lesser
extent, ag9fl [24]. Karumanchi et al. [94] demonstrated
the existence of a low affinity cell surface glypican References
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Based on structure-activity relationships of the angio- cules (primarily proteins) that inhibit EC growth. This tradi-
static P-sheet-forming peptide anginex, we have de- tional approach has produced a number of antiangiogenics,
signed a mimetic, 6DBF7, which inhibits angiogenesis such as platelet factor-4 (6), thrombospondin (7), interferon-y
and tumor growth in mice. 6DBF7 is composed of a inducible protein-10 (8), angiostatin (9), endostatin and restin
P-sheet-inducing dibenzofuran (DBF)-turn mimetic and (2, 10), and bactericidal permeability-increasing protein (11).
two short key amino acid sequences from anginex. This Numerous angiostatic compounds have been identified,
novel antiangiogenic molecule is more effective in vivO many of which are currently in various phases of clinical cancer
than parent anginex. In a mouse xenograft model for trials (cancertrials.nci.nih.gov). Although a number of corn-
ovarian carcinoma, 6DBF7 is observed to reduce tumor pounds have shown promise in the clinic, no major break-
growth by up to 80%. It is suggested that the activity is throughs have been reported using antiangiogenic agents as
based on antiangiogenesis, because in vitro tube forma- stand-alone therapies. This underscores the need for more and
tion is inhibited, and because treatment of tumor-bear- better angiostatic compounds for use as stand-alone therapies
ing mice led to a significant reduction in microvessel or in combination with conventional therapies. Moreover, some
density within the tumor. This partial peptide mimetic or n ecombinhibithrconventio wn ther ie ffeover to
is the first endothelial cell-specific molecule designed as angiogenesis inhibitors have bnwnto b ineffective or toa substitute for an angiostatic inhibitory peptide. cause diverse and multiple unwanted biological side effects

(12). This latter phenomenon was, to some extent, expected as
many of these endogenous angiostatic proteins are pleiotropic;

Angiogenesis, the process of new blood vessel formation, is i.e. they are involved in several biological processes. Often

key to normal organ development as well as to various patho- these functions are found to arise from separate sites on the

logical disorders like cancer, arthritis, diabetic retinopathy, molecule and thus can be separated using smaller segments or

and restenosis (1). The use of agents that can inhibit angiogen- domains of a given protein (13). This relates to the search for

esis, particularly in anti-tumor research (e.g. Refs. 2 and 3), has new antiangiogenic agents, which is aimed at improving spec-

indicated that antiangiogenic therapy can be a promising ther- ificity, reducing the therapeutic dosage, and minimizing molec-

apeutic modality in the future. To date, the search for angio- ular size with a small molecule antiangiogenic agent or anti-

genesis inhibitors has been focused on controlling two of the angiogenic protein mimetic. This is one of the main goals

processes that promote angiogenesis: endothelial cell (EC)1 among structural biologists and pharmaceutical chemists

growth and EC adhesion (4,5). Targeting ECs as an anti-tumor working to produce novel antiangiogenic agents. For the design

treatment is attractive primarily because ECs are more acces- of small molecule mimetics of antiangiogenic proteins, the iden-

sible than are other cells to pharmacologic agents delivered via tification of specific, functionally key amino acid residues and

the blood, and ECs are genetically stable and are not easily their spatial relationships is crucial. Nevertheless, structure-

mutated into drug-resistant variants. Most antiangiogenic activity relationships for antiangiogenic proteins are sorely

agents have been discovered by identifying endogenous mole- needed, and even the analysis of high-resolution molecular
structures of a number of antiangiogenic proteins, e.g. endosta-
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cation of this article were defrayed in part by the payment of page cytokine-like 3-sheet-forming peptide 33-mer (17), which is a
charges. This article must therefore be hereby marked 'advertisement" potent inhibitor of angiogenesis (1) and tumor growth (18-20).
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
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in this article. such as angiostatin, endostatin, AGM-1470, and throm-

I To whom correspondence should be addressed: Dept. of Biochemis- bospondin-1 (1). This peptide 33-mer acts by specifically block-
try, 6-155 Jackson Hall, University of Minnesota Health Sciences Cen-
ter, 321 Church St., Minneapolis, MN 55455. Tel.: 612-625-9968; Fax: ing adhesion and migration of angiogenically activated ECs,
612-624-5121; E-mail: mayox001@tc.umn.edu. leading to apoptosis and ultimately to inhibition of angiogene-

SThe abbreviations used are: EC, endothelial cell; DBF, dibenzofu- sis in vitro and in vivo and inhibition of human tumor growth
ran; HUVEC, human umbilical vein-derived endothelial cell; PBS, by up to -80% in various models (18-20). Anginex is an am-
phosphate-buffered saline; Fmoc, N-(9-fluorenyl)methoxycarbonyl; phipathic 1-sheet-forming peptide (17, 21), and because of the
HPLC, high performance liquid chromatography; NOE, nuclear Over-
hauser effect; BCE, bovine capillary endothelial cell; bFGF, basic fibr- relatively small size of anginex, a complete structure-activity
blast growth factor; VEGF, vascular endothelial growth factor, relationship is easier to perform than with larger known anti-
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angiogenic proteins like those mentioned above. Here we report Each hydrogen bond identified was defined using two distance con-

for the first time the design of a partial peptide mimetic of straints: rNH.0 = 1.8-2.5 A and rN.o = 1.8-2.5 A,.
anginex that was based on the identification of functionally key Derived internuclear distance constraints were used in calculating

structures for 6DBF7 by using X-PLOR software (30). The molecule was
residues and the conformation responsible for the antiangio- created, and a template coordinate set was generated by using the
genic activity of anginex. Template software routine. The ab initio simulated annealing protocol

was then used. The simulated annealing procedure ran high tempera-
MATERIALS AND METHODS ture dynamics (3,000 K for 120 ps) and then cooled down to 100 K in

Peptide Synthesis--Peptides were synthesized using a Milligen/Bio- 50-K steps with 1.5 ps molecular dynamics at each step. Powell mini-

search 9600 peptide solid-phase synthesizer using Fmoc chemistry. mization was performed at 100 K for 1,000 steps. Structure refinement
Lyophilized crude peptides were purified by preparative reversed-phase was done based on simulated annealing starting at 1,000 K and ending
HPLC on a C18 column with an elution gradient of 0-60% acetonitrile at 100 K Final structures were subjected to the X-PLOR Accept soft-
with 0.1% trifluoroacetic acid in water. The purity and composition of ware routine with the violation threshold for NOEs of 0.5 A and dihe-

the peptides were verified by HPLC (Beckman Model 6300) analysis of dral angles of 5°. Angles, bond lengths, or impropers were not allowed

amino acid composition of hydrolysates prepared by treating the pep- to deviate from ideal geometry more than 5*, 0.05 A, and 5°, respec-

tides under argon in 6 N HCl for 24 h at 110 'C. The amino acid tively. Structures were superimposed using the BIOSYM INSIGHT

sequences of peptides were confirmed by N-terminal sequencing and viewer (Molecular Simulations, Inc.) and were analyzed using X-PLOR

mass spectrometry. analysis routines.
Synthesis of DBFAnalogs--Unexceptional phases ofsolid-phase pep- Cells, Cultures, and Reagents-Human umbilical vein-derived endo-Syntesi ofBF~nlog-Unxcetionl pase ofsoli-phse ep- thelial cells (HUVECs) were harvested from normal human umbilical

tide synthesis were carried out on an ABI 431 peptide synthesizer

(Applied Biosystems, Inc.) using Fmoc methodology and (benzotriazol- cords by perfusion with 0.125% trypsin/EDTA. Harvested HUVECs
1-yloxy)tris(dimethylamino)phosphonium hexafluorophosphate/N-hy- were cultured in gelatin-coated tissue culture flasks and subcultured

yloxybotridimethyasmcoupinogphoaphonts.uFmheaFuoophowasphare-hy- 1:3 once a week in culture medium (RPM1 1640 with 20% human serum
droxybenzotriazole as coupling reagents. Fmoc-DBF-CO2H was pre- supplemented with 2 mie glutamine, 100 unitsmim penicillin, and 0.1

pared by slight modification of the reported method (22). In this nine- mgpmImsteptomycin). Bov ine ia endth e ni cells were

step synthesis, the intermediates and final product were characterized mg/ml streptomycin). Bovine capillary endothelial (BCE) cells were

by TLC and 'H NMR with GC-low resolution mass spectrometry, 1C kindly provided by Dr. M. Furie (State University of New York, Stony
NMR, melting point, and IR being used as appropriate. Coupling of Brook, NY) and were cultured in fibronectin-coated tissue culture flasks

in RPMI 1640 medium containing 10% fetal calf serum, glutamine,Fmoc-DBF-CO 2H to He° as well as of Lea" to the peptide-DBF-NH• and antibiotics.
was performed on the synthesizer. Coupling of Fmoc-LysiO-CO2H to the Proliferation Measurement-EC proliferation was measured using a
peptide-DBF-LeuilNH 2 sequence was difficult and required manual [lH]thymidine incorporation assay. Proliferation of bFGF-stimulated
solid-phase peptide synthesis using the more reactive HATU reagent (10 ng/ml) HUVEC cultures was measured by quantification of [5Hlthy-
(N-[(dimethylamino)-lH-1,2,3-triazolo[4,5-blpyridin-1-ylmethylenel-N- midine incorporation. Proliferation is expressed as mean counts/min of
methylmethanaminium hexafluorophosphate N-oxide with a molecularweigh et of 380) (23).Thexremaining coupingsruiredwfrhproductionaof quadruplicate cultures in three independent experiments (t S.E.). ECs
weight of 380) (23). The remaining couplings required for production of were seeded at 5,000 cells/well in flat-bottomed tissue culture plates
2DBF7 through 11DBF7 were carried out using (benzotriazol-1-yloxy)- and grown for 3 days in culture medium in the absence or presence of
tris(dimethylamino)phosphonium hexafluorophosphate/N-hydroxy- regulators. During the last 6 h of the assay, the culture was pulsed with
benzotriazole conditions on the peptide synthesizer. After the final 0.5 ACi of [methyl-5 H]thymidine/well. HUVECs were harvested from
Fmoc deprotection, each of the DBF peptides was released from the normal human umbilical cords by perfusion with 0.125% trypsin/EDTA.
resin with simultaneous removal of all acidolyzable trityl and tert-butyl Harvested HUVECs were cultured in gelatin-coated tissue culture
side-chain-protecting groups using Reagent K (24). A Rink amide or flasks and subcultured 1:3 once a week in culture medium (RPMI 1640
similar resin was used to provide the primary amide form of the C- with 20% human serum supplemented with 2 mm glutamine and 100
terminal Asp"4 unit. Lyophilized crude peptides were purified by HPLC units/ml penicillin and 0.1 mg/ml streptomycin).
as described above. Purity and composition of the peptides were verified In Vitro Angiogenesis Assay-Sprouting and tube formation of BCEs
by analytical HPLC matrix-assisted laser desorption ionization mass were studied using Cytodex-3 beads overgrown with BCEs in a three-
spectrometry using a Hewlett-Packard G2025A system and sinapinic dimensional collagen gel (Vitrogen-100, Collagen Corp., Fremont, CA)
acid as matrix and by analysis of amino acid composition of hydroly- as described by van der Schaft et al. (31). Following gelation, culture
sates (6 N HCI at 110 'C for 24 h under argon). medium containing 20 ng/ml bFGF, with or without anginex or DBF

NMR Spectroscopy-For NMR measurements, freeze-dried DBF an- analogs, was applied on top of the gel. After 24 h of cell culture at 37 °C,
alogs were dissolved in water:Me 2SO:dodecylphosphocholine mixture, photographs were made as shown in Fig. 3. The amount of sprouting in
Peptide concentration was 3 mM. pH was adjusted to pH 5.7 by adding each well (i.e. the total length of the sprouts) was quantified by the
btl quantities of NaOD or HCl to the peptide sample. NMR spectra were computer program NIH Image. To quantify differences in sprouting and
acquired on a Varian UNITY Plus-600 NMR spectrometer at 25 *C. tube formation, statistical analysis was performed using the Mann-

Two-dimensional homonuclear total correlation spectroscopy with Whitney U test.
DIPSI (decoupling in the presence of scalar interactions) (25) spinlock Tumor Model Studies in Athymic (Nude) Mice-In all studies, female
(mixing time, 80 ma) was used to identify spin systems. Two-dimen- athymic nude mice (nu/nu, 5-6 weeks old) were used. These mice were
sional nuclear Overhauser effect spectroscopy experiments (26) were purchased from the National Cancer Institute and allowed to acclima-
performed for sequential assignments and conformational analysis. tize to local conditions for at least 1 week. Animals were given water
WATERGATE (27, 28) was used to attenuate the water resonance, and standard chow ad libitum and were kept on a 12-h light/dark cycle.
Spectra were collected as 256-512 tl experiments, each with 2,048 All experiments were approved by the University of Minnesota Re-
complex data points over a spectral width of 6 kHz in both dimensions search Animal Resources ethical committee. Mice were randomized and
with the carrier placed on the water resonance. 16 scans were time- split into three groups: 1) human serum albumin (10 mg/kg/day), 2)
averaged per tl experiment. Data were processed directly on the spec- anginex (10 mg/kg/day), and 3) DBF analog (10 mg/kg/day). Compounds
trometer using VNMR (Varian, Inc., Palo Alto, CA) or NMRPipe (29) on were diluted in 100 mm SDS and administered using osmotic mini-
an SGI work station. pumps (Durect, Cupertino, CA). Exponentially grown MA148 human

Structural Modeling-Analysis of NOE growth curves indicated that ovarian carcinoma cells, kindly provided by Prof. Ramakrishnan (18),
backbone-to-backbone interproton NOEs were normally maximum at were cultured in RPMI 1640 medium (Invitrogen). This medium was
about 200 ms. Interproton distance constraints were derived from supplemented with 10% fetal bovine serum and 1% penicillin/strepto-
NOEs assigned in 'H nuclear Overhauser effect spectra acquired with mycin (Cellgro, Mediatech, Washington, DC) at 37 °C and 5% CO2 . 100
mixing times of 100 ms. NOEs were classified as strong, medium, weak, g±l of this tumor cell suspension (2 x 10' cells/ml) was then injected
or very weak corresponding to upper bound distance constraints of 2.3, subcutaneously into the right flank of each mouse. Pumps were im-
2.8, 3.5, and 4.5 A, respectively. The lower bound restraint between planted into the left flanks of the mice for subcutaneous administration
nonbonded protons was set to 1.8 A. Pseudo-atom corrections were of this compound over a 28-day treatment span.
added to the upper bound distance constraints where appropriate, and Two variants of this model were used: prevention and intervention.
an 0.5-A correction was added to the upper bound for NOEs involving For the prevention variant, treatment was initiated at the time of
methyl protons. Hydrogen bond constraints were identified from the inoculation with MA148 cells. For the intervention variant, tumors
pattern of sequential and interstrand NOEs involving NH and CaH were allowed to grow to an average size of 50 mm' (usually day 7
protons together with evidence of slow amide proton-solvent exchange. post-inoculation) before treatment was initiated. With either variant,
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FIG. 1. Effects of alanine scan and lN

walk-through variants of anginex on
EC proliferation in vitro. The sequence a 0
is shown for anginex in single letter codes IIC50
of amino acid residues, below which are AN I KL S VC M K L F K R H L KWK I I VKL N D G R E L S CD 3pM

given the amino acid sequences for the ANIKLSVOMKLF 60pM
dodecapeptide walk-throughs of anginex
(A). Proliferation of bFGF-stimulated (10 K LSV Q M K L F KR H -
ng/ml) HUVEC cultures was measured by Vo M KLF KR H 1KW
quantification of [3H]thymidine incorpo-
ration. Proliferation is expressed as mean K IF KR H LKW K [I
counts/min of quadruplicate cultures in
three independent experiments (t S.E.). KRHLKWKIIVKL 90 pM
EC proliferation results from alanine
scanning (tested at 25 AM dose) are ex- IKWKIIVKINDG 110AM
pressed in bar graph format as the per- KIIVKLNDGREL ---
centage of proliferating ECs (the arithme-
tic mean counts/min of triplicate cultures) VKLNDGRECSLD
relative to control cultures (no inhibitor).
For walk-through peptides, results are
given as IC., values from dose response
curves; only ICo values for dodecapep- HB' L
tides with significant activity relative to R K
anginex are given. The overall fold for K W
anginex (3 f3-strands with 2 turns) is F K O-D,. "s o
shown with functionally key residues L 1

boxed (B). The parent DBF analog is de- L im L
picted with the introduction of the scaf- K's I S K V
fold and the two functionally key 3-strand M V Lx M V
sequences from anginex (C). Q K E 0 K

V LI R V L

S N G S N
LS L 0 ý ,•

K K

I anginex 1IDBF7
NN

the animals were randomized prior to the initiation of treatment. Treat- ture, slides were washed with PBS and immediately imaged using an
ment was administered via osmotic mini-pumps (Durect, Cupertino, Olympus BX-60 fluorescence microscope at 200X magnification.
CA), which were implanted subcutaneously in the left flanks of the To assess the extent of total cell apoptosis, tissue sections were
mice. Concentrated solutions of anginex or DBF analogs were formu- stained by using the TUNEL (terminal deoxyribonucleotidyl trans-
lated such that the 28-day treatment period would be covered by im- ferase-mediated dUTP-nick-end labeling) assay, which was performed
plantation of a single pump. In each study, control groups of animals according to the manufacturer's instructions (in situ cell death detec-
were administered either PBS or PBS containing human serum albu- tion kit, fluorescein; TUNEL, Roche Applied Science). Digital images
min. Tumor growth curves were found to be virtually identical in either were stored and processed using Adobe Photoshop (Adobe, Inc., Moun-
of these control cases. tain View, CA). Quantification of microvessel density, the rate of pro-

Tumor volume was determined by measuring the diameters of tu- liferation, and total cell apoptosis were determined as described earlier
mors using calipers (Scienceware, Pequannock, NJ) using the equation (32). Statistical analysis was performed using the Student's t test.
for the volume of a spheroid: (a2 x b x 7)/6, where "a" is the width and Toxicity Assays--As an indirect measurement of general toxicity,
"b" the length of the tumor. Measurements were performed two or three body weights of mice were monitored twice weekly, using a digital
times per week. At the conclusion of an experiment, tumor weights were balance (Ohaus; Florham, NJ). To determine hematocrit and creatinine
also taken following excision of the tumors from euthanized animals. levels, blood samples were extracted by tail vein bleedings 1 day after
Tumor weights correlated well with tumor volumes calculated in this terminating treatment, and blood was collected in heparinized micro-
way. hematocrit capillary tubes (Fisher). For hematocrit levels, samples

Immunohistochemistry--Immunohistochemistry was used to assess were spun down for 10 min in a micro-hematocrit centrifuge (Clay-
microvessel density and the extent of total cell apoptosis. Tumor tissue Adams), and the amount of hematocrit was determined using an inter-
was embedded in tissue-freezing medium (Miles, Inc., Elkart, IN) and national microcapillary reader (IEC; Needham, MA). To obtain creati-
shock-frozen in liquid nitrogen. Sections of tissue (10-gm thickness) nine levels, a kit was purchased from Sigma and used according to the
were prepared for immunohistochemical analysis. For this, tissue sec- manufacturer's instructions.
tions were brought to room temperature, air-dried overnight, and then
fixed in acetone for 10 min. Slides were allowed to air-dry for at least 30 RESULTS

min and were washed three times for 5 min each in phosphate-buffered Design of a Partial Peptide Mimetic-For input into design-
saline (PBS, pH 7.4). Samples were then blocked with PBS containing ing the mimetic, we first performed structure-activity studies
0.1% bovine serum albumin and 3% human serum albumin for at least on anginex. Working with this relatively small peptide 33-mer
30 min at room temperature in a humidified box. Samples were subse-
quently incubated with phycoerythrin-conjugated monoclonal antibody allowed for a thorough assessment of functionally key residues

to CD31 (PECAM-1) in a 1:50 dilution (Pharmingen, San Diego, CA) to by using alanine scanning and walk-through variants. The
stain for microvessel density. After a 1-h incubation at room tempera- relative anti-proliferative effect of alanine-substituted analogs
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TABLE I

N- and C-terminal deletion variants of 11DBF7 and angiostatic potential

Amino acid sequence EC proliferation (IC0o) Sproutinge

AM %

Anginex Parent peptide 33mer 3 8 ± 5k
DBF analogs

11DBF7 ANIKLSVQMKL-[DBF]-IIVKLND 12 23 ± 106
1ODBF7 NIKLSVQMKL- [DBF] -IIVKLND 12 57 ± 176
9DBF7 IKLSVQMKL-[DBF]-IIVKLND 20 76 ± 40
6DBF7 SVQMKL-[DBF ]-IIVKLND 15 60 ± 12h
4DBF7 QMKL-[DBF]-IIVKLND 25 99 ± 5
3DBF7 MKL-(DBF]-IIVKLND 84 ± 30
IDBF7 L-[DBF]-IIVKLND >>ý

11DBF6 ANIKLSVQMKL- [DBFI -IIVKLN 22 115 ± 7.4
I1DBF4 ANIKLSVQMKL- [DBFI -IIVK 35 115 ± 16.3
I1DBF1 ANIKLSVQMKL-[DBF]-I 23 114 ± 13.6
6DBF6 SVQMKL-[DBF]-IIVKLN 42 96.8 ± 2.7
6DBF4 SVQMKL- [DBF] -IIVK 80.4 ± 0.3
6DBF3 SVQMKL- [DBF] -IIV 80.0 ± 17.4
6DBF2 SVQMKL-[DBF]-II 118 ± 15.8
6DBF1 SVQMKL-[DBF]-I 76 111 ± 13.6

"Significant inhibition (p < 0.03; Mann-Whitney U test).
6 Relative to control culture with medium alone.

'The compound had no effect on the assay.

, A

FIG. 2. The superposition of 28
structures of 6DBF7 derived from
NMR analysis and the chemical
three-dimensional structure repre-
sentation of 6DBF7. The dibenzofuran
moiety is shown head-on at the top right
of the structures (A). Polar residues on
the hydrophilic side of the amphipathic
p-sheet of 6DBF7 are highlighted with
squares, whereas nonpolar residues on
the hydrophobic side of the amphipathic
p-sheet of 6DBF7 are highlighted withB
circles (B). 6DBF7-
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of anginex against ECs is plotted in Fig. IA. Residues that first two 3-strands: Ile 3, LeuS, Val7, Leu", and Ile2°. Confor-
demonstrate the most significant drop in the ability of anginex mationally, these functionally key hydrophobic residues all lie
to inhibit EC proliferation are hydrophobic residues within the on the same face of the amphipathic anti-parallel 1-sheet (17,
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TABLE HI 125
Structural statistics for NOE-derived structures of 6DBF7A

r.m.s. deviations from experimental distance 100o
restraints (A)' 3DBF7
NOE (168) 0.1 ± 0.01 1 1DBF7
H-bond (16) 75

Deviations from idealized geometry
Bonds (A) 0.0071 ± 0.0004
Angles (*) 1.0 ± 0.03 so 4DBF7
Impropers C°) 0.6 ± 0.05 o

Energies (kcal.mol-1) Q. 90BF7
ENOEb 89.9 t 10.5 25 IODBF7 6DBF7
EROND 13.2 ± 1.4 -1,BF7
EANGLE 71.8 ± 4.2 inex
EIMPROPER 7.4 ± 1.3 0 1 10 aSOx
ETOTAL 202.6 ± 22.4 0 1 05

"None of the 28 final structures exhibited distance restraint viola-
tions greater than 0.5 A or dihedral angle violations greater than 5'. B
Root mean square (r.m.s.) deviation values represent the mean and
standard deviations for the 28 structures.

' The final value of the NOE (ENoE) was calculated with a force
constant of 50 kcal-mol1.A2.

21). Also shown in Fig. 1A are anti-proliferation activities of
eight walk-through dodecapeptides that successively sample
segments of the anginex sequence, shifting three residues in C 6DBF7
each peptide. Only three walk-through peptides (IC5o values
listed at the right) demonstrate any significant anti-prolifera-
tive activity relative to parent anginex. As with results from
alanine scanning, these peptides also encompass 13-strands 1
and 2. Based on these results, we concluded that antiangio-
genic activity is localized within 13-strands 1 and 2 and that
residues in turns 1 and 2 and 1-strand 3 are functionally
dispensable. For orientation, the 1-strand alignment for ang
inex is depicted in Fig. 1B; portions of the molecule containing
the key sequences are boxed. FiG. 3. Bioactivity of DBF analogs in in vitro assays. The anti-

Using this information, we designed the DBF-series of par- proliferative effects of some DBF analogs on bFGF-activated ECs are
plotted as dose-response curves (A). To assess the antiangiogenic po-

tial peptide mimetics in which13-strand 3 and turn 2 of anginex tential of these DBF analogs, sprouting and tube formation were stud-
were omitted and a DBF 13-turn mimetic (33, 34) was used in ied using Cytodex-3 beads overgrown with BCE in a three-dimensional
place of residues Phe1 2 to Lys19. The DBF 1-turn mimetic was collagen gel. Tube formation experiments under control conditions (B)
used to maintain the bioactive 3-sheet conformation of anginex or in the presence of 6DBF7 (C), 11DBF7 (D), or anginex (E) at a

concentration of 25 Am are shown. The beads have a mean size of 170 (±(21). The parent DBF-based compound depicted in Fig. 1C is 40) microns.
called 11DBF7, where numbers at the left and right of DBF
refer to the number of amino acid residues in the N- and
C-terminal strands, respectively, from anginex. To identify the packed against the phenyls of the DBF group in 6DBF7 (Fig.
shortest sequences required for bioactivity, a series of N- and 2B). In effect, this sets up and helps to stabilize the P-sheet fold
C-terminal deletion variants of 11DBF7 was made as listed in (22). Based on this structural information, we concluded that
Table I. other DBF analogs would fold similarly, albeit to various ex-

13-Sheet Structure Is Preserved in DBF Analogs-We used tents depending on the lengths of the two strands; i.e. strands
NMR spectroscopy to investigate whether 1-sheet conforma- of equal length are expected to be better able to form 13-sheets.
tion was preserved in DBF analogs. Analogs 1 lDBF7 and DBF Analogs Retain Antiangiogenic Activity-In EC prolif-
6DBF7 (that has more equivalent 1-strand lengths) were the eration assays, we demonstrated that 11DBF7, as well as a
focus of this structural study. Because of their limited water number of shorter analogs including 6DBF7, are effective at
solubility and the desire to mimic a membrane-like environ- inhibiting EC growth. Exemplary dose-response curves for all
ment, these compounds were investigated in dodecylphospho- xDBF7 analogs are given in Fig. 3A, and IC60 values for all
choline micelles. At the millimolar concentrations required for analogs are listed in Table I. Even though DBF analogs are less
NMR work, 11DBF7 gave overlapping resonances that made active than parent anginex, this may be explained in part by
spectral analysis ambiguous, whereas 6DBF7 gave excellent their having a decreased number of residues. Some of the
NMR spectra that allowed complete structural analysis. NOEs analogs are missing residues identified by alanine scanning as
and coupling constants diagnostic of anti-parallel 1-sheet con- being functionally important (e.g. Leu5 and Ile3). Nonetheless,
formation were readily identified and used in computational a number of these shorter analogs remain reasonably active,
modeling. The superimposed 28 lowest energy structures (Fig. and it appears that the N-terminal hexapeptide SVQMKL and
2A) have a backbone root mean square deviation value (N- and C-terminal hexapeptide IIVKLN are most essential for main-
C-terminal residues excluded) of 0.11 A. Additional structural taining antiangiogenic activity.
statistics are given in Table II. A simplified illustration of this Angiostatic potential was further demonstrated in the colla-
folding pattern is shown in Fig. 2B, which highlights residues gen gel-based sprout formation assay (21). Whereas control
on both hydrophobic and hydrophilic surfaces of the 1-sheet. In cultures show numerous sprouts (Fig. 3B), treatment with
this orientation of the molecule, the dibenzofuran moiety is 6DBF7 (Fig. 3C), 11DBF7 (Fig. 3D), and anginex (Fig. 3E) all
lying on edge. Notice also that two aliphatic hydrophobic resi- demonstrate highly reduced sprouting. These effects are quan-
dues, leucine (Leu" ) and isoleucine (Ile2°) from anginex, are tified in Table I. In general, reducing the number of amino acid
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residues in the f-strands leads to reduced inhibition of sprout tumor cell line. This prevention model demonstrated that treat-
formation comparable with results from the EC proliferation ment of tumor-bearing animals with 11DBF7 resulted in inhi-
assay. Nonetheless, some analogs were active in this assay, and bition of tumor growth. Surprisingly, 11DBF7 functioned, on
one of the shortest analogs, 6DBF7, did demonstrate a signif- average, slightly better than anginex by reducing tumor vol-
icant inhibitory effect on tube formation. The kinetics of inhi- ume by up to 80% relative to tumors from control animals
bition using DBF analogs, moreover, were the same as those (Fig. 4A).
observed with parent anginex (data not shown). In further experiments, we initiated treatment 7 days after

11DBF7 and 6DBF7 Inhibit Tumor Growth in Mice-Be- inoculation with tumor cells to allow establishment of tumors
cause our immediate interest in an antiangiogenic agent is in prior to the start of treatment. Using this protocol, anginex and
the area of tumor biology, we assessed the in vivo efficacy of two 11DBF7 were found to inhibit tumor growth by up to 70%
of the most active in vitro DBF analogs, 11DBF7 and 6DBF7, in during the course of treatment (Fig. 4B). At the end of the
the MA148 xenograft ovarian carcinoma tumor model in athy- 4-week administration period (day 35), the rate of tumor
mic mice (18-20). Our initial experiments using this model growth began to increase but remained at about 50% 10 days
administered the parent analog, 11DBF7, subcutaneously via post-treatment (not shown) when animals were sacrificed for
mini-pumps implanted at the time of inoculation with the analysis of tumor tissue. Interestingly, the smaller analog,

6DBF7, was even more effective than anginex or 11DBF7 at
A100 . ~inhibiting the growth of tumors (Fig. 4B). The reason for this is

A " unclear but may be related to improved bioavailability of

S12° • .. contro Antiangiogenic potential in vivo was demonstrated immuno-
1 1oo ". histochemically by staining tumor cross-sections from treated

to0. animals with fluorescently labeled anti-CD3 1 antibody to iden-
.. 600. D tify blood vessels. As shown in Fig. 4, C-F, and quantified in
o Table III, vessel density relative to control (Fig. 4C) was sig-

400 egi nificantly reduced by treatment with anginex (Fig. 4D),
20011F 11DBF7 (Fig. 4E), or 6DBF7 (Fig. 4F). These antiangiogenic

20 compounds had a significant effect as well on vessel architec-
o 20 3o 40 0 60 ture, demonstrating a drop in the number of end points, branch

B 240 ,, E - points, and vessel length (Table III). In addition, antiangio-
0 genic treatment also reduced the rate of proliferation of tumorE 0 cells as determined by immunlohistochemical staining of prolif-

"160 , contro" erating cell nuclear antigen in cryosections of tumors (Table

= 120,,,__,__"._ III). As a result of angiogenic inhibition, the number of apop-
11D.., F totic tumor cells increased from 311 - 103 in the control to

0 a F-inex 620 ± 146 and 851 ± 162 in anginex- and 6DBF7-treated
0

e animals, respectively.
40 60DF? In all in vivo experiments, treatment with anginex, 1lDBF7,

0. 20 . . and 6DBF7 did not show any sign of toxicity as assessed by
25 15 20 2S io is io unaltered behavior and normal weight gain during experi-

Time (days) ments (see inserts to Fig. 4, A and B). Moreover, hematocrit and
FIG. 4. 6DBF7 inhibits tumor growth in mice. MA148 tumor- creatinine levels in treated animals were normal relative to

bearing mice were treated with the optimal dose of anginex (10 mg/kg/ control, indicating the absence of toxicity to bone marrow and
day) or equivalent doses of 11DBF7 or 6DBF7. Treatment was initiated kidney, respectively. Upon autopsy, macro- and microscopic
at the time of inoculation with MA148 cells (A). An intervention study
is shown where tumors were allowed to establish to a palpable size morphologies of internal organs were also observed to be nor-
before treatment was initiated (B). In either study, control groups of mal within all experimental groups of animals.
animals were treated with PBS containing human serum albumin to
control for protein content. Tumor volumes (A and B; for all groups DISCUSSION
n = 11, ± S.E.) are plotted as mm' versus days post-inoculation. The
inserts in A and B show the body weight development of the mice during Here we identified functionally key amino acid residues in
the study as a measurement of overall toxicity. Immunohistochemical the fl-sheet-forming anginex peptide that promote its angiosta-
analysis of microvessel density is shown (C-F). C represents the aver- tic activity, and using this structure-activity relationship infor-
age number of microvessels in the tumor of a control-treated animal. mation, we designed partial nonpeptidic f-sheet mimetics of
Panels D, E, and F represent the average amount of vessel density
staining on tumor tissue from anginex-, llDBF7-, and 6DBF7-treated anginex. Members of this novel class of DBF-based compounds
animals, respectively. Original magnification 200X; scale bar = 5 0gm. are effective antiangiogenic agents both in vitro and in vivo.

TABLE III
Microvessel density and proliferation rate in tumors of treated mice

All results are expressed as mean pixel counts per image (± S.E.).

Proliferation" Vessel densityb End points' Branch points" Vessel length'

Vehicle 848 ± 104 5858 ± 656 26.2 ± 2.2 7.6 ± 1.4 5.9 ± 0.7
Anginex 414 ± 44 2245 ± 329 22.9 ± 2.2 2.1 ± 0.6 0.9 ± 0.3
11DBF7 553 ± 75 2879 ± 385 21.2 ± 3.3 3.1 ± 0.9 3.0 ± 0.6
6DBF7 501 ± 68 2213 ± 256 21.7 ± 2.6 2.3 ± 1.1 2.5 ± 0.4

"After binarization of the proliferating cell nuclear antigen-stained images proliferation was estimated by scoring the total number of white
pixels per field.

b After binarization of the CD31-stained images, microvessel density was estimated by scoring the total number of white pixels per field.

Mean number of vessel end points as determined after skeletonization of the images (32).
d Mean number of vessel branch points/nodes per image.

"Mean total vessel length per image.
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Moreover, the in vivo anti-tumor activity of one of these DBF tive therapeutic against cancer as well as against other angio-
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molecule, anginex. endometriosis, and diabetic retinopathy.
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ENDOTHELIAL CELLS: POTENTIATION OF ANTITUMOR ACTIVITY BY
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Vascular Endothelial Growth Factor (VEGF) functions as a the absence of neovascularization, tumor cells undergo apoptosis
key regulator in tumor angiogenesis. In addition, VEGF is an and fail to expand. 6 Tumor angiogenesis is mediated by both tumor
important survival factor for endothelial cells under chemical cells themselves and the stromal cells creating a unique microen-
or physical stress. In our report, we show that treatment of vironment. Several growth factors have been identified as potential
endothelial cells with the chemotherapeutic agent carbopla- re nt. Se growtn acos H ave VEen ind as tentia
tin significantly increased the expression of VEGF. Further- regulators of angiogenesis. However, VEGF and its tyrosine ki-

more, neutralization of secreted VEGF with specific poIl- nase receptors, VEGF-R1 (Fht-l) and VEGFR-2 (KDR/Flk-l),
clonal anti-VEGF antibodies or monoclonal antibody have been implicated as key components in the vascularization of
sensitized endothelial cells to carboplatin treatment and in- a tumor.7 Direct proof for this hypothesis comes from a multitude
creased apoptosis several-fold. Interestingly, carboplatin of experiments, where the disruption of the VEGF signaling path-
treatment did not alter VEGF expression in tumor cells, way inhibited angiogenesis in vitro and solid tumor growth in
Similarly, antibody to VEGF did not change the chemosensi- vivo.8-1s
tivity of tumor cells to this drug. Most importantly, tumor-
bearing animals treated with carboplatin showed an increase In addition to its central role in regulating tumor angiogenesis,
in VEGF immunoreactivity in the tumor vasculature, con- VEGF is also a survival factor for endothelial cells. VEGF expres-
firming the in vitro studies. Based on these observations, we sion is induced by hypoxia, which was shown to rescue newly
determined whether neutralization of VEGF could enhance formed endothelial cells in the retina that were exposed to low
the anti-tumor activity of carboplatin in an in vivo ovarian oxygen environment.' 9 VEGF is also able to save newly formed
cancer model system. A combination therapy consisting of a tumor vessels from undergoing apoptosis.20° 2' Moreover, VEGF
suboptimal dose of carboplatin (32.5 mgfkglinj., q3dxS; i.p.) was shown to inhibit endothelial cell apoptosis induced by tumor
and polyclonal anti-VEGF antibody (2 mg/inj., q3dx 10; i.p.)
significantly enhanced solid tumor growth inhibition over necrosis factor-alpha and anchorage disruption.2,, 23 Therefore,
Individual monotherapies and included multiple complete VEGF seems to play an important dual role in the progression of
responses. These findings suggest that VEGF is a critical a cancer, which include the direct stimulation of neovasculariza-
endothelial cell specific survival factor that is induced by tion and the concomitant protection of tumor vessels.
carboplatin and contributes to the protection of tumor vas- Various reports have shown that antiangiogenic therapies po-
culature during chemotherapy treatment. In addition, these tentiate cytotoxic anticancer therapies in several in vivo model
results provide evidence for a potential mechanism that un-
derlies enhanced anti-tumor activity achieved with chemo- systems.2 4 - 26 Particularly, carboplatin-based therapies were re-
therapy and anti-VEGF antibody combination treatment reg- sponsive to combination treatment with either the antiangiogenic
imens as recently reported in a number of clinical trials. We agents anginex or TNP-470, potent inhibitors of endothelial cell
conclude that a similar type of combination therapy may be proliferation and migration.26• 2 7 However, the exact mechanism of
applicable to many types of mallgnancies since VEGF expres- action of this combination strategy is not fully understood. In this
sion was differentially Induced in the tumor host environ- report, we show that carboplatin significantly increases the expres-
ment (i.e., tumor vasculature) and not in the tumor cells sion of VEGF in endothelial cells in vitro and in tumor vessels in
themselves; hence, this phenomenon may be independent of
the type and origin of the primary cancer.
© 2004 Wiley-L~iss, Inc. Abbreviations: H&E, hematoxylin and eosin; HUVEC. human umbilical

Key words: angiogenesis; antibody; carboplatin; chemotherapy; vein endothelial cells; PBS. phosphate-buffered saline; TCIC, tissue cul-
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vivo. Neutralization of VEGF by specific polyclonal antibodies Cell proliferation assays
significantly increased the sensitivity of endothelial cells to carbo- Cells (HUVEC or MA148) were seeded in their respective
platin. In contrast, antibody to VEGF did not augment the chemo- complete medium at a density of I X I04 cells/well into 96-well
sensitivity of tumor cells in vitro. We also show that a combination plates and allowed to attach overnight. Carboplatin and/or anti-
therapy that consists of carboplatin and polyclonal anti-VEGF bodies were then prepared in different dilutions using the appro-
antibody produced a more than additive antitumor effect with priate culture medium and added to the cells. Forty-eight hours
multiple complete responses in an ovarian cancer xenograft model after treatment, cells were treated with MTT (Sigma Chemical
system. Our findings suggest that carboplatin treatment induces the Co.) at 0.5 mg/ml for 4 hr. Medium was then removed and 100 ýJ
VEGF stress response in tumor vessels and by concomitantly dimethyl sulfoxide (Sigma Chemical Co.) was added to each wells.
blocking this survival mechanism, significantly enhanced inhibi- Absorbance was measured at 560 nm with 650 nm background
tion of tumor growth can be achieved, readings subtracted. In a parallel study, carboplatin-induced cyto-

toxicity of HUVEC was determined in the presence of monoclonal
MATERIAL AND METHODS antibody (MAb) to VEGF and MOPC-21. Carboplatin was used at

Cell culture 3 different concentrations (5.4, 27 and 54 liM). Both MOPC-21
and MAb to VEGF were added in the final concentration of 5

Human umbilical vein endothelial cells (HUVEC) were kindly l.g/ml. After 24 hr cell viability was assessed by MTT assay.
provided by Dr. G. Vercellotti (University of Minnesota, Minne-
apolis, MN) and maintained in complete EGM medium (Clonetics, Apoptosis assay
San Diego, CA) in tissue culture flasks precoated with 0.1% Cells (HUVEC/MA148) were seeded in their respective com-
gelatin (Sigma Chemical Co., St. Louis, MO). HUVEC cultures plete medium at a density of 3 × 10' cells/well into 8-well
were used between the 2nd and 4th passage for experiments. A petmdimaadnsyof3Xl cl/wlito8el
piry uledbeturen o e hu nd anrtc sth musclge orexperimells (A ) chamber slides (Nalge Nunc, Naperville, IL) and allowed to attachprimary culture of human aortic smooth muscle cells (AOSMC) overnight. Carboplatin and/or antibodies were then added to the
was obtained from Clonetics and cultured in SMC medium as wells. Samples were incubated for 48 hr and then analyzed for
suggested by supplier. MA148 (human epithelial ovarian carci- wells. s wr incubat fori48 r andhen analyz onoma cell line) and HUFFI (human foreskin fibroblast cell ln)apoptosis by TUNEL assay (Boehringer Mannheim, Germany).

160 ch ma redium (if line) Digital images were acquired using a fluorescence microscope
were maintained in RPMI 1640 medium (Life Technologies, equipped with an Optronics (TEC 470) single chip cooled camera.Grand Island, NY) supplemented with 10% fetal bovine serum eqipdwtanOrocs(C47)iglchpoldcmr.GFBS, Celagro, Mediatpplementeh W into DC) feand peiin/stre- Metamorph image analysis software (Image 1, Westchester, PA)
(FBS, Cellgro, Mediatech, Washington, DC) and penicillin/strep- was us e images as TIFF files. Fields were chosen
tomycin (Cellgro). The cultures were split 1:3 every 3 days. All randomly to ensure objectivity of sampling. The files were thencell lines were maintained at 37°C and 5% CO 2 . opened in Adobe Photoshop (Adobe Inc., Mountain View, CA)

Anti-VEGF antibody and the apoptotic index was estimated by counting the number of

Polyclonal anti-VEGF antiserum was developed in rabbits by a TUNEL positive pixels per field using a histogram analysis.

hyperimmunization protocol using recombinant human VEGF165 Tumor model
as previously described. 28 The antibodies were purified from the
serum by affinity chromatography using a Protein A agarose Exponentially growing MA148 cells (human epithelial ovarian

column (Sigma Chemical Co.). Similarly, control antibody was carcinoma cell line) were harvested by trypsinization, washed

obtained from the same rabbits before immunization and purified twice with Hanks' balanced salt solution (Cellgro, Mediatech,

by Protein A affinity chromatography. Purified IgG fractions were Washington, DC) and resuspended at 2 X l07 cells/ml in serum-

dialyzed in phosphate-buffered saline (PBS, pH 7.6) and concen- free RPMI 1640 medium. One hundred microliters of the suspen-

trated to 20 mg/mI by ultrafiltration using a YM-30 membrane sion was then injected subcutaneously into the flanks of 6-8-

(Millipore, Bedford, MA). Antibody samples were then filter ster- week-old female, athymic, nu/nu mice (National Cancer Institute,

ilized by a 0.2 Itm filter (Millipore, Bedford, MA) and stored in Bethesda, MD) and the tumors were allowed to establish. On day

aliquots at -20'C. Antibody purity was assessed by SDS-PAGE. 10, the animals were randomized and treatment was initiated.

ELISA and Western blots were used to determine specificity of the Carboplatin was administered at a suboptimal dose (32.5 mg/kg)

antibody preparations.' 8' 28 A monoclonal antibody to human by i.p. injections once every 3 days for 5 doses (q3dx5; i.p.).

VEGF (Clone 4) was purchased from Neomarkers (Fremont, CA). Polyclonal anti-VEGF IgG or preimmune control IgG treatment (2

Antibody was dialyzed against cold HBSS before usage. As a mg/dose) was given i.p. once every 3 days for a total of 10

negative control, a isotype matched IgG-1 (MOPC-21) was pur- injections (q3dX 10; i.p.). Control animals received equal amounts

chased from Pharmingen (San Diego, CA). of sterile PBS. Tumor growth was monitored by caliper measure-
ments and tumor volumes were calculated by the formula (tumor

Measurement of VEGF levels volume (mm 3) = a X b 2 
X ir/6), where a represents the larger

MA148 or HUVEC were plated in their respective complete diameter and b represents the smaller diameter of the tumor.
medium at a density of 3 X l05 cells/well in a 6-well plate, For histological examination of the tissues, representative sat-
allowed to attach overnight and exposed to various concentrations ellite animals were sacrificed and tumor specimens were harvested
of carboplatin (Sigma Chemical Co.). HUVEC were seeded on at either the conclusion of the carboplatin treatment regimen (day
plates pretreated with 0.1% gelatin. At 24 and 48 hr time points 22) or anti-VEGF IgG treatment schedule (day 40), as indicated.
after carboplatin treatment, VEGF levels in the conditioned media
were measured by ELISA (Cytimmune, College Park, MD) and Serum levels of VEGF
normalized to viable cell number as determined by Trypan Blue A group of 8 MA148 tumor-bearing mice were used to deter-
exclusion (Sigma Chemical Co.). Human foreskin fibroblast mine changes in mouse VEGF levels after carboplatin treatment.
(HUFFI) cells were plated in complete medium at a density of 1 X Average tumor volumes in these mice were 1,466 to 1,481 mm-3 .
l0" cells/well in a 12-well plate, allowed to attach overnight and Carboplatin was given to 4 mice at a similar dose and schedule as
exposed to 3 concentrations (54, 135 and 270 RiM) of carboplatin. described before. The rest of the 4 mice served as a control. Blood
At 24 and 48 hr time points after carboplatin treatment, human samples were obtained from the mice I week after the 4th injec-
VEGF levels in the media were measured by ELISA (R&D Sys- tion. Serum levels of mouse VEGF was determined by ELISA
tems, Minneapolis, MN) according to manufacturer's instruction. (R&D Systems, Minneapolis, MN).
AOSMC were plated at the density of 5,000 cells per well. Car-
boplatin was at concentrations of 1, 2 and 5 jig/ml. After 48 hr Histology and immunohistochemistry

culture supernatans were collected for VEGF measurements using Hematoxylin and eosin (H&E) stainings of paraffin embedded
an ELISA. tissue sections were used for general histological examination of
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the tissue specimens. Frozen sections were prepared for the stain- HUVEC. Therefore, endothelial cell populations appear to be less
ing of VEGF and tumor blood vessels in carboplatin-treated spec- sensitive to carboplatin than tumor cells.
imens vs. PBS control animals. Harvested tumor tissues were
embedded in tissue freezing medium (Miles, Inc., Elkhart, IN), Carboplatin differentially upregulates VEGF expression in
snap frozen in liquid nitrogen and subsequently cut into 10 ltm endothelial cells
thick sections. Next, tissue specimens were slowly brought to To further elucidate the apparent resistance of endothelial cells
room temperature, air dried and subsequently fixed in cold acetone to carboplatin treatment, we investigated the role of Vascular
for 10 min. The slides were then allowed to air dry for 1 hr and Endothelial Growth Factor (VEGF), a known endothelial cell
washed 3 times for 5 min in PBS, pH 7.5. The samples were then survival factor, under these conditions. Both ovarian and endothe-
blocked with PBS containing 0.1% bovine serum albumin for 30 lial cell cultures were treated with their respective TCIC,(o of
min at room temperature. The tissue sections were stained for carboplatin and VEGF levels in the conditioned media were mea-
VEGF with a mouse monoclonal anti-VEGF antibody [VEGF sured by ELISA. Carboplatin treatment did not alter the level of
Ab-3 (JH121), Neomarkers, Fremont, CA; 1:20 dilution], which VEGF secreted by the tumor cell line at both 24 and 48 hr time
reacted to VEGF preparations from different species for 1 hr at points (Fig. 2a). VEGF concentrations ranged between 47.8 and
room temperature. Next, the sections were washed in PBS and 58.4 pg/I X 106 cells. However, treatment of HUVEC with car-
incubated with FITC-labeled rabbit anti-mouse IgG antibody boplatin resulted in a 5-fold increase of VEGF levels at 24 hr (22.8
(Sigma Chemical Co., 1:20 dilution) for 1 hr at room temperature. pg/i X 106 cells for control vs. 129.4 pg/I X 106 cells for carbo-
In addition, we simultaneously incubated the slides with phyco- platin treated cultures). An even more pronounced effect was seen
erythrin (PE) conjugated to a monoclonal antibody to PECAM-1 at the 48 hr time point with a 12-fold increase in VEGF levels in
(PE conjugated anti-mouse CD31, 1:50 dilution, Pharmingen) to carboplatin treated HUVEC (17.9 pg/l X 106 cells for control cells
stain for blood vessels. The slides were washed 3 times with PBS, vs. 224.2 pg/i X 106 cells for carboplatin treated cells). These
pH 7.5, and immediately imaged in an Olympus BX-60 fluores- values were statistically significant as determined by the Student's
cence microscope. t-test (p < 0.038). Human fibroblast (HUFFI) cells did not exhibit

an increase in the VEGF levels after various concentrations (54,
Statistical analysis 135 and 270 ;.tM) of carboplatin treatment. The human VEGF

Statistical significance between treatment groups was deter- concentrations were below the sensitivity of the assay (detection
mined by I-way ANOVA or the Student's t-test. level 5 pg/ml). In another study, carboplatin induced changes in

VEGF secretion was determined in AOSMC. AOSMC secreted
105.6 (± 12.2) pg/mI in control cultures. In the presence 2.7 [LM

RESULTS carboplatin VEGF level slightly increased to 109.8 (± 19.7) pg/ml.
Differential sensitivity of tumor cells vs. endothelial cells to However at higher concentrations, 5.4 and 13.5 R.M of carboplatin,
carboplatin there was a concentration-dependent decrease in VEGF secretion

Carboplatin is a potent chemotherapeutic drug used in the treat- (61.4 ± 0.4 pg/ml and 29.6 ± 10.6 pg/ml, respectively).
ment of ovarian cancer. In a series of experiments, the in vitro Antibody to VEGF potentiates the inhibitory activity of
sensitivity of ovarian carcinoma cells (MA148) and endothelial dy o eGdotetiales
cells (HUVEC) to carboplatin was evaluated. MA148 cells were carboplatin on endothelial cells
about 100-fold more sensitive to carboplatin than HUVEC (Fig. 1). To further verify the above-mentioned hypothesis, we next
The tumor cells exhibited a TCIC5 0 of roughly 0.7 ltg/ml (1.9 1,M) tested whether the addition of specific antibodies to VEGF could
compared to a TCIC51 of 50-70 pRg/ml (135-190 p.M) for neutralize the growth factor-dependent cell rescue. Carboplatin-

induced cytotoxicity was determined in the presence or absence of
polyclonal anti-VEGF IgG (30 p.g/ml). The addition of anti-VEGF
antibody to carboplatin-treated HUVEC significantly increased the

120 . cytotoxicity of the chemotherapeutic agent by 12.58% (p < 0.014,
= Student's t-test; Fig. 2b). This effect was specific since a corre-0 100- sponding preimmune control IgG treatment (30 ltg/ml) did not

S--significantly increase the inhibitory effect of the drug (p > 0.34).
0 In contrast to endothelial cells, polyclonal anti-VEGF IgG did not

S80. influence the chemosensitivity of tumor cells. In fact, the inhibi-
o tory activity of carboplatin was decreased by 10% with the addi-

60- tion of anti-VEGF IgG and by 3.7% with the use of preimmune
control IgG. However, these changes were not statistically signif-
icant (p > 0.057 for both points). In a separate study, we inves-

40 tigated the effect of a MAb to VEGF on carboplatin mediated
cytotoxicity of HUVEC. In these experiments, MOPC-21 was used

"• 20 as a control. At 3 different concentrations tested (5.4, 27 and 54
= IiM), carboplatin induced low levels of cytotoxicity in the pres-

ence of MOPC-21 IgG. However, the MAb to VEGF significantly
0 increased the cytotoxcity. For example, at 5.4 p.M carboplatin

there was 7.7 % inhibition of HUVEC proliferation and at 27 l.M
0.027 0.27 2.7 27 270 2700 carboplatin there was 18.2 % inhibition of proliferation (compared

to control cultures). At 54 liM, HUVEC proliferation was inhib-
Carbop1atin (ipM) ited to 21.6 % in the presence of MAb to VEGF. In contrast,

MOPC-21 exhibited only 2.5 % inhibition at this concentration of
FtIuGR 1 - Differential sensitivity of tumor cells vs. endothelial carboplatin.

cells to carboplatin. The concentration response of carboplatin on We also assessed the effect of exogenous addition of recombi-
endothelial cells (HUVEC) and human ovarian carcinoma cells nant VEGF,, 29 to carboplatin-treated HUVEC. VEGF partially
(MA148) was determined by a nonradioactive cell viability assay
(MTT). Values of medium control were considered as 100 % viability, rescued endothelial cells at concentrations between 10-100 ng/ml
Each point is a mean of triplicate cultures from a representative (data not shown). In contrast, the human ovarian carcinoma cell
experiment (error bars denote standard deviation; open circle, line did not respond to the exogenous addition of VEGF (data not
HUVEC; closed circle, MA148). shown).
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corresponded to a 17.4-fold increase in apoptosis when comparedA B to medium control. Again, the specificity of this effect was verified

72o, 24 hr 48hr * * ° with the addition of preimmune control IgG (50 ýtg/ml), which did
e, ts not augment the apoptotic response to carboplatin treatment. In
700 10 comparison, equal concentrations of anti-VEGF or preimmune
: 5 antibodies alone did not change the apoptotic index, which was

•io. * similar to medium control.- 110
kloo..; 7 Carboplatin specifically up-regulates VEGF expression in tumor

10 0 * vessels in vivo
:5 1-so To determine whether carboplatin could induce VEGF expres-
W 0 sion in vivo, a nude mouse model was employed. MA148 tumor
> 0

MA148 HUVEC MA14S HUVEC MA140 HUVEC cells, the same carcinoma cell line used for the in vitro experi-
ments, were transplanted s.c. into the flanks of female, athymic

C 18 nude mice. After 10 days, small palpable tumors were established
* and treatment was initiated. A low dose of carboplatin (32.5

mg/kg/inj.) was then administered every 3 days for 5 doses
(q3dx5), at which point the animals were sacrificed and tumor

W 2 tissues were harvested. Sections were prepared and immunohisto-
.Z. ki chemically stained for VEGF and CD31. PBS-treated control

•• 0 animals showed a consistent but low expression of VEGF in the

0 •o1 I tumor tissue (Fig. 3a). In contrast, carboplatin treated animals
ro displayed localized increase in the expression of VEGF (Fig. 3d).

0 2Staining of the tissues with specific antibodies to the endothelial

1 0.4 cell marker CD31 was used to identify vascular structures in the
tumor tissue (Fig. 3b,e). A subsequent overlay of the images

_1 1 L showed a clear colocalization of VEGF in the tumor vasculature of
00 carboplatin treated animals (Fig. 3J). In contrast, no significant

•,' *,S' .2'p <\0' 4 O colocalization was seen in the PBS treated control tissue (Fig. 3c).".o \,'O , ' ,, In a separate experiment, serum levels of mouse VEGF were

_ O . ,- determined 1 week after the 4th injection of carboplatin. Tumor
' - • ' ' burden in these animals were comparable. Control group of mice

showed a mean serum value of 16.95 pg/ml mVEGF. Whereas the
carboplatin-treated group of mice showed almost twice the levels

FIGuRE 2- (a) Carboplatin differentially upregulates VEGF expres- of serum VEGF (32.2 pg/ml). However, the increase in serum
sion in endothelial cells. Endothelial cell cultures and human ovarian VEGF levels was not statistically significant.
carcinoma cells were exposed to their respective TCIC50 of carboplatin
(0.7 ýtg/ml for MA148, 50 ýg/ml for HUVEC) and conditioned Antibody to VEGF significantly improves the anti-tumor effects
medium was harvested. VEGF levels were measured by ELISA and
normalized to cell number (left panel, 24 hr time point; right panel, 48 of carboplatin
hr time point; open square, no carboplatin (PBS control); closed square Experiments were subsequently carried out to determine the
carboplatin). (b) Blocking the VEGF response induced by carboplatin therapeutic benefit of anti-VEGF antibodies during carboplatin
with a polyclonal antibody to VEGF potentiates the inhibitory activity chemotherapy. MA 148 cells were inoculated s.c. into the flanks of
of carboplatin in endothelial cells. Cells were treated with their re- athymic, nude mice and tumors were allowed to establish for 10
spective TCIC50 of carboplatin and supplemented with purified poly- days. Animals were then randomized and divided into 4 treatment
clonal anti-VEGF IgG or preimmune control tgG (30 Itglml). Forty- groups. Tumor growth was then monitored by caliper measure-
eight hours after treatment, cell viability was measured by MTT assay.
Absorbance associated with carboplatin treatment alone was consid- ments and the experiments were terminated once tumor volumes
ered as 100 % inhibition. Results are expressed as % change in reached about 1,500 mm. 3

inhibition relative to carboplatin treatment alone (closed square, anti- By the end of the treatment regimen (day 40), administration of
VEGF IgG treatment; open square, preimmune lgG treatment). (c) low-dose carboplatin inhibited the tumor growth by approximately
Blocking the VEGF stress response with polyclonal antibody to VEGF 40% compared control animals (Fig. 4a). Similarly, anti-VEGF
increases apoptosis in carboplatin-treated endothelial cells. HUVEC antibody alone treated mice displayed an inhibition of tumor
were treated with their carboplatin TCIC50 and/or antibodies (50 atody on treated m5c dispayed an cntron oftm or
I.glml) and incubated for 48 hr and analyzed for apoptosis by a growth of approximately 25% compared to control animals (Fig.

TUNEL assay. Apoptotic index indicates the percentage (%) of 4a). In contrast, the administration of carboplatin in combination
TUNEL positive pixels per field. For all panels data are presented as with anti-VEGF antibody showed tumor growth inhibition of more
means of 3 independent experiments with standard deviation as error than 75% compared to PBS treated mice. Moreover, combination
bars. *Statistical significance as determined by the Student's t-test treatment significantly inhibited tumor growth throughout the en-
[p < 0.038 for both points in (a); p < 0.014 in (b); p < 0.03 in panel tire course of the experiment (p < 0.04 for all tumor measurement
(c)0. time points as determined by the Student's t-test). Most impor-

tantly, 23% of all combination treated animals (cumulative of 3
experiments) displayed a complete response and remained tumor-

Antibody to VEGF increases apoptosis in carboplatin treated free for the entire period of observation.
endothelial cells A 1-way ANOVA, with treatment as the between-subjects factor

To determine whether carboplatin-induced expression of VEGF with 4 levels, was used to analyze the combined effects of the 3
rescues endothelial cells from apoptosis a TUNEL assay was individual experiments. On day 22 (end of carboplatin treatment
performed. Addition of the chemotherapeutic agent to HUVEC regimen) both carboplatin and polyclonal anti-VEGF IgG failed to
increased the apoptotic index 9-fold compared to medium control significantly inhibit tumor growth (p = 0.0718 for carboplatin, p =
(Fig. 2c). More importantly, a combination treatment of carbopla- 0.6324 for anti-VEGF IgG), whereas combination therapy showed
tin with polyclonal anti-VEGF IgG (50 [tg/ml) resulted in an a significant difference in tumor volume compared to PBS (p =
additional 1.85-fold increase in apoptotic index versus carboplatin 0.0016). Similarly, on day 40 (end of antibody treatment regimen),
alone treated samples (p < 0.03, Student's t-test). This effect only the combination treatment of carboplatin with polyclonal
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FIGUtR 3 - Carboplatin specifically upregulates VEGF levels in tumor vessels in vivo. Shown are representative sections from the PBS control
group (a, b and c) and from the carboplatin treated group (d, e and t). Immunofluorescence localization of VEGF (a, d) and blood vessels (b,
e) is shown. Colocalization of VEGF and blood vessels is determined by merging respective images (a, ). Arrows indicate representative VEGF
positive tumor blood vessels. X200.

anti-VEGF IgG displayed a significant inhibition of tumor growth ical analysis demonstrated dramatic differences in tumors from
compared to the PBS vehicle control group (p = 0.0003, p = carboplatinranti-VEGF antibody combination-treated animals
0.1533 for carboplatin alone and p = 0.731 for anti-VEGF IgG compared to PBS control or individual drug treatment groups.
alone). More importantly, tumor volumes from the combination A TUNEL assay was used to detect apoptotic cells. Carboplatin
treatment group were also significantly lower than both mono- or anti-VEGF antibody alone-treated animals displayed no differ-
therapies (p = 0.0229 compared to carboplatin and p = 0.0016 ence in apoptosis when compared to PBS treated control tissues
compared to anti-VEGF IgG). (data not shown). In contrast, animals that received a combination

Treatment of tumor bearing animals with nonspecific preim- treatment regimen presented an increase in apoptotic cells (data
mune IgG (2 mg/inj., q3dX10) did not affect the in vivo tumor not shown). Similarly, these effects were also seen in H&E-stained
growth rate of MA148 either alone or in combination with carbo- tissue sections (Fig. 5). Here, carboplatin (Fig. 5b) or polyclonal
platin (Fig. 4b). Data points are expressed as a mean relative to anti-VEGF antibody (Fig. 5c) monotherapy samples displayed a
mean tumor volume of carboplatin treated animals (V/Vcagopiati). slight increase in apoptotic and necrotic cells (picnotic nuclei)
The results illustrate that the addition of preimmune control IgG when compared to PBS control (Fig. 5a). However, a substantial
did not significantly alter the inhibitory activity of carboplatin decrease in cellularity and large areas of necrosis were observed in
treatment. However, the addition of specific polyclonal anti-VEGF tissues from combination-treated animals (Fig. 5d). In addition, a
IgG showed a statistically significant increase in anti-tumor activ- marked increase in fibrous tissue was detected in these samples.
ity when compared to carboplatin monotherapy (Fig. 4b). Most importantly, histological examination of a tumor sample

To further determine the overall extent of the combined treat- from a complete responder (Fig. 5e) showed that the entire tumor
ment effect of carboplatin with polyclonal anti-VEGF IgG, we tissue was replaced by fibrous matrix, indicating full remission
analyzed the fractional tumor volumes relative to untreated con- obtained by the combination therapy regimen.
trols. Combination therapy showed a multiplicative effect at both
day 22 and day 40 of observation (approximately 2.3-fold higher DISCUSSION
for both time points; Table I), indicating a more than additive
anti-tumor activity achieved with this combination treatment reg- Despite significant efforts to produce new and improved treat-
imen. ments, the outcome for patients with ovarian cancer remains poor.3

The application of the chemotherapeutic drug, carboplatin, either
Carboplatinlanti-VEGF antibody combination treatment results alone or in combination with paclitaxel, has become the front line
in extensive tumor cell apoptosis and necrosis therapy for this disease.30° 31 However, it is still far from being

Human xenograft tumors were surgically removed from the curative and the development of chemoresistance poses a major
animals by the end of the antibody treatment regimen (day 40) and challenge. In a recent study, single-agent carboplatin proved to be
paraffin embedded for the preparation of tissue sections. Histolog- just as effective as carboplatin plus paclitaxel in women requiring
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A 2000 -/ improve the overall anti-tumor response in preclinical models in
vivo. 24

-
26 More importantly, the first successful randomized phase

1800 III clinical trial results of an antiangiogenic agent (bevacizumab)

E 1600v with a chemotherapeutic regimen were recently announced.32,33

-;ý 1400. However, the mechanism underlying the additive effects of anti-
VEGF antibody and chemotherapy combinations has not been

1200, anti-VEGF fully elucidated.
>1000. carboplatin In our report, we show that tumor cells are by far more sensitive

0 800. to carboplatin than endothelial cells. This differential chemosen-
S600. sitivity could be explained by several factors. For instance, the

proliferative status of target cells can substantially influence its
400. combination sensitivity to DNA cross-linking drugs. Tumor cells are actively
200- proliferating as indicated by several-fold higher 3H-thymidine

01.2 X incorporation when compared to endothelial cells (R. Wild, J.
0 it; 30 40 so Trass, 1. Subramanian, and S. Ramakrishnan, unpublished data).

Time (days post-inoculation) Second, drug uptake mechanisms could be differentially regulated
in tumor cells versus endothelial cells. In addition, DNA repair

y40 140 mechanisms could be substantially different in these 2 cell types.14ay 22 ay which could at least in part contribute to the differential chemo-
20 sensitivity. Lastly, specific cell survival factors could influence the

>° : 1, chemosensitivity of various cell types to this drug therapy.
> o Our report provides evidence for the latter possibility. Our

4,0 0 results demonstrate that carboplatin substantially induces the ex-
pression of VEGF in endothelial cells in vitro. VEGF has been
shown to function as an important endothelial cell-specific survival

0 factor that prevents apoptotic cell death. As a consequence, up-
regulation of VEGF directly increases cell viability and decreasesFimuRF 4 - Antibody to VEGF significantly improves the anti-tumor the overall chemosensitivity of endothelial cells to carboplatin.

effect of carboplatin. The tumor growth curve of human MA148
ovarian carcinoma is shown in athymic mice (a). The groups are Proof of principal comes from our experiments where the concom-
defined as control (PBS; square), polyclonal anti-VEGF IgG (circle), itant neutralization of VEGF by specific antibodies significantly
carboplatin (triangle up), carboplatin + polyclonal anti-VEGF IgG increased the drug-induced cytotoxicity as well as the overall
(triangle down). Data points show the mean tumor volume with apoptotic response in endothelial cells. Although a polyclonal
respective standard error bars (pooled data from 3 independent exper- antibody was used in the in vivo experiments, we observed similar
iments, n = 14-16 animals per group). Tumor growth inhibition is results using a monoclonal antibody in vitro, namely, increased
enhanced by the addition of polyclonal anti-VEGF IgG to carboplatin sensitivity to carboplatin in the presence of antibody to VEGF.
therapy (b). Results are expressed as mean tumor volumes relative to sen y tor boplaindinuth presen of antibody t id
mean carboplatin-treated volumes (V/Vcarboplatin). Shown is carbo- Very interestingly, individual administration of the antibody did
platin (white bar), carboplatin + polyclonal anti-VEGF IgG (black not result in any endothelial cell death or increased apoptosis.
bar), carboplatin + preimmune control IgG (gray bar) on day 22 (end Therefore, our data suggests that carboplatin induces the cells to
of carboplatin treatment regimen) and day 40 (end of antibody treat- secrete VEGF and additionally sensitizes the cells to this survival
ment regimen). *Statistical significance as determined by Student's pathway. In contrast, VEGF levels in the tumor cell line were not
t-test (p < 0.033 for both values compared to carboplatin-alone treat- altered by carboplatin treatment. In addition, the tumor cells did
ment). not respond to either exogenous addition of VEGF or its respective

antibodies. As a consequence, the upregulation of VEGF induced

TABLE I - CARBOPLATIN AND ANTI-VEGF ANTIBODY COMBINATION by carboplatin appears to be unique to the endothelial cell popu-
TREATMENT RESULTS IN SYNERGISTIC ANTI-TUMOR RESPONSE lation. This is a novel finding, since the predominant notion in the

Fractional tumor volume' angiogenesis field is that VEGF functions as a paracrine mediator
Day Cof endothelial cell activity. However, we report here that this factorCaropatn Aoi\'GF combined Combined Expected/

Carboplatin Anti-VEGF (expected)
2  (observed) observed3  also contributes an important autocrine function to this system. It

remains to be seen whether carboplatin directly influences the
22 0.65 0.88 0.57 0.24 2.4 expression of VEGF at the transcriptional (i.e., induction of the
40 0.6 0.72 0.43 0.19 2.3 VEGF promoter) or perhaps at the posttranscriptional level (i.e.,

'Fractional tumor volume was obtained by dividing the mean vol- increased mRNA stability). Investigations are currently underway

ume of treated tumors by the mean volume of untreated PBS control to identify such possibilities.
tumors. All 3 individual experiments were pooled to determine the In addition to the implications of carboplatin induced expression
overall mean volumes.- 2 Expected combined effect if treatment mo- of VEGF in vitro, we provide evidence for the potential clinical
dalities have additive activities. Obtained by multiplying the individual implic
fractional tumor volumes of both treatments.- Fold ications of this phenomenon with our in vivo experiments. We
additive effect as determined by dividing the combined expected show that carboplatin treatment of tumor-bearing mice signifi-
fractional tumor volume by the combined observed fractional tumor cantly upregulates the expression of VEGF in tumor vessels in
volume. vivo. This experiment provides evidence that even though both

tumor cells and blood vessels are exposed to similar concentrations
of carboplatin, a selective increase in VEGF levels was found in

chemotherapy for ovarian cancer. The favorable toxicity profile of the vasculature. Increased levels of this survival factor could
carboplatin alone suggested that this is a reasonable option as a potentially save tumor blood vessels from apoptosis. Indeed, a
single-agent chemotherapeutic. 4 An additional advantage of car- previous report illustrated that exogenous addition of VEGF pro-
boplatin is that, in contrast to other agents such as taxanes, cyclo- tected endothelial cells from chemotherapeutic drug-induced apo-
phosphamide and vincristine, it is not an anti-angiogenic by it- ptosis by activating the Pl3K/AKT/survivin pathway.3 4 In our
self.26 Recent efforts have focused on the application of various study, concomitant neutralization of VEGF with specific poly-
combination treatment regimens that include cytotoxic and anti- clonal anti-VEGF antibodies significantly improved the cytotoxic
angiogenic agents. Such combinations have shown to significantly effects of carboplatin and increased the anti-tumor effect several
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FIGuRE 5 - Carboplatin/anti- ,
VEGF antibody combination
treatment results in extensive tu-
mor necrosis. MA148 tumor tis-
sues were resected from satellite
animals at the end of the antibody
treatment schedule (day 40), k%
fixed, embedded in paraffin and ZIA
sectioned onto slides. Represen-
tative H&E-stained sections are
shown for control (PBS; a), car-
boplatin (b), polyclonal anti- +
VEGF IgG (c), carboplatin + fu
polyclonal anti-VEGF IgG (d)
and carboplatin + polyclonal an-
ti-VEGF IgG complete responder P N
(e). Scale bar = 100 ILm for all .:
samples. lot.

fold. Similarly, previous studies have shown that ionizing radiation general. Multiple reports have shown that the combination of antian-
combined with VEGF specific antibodies could improve anti- giogenic drugs with several different cytotoxic agents can signifi-
tumor effects in vivo23 possibly through the same mechanism. 3 6  cantly increase the antitumor effects in preclinical models in vivo. For

Histological analysis of tissue samples provides further evi- instance, the addition of the angiogenesis inhibitor TNP-470/Mino-
dence for the therapeutic benefit of a carboplatin/anti-VEGF anti- cycline to the treatment with paclitaxel and carboplatin resulted in
body combination therapy. The complete remission in some of the increased antitumor activity and efficacy in nonsmall-cell lung cancer
treated animals and the overall increase in apoptotic activity in and breast cancer models.2 7 Antiangiogenic modulators also markedly
tumor tissue clearly support the combination regimen. More im- increased the cytotoxicity of cyclophosphamide,3 7 cis-diammine-i-
portantly, improved anti-tumor effects were possible at signifi- chloroplatinum(II), melphalan, adriamycin and bleomycin.24 Simi-
cantly lower doses of the chemotherapeutic drug, thereby elimi- larly, the neutralization of VEGF in combination with the cytotoxic
nating apparent drug associated toxicity.26  agent doxorubicin resulted in a more than additive inhibition of tumor

Finally, the role of VEGF as an endothelial cell-specific survival cell-induced angiogenesis in a dorsal skinfold chamber assay.3 s In
factor could have profound implications in solid tumor therapy in addition to secreting VEGF, endothelial cells may also upregulate the
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expression of VEGF receptors, which can establish an autocrine loop fect VEGF secretion in normal and tumor cells. Carboplatin did not
preventing drug-induced apoptosis. Preliminary studies suggest that significantly alter VEGF secretion in fibroblast. However in human
carboplatin, as well as ionizing radiation, increase VEGFR2 expres- aortic smooth muscle cells carboplatin actually inhibited VEGF se-
sion levels in endothelial cells. Modulation of both receptors and cretion in a concentration-dependent manner. A recent report by Hata
ligand in response chemotherapy provides a unique opportunity for et al.

41 showed a decreased level of VEGF in ovarian cancer cells
intervention. For instance, several studies have demonstrated that following Taxol treatment. Therefore, additional evaluations of these
antibodies to VEGFR2 can also be used to potentiate antitumor combination therapy regimens are clearly warranted.
activity of vinblastin 39 and gemcitabine.40 Therefore, it is conceivable
that other chemotherapeutic drugs act similarly on endothelial cells ACKNOWLEDGMENTS
and induce the expression of VEGF and perhaps its receptors. In fact,
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Summary

Previous experiments have shown that a vascular endothelial growth factor (VEGF)-DT385 toxin conjugate inhib-
its endothelial cell proliferation, angiogenesis and solid tumor growth in a xenotransplant model system. Here, we
report that VEGF-DT385 toxin conjugate effectively inhibits spontaneous tumorigenesis. The C3(1)/SV40 TAg
transgenic mouse model of mammary gland carcinogenesis was used to determine the effectiveness of VEGF-
DT385 toxin conjugate in delaying the onset of disease and the development of solid tumors. Animals were
treated daily with conjugate for a period of 7 days. Therapy was initiated at week 14 of development before
any visible adenocarcinomas were evident. Treatment of mice with VEGF-DT385 toxin conjugate significantly
delayed the onset of tumorigenesis and inhibited solid tumor growth by more than 92%. Furthermore, conjugate
treated animals showed less than twice the number of tumor nodules when compared to control mice. Finally,
this vascular targeting agent significantly increased survival time of animals by 5 weeks. VEGF-DT385 toxin
conjugate resulted in temporary weight loss and no long-lasting toxicity was seen. More importantly, using this
established tumor model, VEGF-DT385 toxin conjugate appeared to be as effective as a similar treatment schedule
with recombinant human endostatin. Our results suggest that VEGF-DT385 toxin conjugate is a potent inhibitor

of mammary adenocarcinoma growth and might be useful in breast cancer therapy.

Abbreviations: VEGF: vascular endothelial growth factor; DT385: recombinant fragment of diphtheria toxin
containing residues 1-385; SV40: simian virus 40; SDH: sorbital dehydrogenase; PBS: phosphate buffered saline

Introduction detectable in vessels of normal adult tissues [7, 8].
As a consequence, VEGF receptors represent suitable

Tumor growth is angiogenesis dependent [1, 2]. Sev- targets for anti-angiogenic therapeutic intervention.
eral growth factors control the sprouting of new blood Previous studies have shown that targeting toxin
vessels from preexisting vasculature. However, vascu- polypeptides via the VEGF molecule, either as a con-
lar endothelial growth factor (VEGF) has been impli- jugate or as fusion proteins, inhibits endothelial cell
cated as one of the key components involved in this proliferation in vitro and angiogenesis in vivo [9-11].
process [3, 4]. VEGF expression is up-regulated in More importantly, VEGF-toxin conjugates signifi-
tumor tissues of various origins and accumulates in cantly reduce tumor microvessel density and inhibit
nearby blood vessels [5, 6]. In addition, receptors for solid tumor growth in various xenotransplant tumor
VEGF {VEGFR-1 (fit-I) and VEGFR-2 (KDR/fik-1)] models in vivo [12, 13]. In the present study, we inves-
are specifically up-regulated in activated endothelial tigated the effects of VEGF-toxin conjugate on spon-
cells, such as tumor vasculature, and are almost un- taneous tumorigenesis in a transgenic mouse model.
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In particular, the effects of vascular targeting on mam- which is more effective than native endostatin [19].
mary adenocarcinoma development was studied, since While treatment with VEGF-toxin conjugate resulted
breast cancer is one of the most malignant forms and in temporary weight loss of animals with moderate
accounts for the second leading cause of cancer deaths histological changes in cortical tubules of the kidneys,
in women [14]. long-lasting toxicity was not seen since renal func-

Over the past years, several genetically engineered tion tests remained normal in the conjugate treated
mouse models for mammary cancer have been de- animals.
veloped [15]. They share many important similarities In summary, these data suggest that VEGF
with human breast cancer since malignant cells arise mediated vascular targeting of toxin polypeptides ef-
from initially normal tissues and their respective mi- fectively inhibits the early stages of spontaneous
croenvironments and progress through multiple stages mammary adenocarcinomas and markedly improves
of tumor development. In the C3(1)/SV40 TAg trans- survival in this model system.
genic mouse model, the expression of the simian virus
40 (SV40) T antigen is under the regulatory control
of the 5' flanking sequence of the rat prostatic steroid Materials and methods
binding protein C3(1) [16, 17]. This regulatory region
is capable of targeting expression to the prostate tissue Preparation of VEGF-toxin conjugate. VEGF165
in male mice and the mammary tissue in female an- was expressed in yeast and purified as previously
imals. SV40 TAg inactivates p53 and Rb through the described [20]. Diphtheria toxin (DT385) was ex-
direct binding to these proteins [181. Therefore, mam- pressed in E. coli and purified using a Nickel-NTA
mary tissue specific expression of TAg in female trans- affinity column (QIAGEN, Valencia, CA) [21 ]. Chem-
genic mice leads to the specific transformation of these ical conjugation and purification of the VEGF165-
tissues and the spontaneous development of mammary DT385 toxin conjugate was performed as previously
cancers. We have previously used this model system described [I I].
to test the effect of mouse endostatin on spontaneous
tumorigenesis of mammary adenocarcinoma [19]. Preparation of human P125A-endostatin. The clon-

Carcinomas in female mice are histopathologi- ing, expression and purification of human P125A-
cally ductular adenocarcinomas, the most common endostatin were previously described [22]. Sample
histopathologic tumor type in humans [17]. Atypical purity was analyzed on SDS-PAGE (15% acrylamide
hyperplasias of the ducts develop spontaneously and gel) under reducing conditions. Recombinant human
predictably around 8 weeks of age, become nodular P125A-endostatin inhibits endothelial cell prolifera-
lesions by about 12 weeks, and progress to adeno- tion and angiogenesis better than native endostatin
carcinomas by 16 weeks of age. Multiple mammary [22].
tumors can develop in these transgenic mice and most
animals die between 24 and 28 weeks of age [17]. Animal model. Female C3(1)/SV40 TAg transgenic

In order to test the effect of VEGF-toxin conjugate mice have been described previously [16]. Treatment
on early phases of tumorigenesis, we started treatment of animals was started at week 14 of development, be-
of animals at week 14 of tumor development, before fore any visible adenocarcinomas were evident. Mice
any visible adenocarcinomas were evident. Conjugate received 20 ýxg VEGF-toxin conjugate (I mg/kg) in-
treatment significantly delayed the onset of tumor de- traperitoneally (i.p.) once daily or equal volume of
velopment, reduced the number of tumor nodules, in- sterile PBS for a total period of 7 days consec-
hibited solid tumor growth and significantly increased utively. In the endostatin treatment group, animals
animal survival time. On a microscopic level, con- received daily subcutaneous injections of 20 mg/kg re-
jugate treatment resulted in a several fold increase combinant human P125A-endostatin or equal volume
in apoptotic index and concomitant decrease in pro- of PBS from week 12 through week 17 of develop-
liferative index in tumor tissue compared to those ment (5 weeks total). Tumor appearance and devel-
of saline control animals. More interestingly, a 7- opment was then monitored and solid tumor growth
day treatment regimen with VEGF-toxin conjugate was documented by caliper measurements. Tumor
was as effective in inhibiting tumor growth in this volume was calculated by the following formula: tu-
model system as a representative 35-day treatment mor volume (mm 3) =a x b2 x 0.52, where 'a' rep-
schedule with recombinant human P125A-endostatin, resents the length (longer diameter in mm) and b'
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Figure 1. Effect of VEGF-toxin conjugate treatment on mammary tumor development. Treatment of transgenic mice was initiated at week 14
of age before any visible tumors were established. Animals received daily 20 ipg VEGF-toxin conjugate i.p. or equal volume of sterile PBS for
control animals for a total period of 7 days. PBS control group included 14 mice; VEGF-toxin conjugate treated group included eight mice. * -
PBS control, 0 - VEGF-toxin conjugate. (A) The onset of mammary tumor development was delayed by 2-4 weeks in VEGF-toxin conjugate
treated mice compared to PBS treated control mice. (B) The number of tumor nodules per mouse was significantly reduced in conjugate
treated mice compared to PBS control mice (p < 0.026 for all time points between week 18 and 25). Data are presented as mean ± SE. (C)
The cumulative tumor volumes were significantly reduced in VEGF-toxin conjugate treated animals compared to PBS control mice. Data are
presented as mean ± SE. (D) The survival time of VEGF-toxin conjugate treated animals was increased by 5 weeks when compared to PBS
control animals.

represents the tumor width (shorter diameter in mm). trations of VEGF-DT385 toxin conjugate for 48 h.
The number of tumor nodules was also counted and Cytotoxicity assays were carried out as previously
survival time was recorded. Finally, cumulative tumor described [11, 23].
volumes were calculated by summing up the volumes
of all tumor nodules from individual animals. Mice Histology and immunohistochemistry. H&E staining
were sacrificed when the animals became moribund of paraffin embedded tissue sections were used for
due to the tumor burden. Throughout the experiments, general histological examination of the tissue spe-
care and treatment of animals were in accordance with cimens. To examine the apoptotic and proliferative
the University of Minnesota Institutional Animal Care cell content in tumor tissues we used the following
and Use Committee (IACUC). procedure. Briefly, excised tumor tissues were fixed

with 10% buffered formalin (Sigma, St. Louis, MO),
Mammary cancer cell line from C3(1)SV40 TAg paraffin embedded and sectioned at 101im. Speci-
mouse. M6 is a cell line established from the mam- mens were then deparaffinized and boiled for 15 min
mary carcinoma of a C3(1)/SV40 TAg mouse and in 10mM sodium citrate buffer, pH 6.0 for antigen
was kindly provided by Dr Jeffrey Green, National retrieval. TUNEL staining was performed to assess
Cancer Institute, Bethesda. M6 cells were grown in apoptotic cell content using an in situ cell death detec-
DMEM containing 10% FCS, penicillin and strepto- tion kit as described by the manufacturer (Boehringer
mycin. About 5000 cells were seeded into 96-well Mannheim, Germany). To estimate the proliferative
tissue culture plates and treated with varying concen- cell index, anti-PCNA staining was employed. Here,
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Figure 2. VEGF-toxin conjugate treatment results in tumor tissue damage, increases tumor cell apoptosis and reduces tumor cell proliferation.
(A) and (B), H&E staining. (C) and (D), TUNEL staining. (E) and (F), PCNA staining. (A), (C) and (E) are PBS control tissues. (B), (D) and
(F) are VEGF-toxin conjugate treated tissues. Magnification, 10Ox.

the samples were first blocked with PBS containing Diagnostic toxicity test. For the preliminary toxi-
0.1% bovine serum albumin for 30 min at room tem- cological analysis of the effects of VEGF-toxin con-
perature and subsequently stained with a FITC-conju- jugate on liver, lung, spleen and kidney, tissues were
gated mouse monoclonal antibody to PCNA (PC-10; harvested at week 15 of age, immediately following
Dako Corp., Carpenteria, CA) at a dilution of 1:400 for the completion of the treatment regimen. To assess
1 h at room temperature. The slides were then washed potential toxicity associated with VEGF-toxin conju-
three times with PBS, pH 7.5 and immediately imaged gate treatment, we measured serum creatinine levels
in an Olympus BX-60 fluorescence microscope. in conjugate treated mice and PBS control animals 2

To quantify the respective apoptotic and prolifer- weeks after therapy was stopped (week 17). Briefly,
ative indexes per image we counted the number of blood samples were collected by retro-orbital bleed-
TUNEL or FITC positive pixels per field using NIH ing, and the serum was frozen at -20'C until further
image analysis software (NIH, Bethesda, MD) [12]. use. Serum creatinine levels were measured using a
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diagnostic kit (Sigma Diagnostics Creatinine Kit) fol- In the PBS control group, 50% of the animals died
lowing the manufacturer's recommendation (Sigma, at week 25 of development with 100% lethality at
St. Louis, MO). 28 weeks of age. In comparison, 50% of VEGF-

toxin treated animals survived until week 30. One

Statistical analysis. Statistical significance between animal remained tumor free for the entire period of
treatment groups was determined by the Student's t- observation.
test.

VEGF-toxin conjugate treatment results in tumor tis-
sue damage, increases tumor cell apoptosis and re-

Results duces tumor cell proliferation. To further assess the
effects of VEGF-toxin conjugate treatment on mam-

Effect of VEGF-toxin conjugate treatment on mam- mary tumor development, we looked at histological
mary tumor development. To assess the effects of preparations of tumor tissues. At the first sign of tu-
VEGF-toxin conjugate treatment on spontaneous tu- mor development in conjugate treated animals (week

morigenesis in C3(I)/TAg transgenic mice, tumor in- 19), representative specimens were resected from PBS
cidence and number of lesions were determined. We control and VEGF-toxin treated groups. H&E staining
found that a 7-day treatment period of VEGF-toxin revealed dramatic differences in tumor tissue mor-
conjugate significantly delayed the onset of tumor phology. Conjugate treatment resulted in tumor tissue
development by 2-4 weeks (Figure I(A)). Palpable damage, marked by large areas of tumor necrosis
tumors appeared in control animals at week 17 of and picnotic nuclei (Figure 2(B)). In contrast, tu-
development with 50% tumor incidence I week there- mor samples from the control group showed normal
after (week 18). At week 21 of age, all control mice histology with no necrosis (Figure 2(A)).
had developed mammary cancers. In contrast, VEGF- TUNEL and PCNA staining, respectively, deter-
toxin treated animals did not develop palpable tumors mined the level of apoptosis and tumor cell prolifer-
until week 19, with a 50% tumor incidence rate at ation in the tissue samples. Tumor cell apoptosis was
week 22. About 12.5% of conjugate treated animals increased in conjugate treated samples (Figure 2(D))
remained tumor-free (Figure I(A)). versus PBS control (Figure 2(C)). In contrast, the

The number of mammary tumor nodules was also opposite was observed for the proliferative status of
significantly reduced in VEGF-toxin conjugate treated the tissue. PCNA-positive staining was higher in PBS
animals compared to PBS control mice (p < 0.026 for control tissue (Figure 2(E)) compared to VEGF-toxin
all time points between week 18 and 25). Control an- conjugate treated sample (Figure 2(F)). A quantitative
imals showed more than twice the number of tumor analysis of the apoptotic and proliferative indexes is
nodules and ranged between two nodules per animal shown in Figure 3. Overall, conjugate treatment dra-
at week 21 and more than four nodules per animal at matically increased the apoptotic index by more than
week 25 of development. In comparison, VEGF-toxin
treated mice presented on average 0.63 nodules per Is _ ___

animal at 21 weeks and slightly more than two tumor
nodules per animal at 25 weeks of age (Figure I(B)). 1. , 0.7

In addition to a reduction in the number of tu- 14 o0.6
mor lesions, size of the tumors was also significantly • 12
reduced in VEGF-toxin conjugate treated animals. -
Mean cumulative tumor volume was reduced by an • 10 0.4

average of 92% between week 17 and 25 of tumor a B
CL 0.3

development (p <0.013). Data in Figure I(C) show 6 -
the effect of VEGF-toxin conjugate on the cumulative 4 0.2

tumor volume per mouse. At week 21 of age, con- 0.1

trol mice had a mean tumor burden of approximately .
6000mm3 . In comparison, conjugate treated animals 0 0.0

showed a mean volume of roughly 500 mm 3. TTUNEL PCNA

Figure3. Levels of apoptosis and PCNA immunoreactivity in mam-
Finally, survival time of VEGF-toxin conjugate mary tumors of 19-week old animals. N - PBS control. [] -

treated mice was significantly increased by 5 weeks. VEGF-toxin conjugate.
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Figure 4. Histological analysis of major organs. Liver, kidney and lung tissues were resected at the completion of the treatment regimen (week

15) and stained with H&E. (A) and (B), liver. (C) and (D), kidney. (E) and (F), lung. (A), (C) and (E) are representative images from PBS

control. (B), (D) and (F) are samples from VEGF-toxin treated animals. Magnification, 100x.

21l-fold compared to PBS control (p < 0.013). In corn- comparison, HUVEC proliferation was inhibited by

parison, the tumor cell proliferative index was reduced 92% at 100 nM of VEGF-DT385 toxin conjugate.

by more than 3-fold in conjugate treated samples
versus control (p < 0.018). Histopathologica! effects of VEGF-toxin conjugate

In order to determine whether VEGF-DT385 toxin treatment. During the treatment period with VEGF-

conjugate can have a direct effect on mammary tumor toxin conjugate, the animals experienced a weight loss

cells, a cell line, M6, established from the transgenic corresponding to about 10% of the initial body weight

mouse was used. M6 cell proliferation was inhibited (data not shown). However, this weight reduction was

moderately at 150 nM concentration of VEGF-DT385 only temporary since the mice regained to normal

conjugate. About 10% inhibition of proliferation was levels within 1-2 weeks after therapy was stopped.

observed in two independent cytotoxicity assays. In Nevertheless, a significant loss in body weight could
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tumor nodules per animal and the mean cumulative cell status towards anti-proliferative activity could
tumor volumes versus PBS control, we saw differen- clearly account for the overall tumor growth inhibi-
tial efficacy. VEGF-toxin conjugate treatment inhib- tory response in the conjugate treated group. However,
ited significantly better the mean number of tumor tumors did eventually appear and animals died of tu-
nodules per animal compared to human endostatin mor burden. Therefore, it will be of critical interest
treatment (p < 0.038). VEGF-toxin conjugate inhib- to investigate long-term treatment with VEGF-toxin
ited tumor nodule numbers by 79.2 versus 55.6% in conjugate.
the endostatin treatment group. Similarly, the mean With this goal in mind, it will also be very impor-
inhibition of cumulative tumor volumes was signi- tant to further explore the issue of toxicity associated
ficantly higher in VEGF-toxin treated mice, 92.5%, with VEGF-toxin conjugate therapy. Daily admin-
compared to an estimated 64.5% inhibition in human istration of 20 ltg conjugate resulted in temporary
endostatin treated animals (p < 0.012). weight reduction of the animals. Furthermore, a pre-

liminary histological analysis of major organs revealed
moderate cortical tubular necrosis of the kidneys. The

Discussion associated lesions are suggestive of a direct toxic in-
sult although impaired perfusion of the kidney, as

Targeting tumor vessels with VEGF-DT385 toxin would be seen in severe shock, cannot be ruled out.
conjugate effectively inhibits angiogenesis and solid Very interestingly, long-lasting defects on the renal
tumor growth in various xenotransplant model sys- function were not observed, since serum creatinine
tems [11-13, 23]. VEGF-DT385 toxin conjugate had levels appeared normal once treatment was stopped.
been previously shown to inhibit neovascularization This result was recently supported by additional ex-
in a number of model systems. For example, tumor periments. In a toxicity study using a different strain
cell-induced angiogenesis was inhibited by systemic of mouse, applying the same dose and schedule of
treatment of athymic nude mice in matrigel assays. VEGF-toxin conjugate, serum creatinine as well as
Furthermore, neovascularization of ovarian and colon serum sorbital dehydrogenase (SDH) levels, indica-
cancers transplanted into athymic mice was signifi- tor of liver function, were measured one day after
cantly affected by VEGF-DT385 toxin conjugate treatment was stopped. These parameters appeared un-
treatment. Using a computer assisted imaging anal- changed compared to control samples, indicating that
ysis, we showed that VEGF-DT385 toxin conjugate major changes of kidney and/or liver function are not
treatment not only decreased the number of blood associated with VEGF-toxin conjugate therapy at the
vessels (CD-3 1-positive endothelial cells) but also af- described dose.1 This suggests that at this dose the
fected the vessel architecture [12]. Total vessel length, induced damage of conjugate therapy did not affect
number of branch points and vessel ends were sig- the overall organ function. A recently published study
nificantly reduced by VEGF-DT385 toxin conjugate using VEGF-gelonin fusion toxin found lethal tox-
treatment. Histological studies showed blood pooling icity at higher doses [10]. Therefore, future studies are
and hemorrhage in tumor sections obtained from con- warranted that will specifically delineate the toxicity
jugate treated animals. Here, we report that VEGF- profile of VEGF-toxin constructs.
DT385 toxin conjugate is also very effective against Although preclinical testing of anti-angiogenic
spontaneously arising mammary carcinomas. Daily agents shows promise, the need for more and bet-
administration of VEGF-toxin conjugate, for a period ter angiogenesis inhibitors is driven by the absence
of 1 week, significantly delayed tumor onset and in- of any major clinical breakthroughs (e.g., SU5416,
creased survival time. In addition, number of tumor BB2516, AG3340, Bay 12-9566, IM-862) [24].
lesions and cumulative tumor growth was significantly While the current VEGF-toxin construct appears to
inhibited. Histological examination of the resected tu- be very efficacious, and can be used under clinical
mors revealed large necrotic areas in the central core settings, long-term use of VEGF-toxin conjugate will
of the malignant mass. Further analysis of the tumor be limited by the host immune response to the toxin
apoptotic and proliferative indices showed clear dif- molecule. Therefore, alternate effector molecules
ferences in the treatment groups. PCNA-positive cell compatible with the human host will benefit the clin-
number was significantly reduced whereas TUNEL- ical development of VEGF-targeted toxin delivery.
positivity was increased in VEGF-toxin conjugate
samples versus PBS control. This shift in tumor IR. Wild et al., unpublished data.
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Further improvement in anti-tumor activity can be transgenic mice can be largely due to the effect on
achieved by optimizing the dosage and scheduling of endothelial cells. It is likely that VEGF-DT385 con-
VEGF-toxin conjugate. In addition, a combination jugate treatment beginning at week 12 can also affect
regimen with conventional chemotherapeutic agents filk-1 positive tumor cells during the early phase of
could improve the overall anti-tumor response, as has tumor development.
been shown with other anti-angiogenic drugs [25-28]. Recombinant and gene delivered forms of en-

Finally, a 7-day treatment regimen with VEGF- dostatin have been shown to be effective in inhibiting
toxin conjugate appeared to be as effective as a 35-day several different tumor models in vivo [19, 29-33].
treatment schedule using recombinant P125A-human More interestingly, drug resistance did not develop in
endostatin. Endostatin, a COOH-terminal fragment of tumors treated with endostatin [34]. However, recent
collagen XVIII, has been shown previously to func- evidence suggests possible species dependent in vitro
tion as a potent endogenous angiogenesis inhibitor activity [35]. In addition, evidence suggests that an-
with potential application as an anti-tumor agent [29]. giogenesis inhibitors, endostatin in particular, will be
This difference can be partly attributed to the most effective when targeted to specific stages of can-
moderate direct effect of VEGF-DT385 toxin con- cer development [36]. Hanahan et al. showed that a
jugate against tumor cells in addition to targeting the respective murine Fc-endostatin construct was most
endothelial cells. Mammary lesions from C3(1)/SV40 effective during a prevention and/or intervention trial
TAg mice express VEGF receptors, flk- I and fit- I using RIPI-TAg2 pancreatic islet cell carcinogenesis
[22]. Flk- I was observed very early in tumor develop- transgenic mice. In that study, Fc-endostatin reduced
ment. Preinvasive lesions (12 weeks) showed positive the number of angiogenic islets by 61% versus PBS
localization of ilk-I on both endothelial and tumor control treatment. However, in a regression trial en-
cells. Invasive tumors were highly positive for flk-I dostatin did not dramatically affect tumor growth. In
expression. Level of fit- I on the other hand was almost the current study, animals were treated in a prevention
undetectable in preinvasive lesions but became evid- regimen, at the early stages of the angiogenic switch.
ent in invasive tumors. In addition to expressing the Tumors were targeted before they were visible or palp-
VEGF receptors, tumors also expressed large amounts able. As a consequence, our therapy schedule with
of the ligand, VEGF [22]. Coexpression of ligand and endostatin was most likely targeted to the correct stage
receptor combination suggests a possible autocrine of tumor development. Similarly, in C3(1)/Sv4O TAg
loop. M6 cells established from the C3(1)/SV40 TAg mice, where adenovirus mediated delivery of mouse
transgenic line was less sensitive to VEGF-DT385 endostatin resulted in 50% reduction in average tu-
toxin conjugate when compared to HUVEC. We have mor burden at 20-21 weeks [37]. The endostatin gene
earlier shown that primary endothelial cells and hem- was delivered on week 12 and 13 in this particular
angioma derived cell lines positive for filk-1 exhibit prevention model. The human endostatin used in our
varying degree of sensitivity to VEGF-DT385 toxin study has a point mutation at position 125 (P125A),
conjugate [ 11]. Py-4- 1, a hemangioma derived cell and showed to be able to inhibit the angiogenic switch
line established from a transgenic mouse line car- effectively [22]. In fact, the observed inhibitory effect
rying polyoma virus early region was less sensitive of human endostatin approximately correlates with the
to VEGF-DT385 toxin when compared to primary activity of the murine Fc-endostatin in the preventive
endothelial cells [II]. Reduced sensitivity of tumor trial reported in the pancreatic islet cell carcinogen-
cells to VEGF-DT385 toxin conjugate in vitro can in esis model [36]. Therefore, human P125A-endostatin
part be due to the coexpression of VEGF by the tu- is a representative and a valid comparison to the
mor cells. VEGF-DT385 toxin conjugate and VEGF VEGF-toxin conjugate treatment regimen.
have similar affinity to VEGF receptor 1 (52.9 and In summary, the comparison of the in vivo ef-
46.9pM respectively, unpublished data). Therefore, fects of VEGF-toxin conjugate to P125A-endostatin
VEGF can compete with VEGF-DT385 toxin con- suggests that vascular targeting strategies, such as
jugate that could reduce cytotoxicity to tumor cells. VEGF-toxin conjugates, represent potent strategies
Alternatively, tumor cells can internalize the conjug- for the anti-angiogenic treatment of tumors. Particu-
ate into a different intracellular compartment such as larly, our results provide evidence that VEGF-toxin
lysosomes rapidly and inactivate the conjugate. Our conjugate is effective in inhibiting spontaneous tu-
results suggest that VEGF-DT385 toxin conjugate morigenesis and potentially useful in the treatment of
mediated inhibition of mammary cancer growth in the mammary cancers.
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INTRODUCTION:
Epithelial cancer of the ovary spreads by implantation of tumor cells onto the mesothelial cells
and their associated extracellular matrix lining the peritoneal cavity. Our earlier data indicated
that ovarian carcinoma cells adhere to mesothelial cells and their associated extracellular matrix
(ECM) by use of CD44 and the 131 integrin subunit [1]. We hypothesized that CD44 and the 131
integrin subunit play a fundamental role in the formation of secondary tumor growths in ovarian
carcinoma by promoting the adhesion, migration, and invasion of the ovarian carcinoma cells to
the mesothelial cells that line the peritoneal cavity. By inhibiting these steps of secondary tumor
growth, we will attempt to prevent the dissemination of ovarian carcinoma to organs within the
peritoneal cavity. During the past five years, we have addressed the following issues: (i)
determine the role of CD44 and the 131 iritegrin subunit in the adhesion and invasion of ovarian
carcinoma cell lines to mesothelial cells and their associated extracellular matrix; (ii) determine
the levels of expression of CD44 and 131 integrin, growth properties, or levels of apoptosis of
ovarian carcinoma cells isolated as "floaters" from the ascites fluid of patients; (iii) evaluate the
role of CD44 and the 131 integrin subunit in ovarian carcinoma cell adhesion, migration, and
invasion using populations of ascites cells isolated from patients with ovarian carcinoma; and
(iv) determine whether ovarian carcinoma cells isolated as "floaters" from ascites fluid have
different growth properties when cultured on monolayers of mesothelial cells.

BODY:
In our "Statement of Work", Task #1 was to "Determine the role of CD44 and the /81 integrin
subunit in the adhesion and invasion of ovarian carcinoma cell lines toward mesothelial cells
and their associated extracellular matrix. " Ovarian carcinoma cells that were tested included
established cell lines. We have observed that ovarian carcinoma cells exist in the ascites fluid of
patients as both single cells and multicellular aggregates. Others have reported that these ovarian
carcinoma cell aggregates, or spheroids, are resistant to chemo- and radiotherapies compared to
single cell suspensions or monolayers [2,3]. Therefore, we have expanded our study of ovarian
carcinoma cell lines to include this subpopulation of spheroids, which may be relevant in the
control of ovarian cancer. Some of the results presented below now include ovarian carcinoma
cells that were derived from established cell lines that we have modified into multicellular
aggregates. Furthermore, in an effort to identify novel molecules that could serve to inhibit the
dissemination of ovarian carcinoma, we also analyzed gene expression data.

Task #1 was further broken down into 3 separate tasks as outlined below:

Task #]a: "Evaluate reagents for their ability to inhibit the adhesion of ovarian carcinoma cells
to extracellular matrix components and/or monolayers of mesothelial cells ".

Flow cytometric analysis. The human ovarian carcinoma cell lines NIH:OVCAR5 and
SKOV3 were analyzed by flow cytometry for the expression of cell surface receptors
[Appendix #1, Table 1]. The NIH:OVCAR5 and SKOV3 cells both expressed high levels of
CD44, the 131 integrin subunit, and the axl, a2, 0i3, (x5, and (x6 integrin subunits. Since these
molecules can serve as receptors for extracellular matrix molecules, we decided to test
monoclonal antibodies against these molecules as "inhibitors" in our various assays.
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"* Spheroid formation. Since ovarian carcinoma cells that are isolated from patients' ascites
fluid typically appear as spheroid-shaped aggregates, we developed a technique whereby
ovarian carcinoma cell lines that normally grow as monolayers were forced to grow as
spheroids in suspension [Appendices #5-8]. Briefly, ovarian carcinoma cells were either
grown in commercially available flasks that were treated so that cells would not adhere to the
plastic, or we coated tissue culture flasks/wells with agarose. The new protocol that we
developed resulted in the NIH:OVCAR5 ovarian carcinoma cell line forming tight spheroids
within 24-48 hr. These spheroids were very similar to those that we isolated from patients'
ascites, in that they were of similar size, resistant to trypsin, and resistant to mechanical
disruption. In contrast, the SKOV3 ovarian carcinoma cell line formed large multicellular
aggregates that were easy to disperse with very mild agitation [Appendix #8, Figure 1]. For
this reason, only NIH:OVCAR5 spheroids were used in further studies of ovarian carcinoma
spheroids.

" Identification of receptors that mediate spheroid formation. We identified cell adhesion
molecules that mediate ovarian carcinoma formation [Appendix #8]. NIH:OVCAR5 spheroid
formation was inhibited by the addition of exogenous type IV collagen or hyaluronan. In
contrast, the addition of exogenous fibronectin, hyaluronan oligomers, or a blocking
monoclonal antibody (mAb) against the cx5 integrin subunit augmented spheroid formation
[Appendix #8, Figures 4-5]. A blocking mAb against the PI integrin subunit inhibited
spheroid formation, while a mAb that stimulated 11 integrin-mediated adhesion enhanced
spheroid formation [Appendix #8, Figure 3]. Blocking mAbs against the cc2, 0i3, (x4, ai6
integrin subunits, integrin ctvP3, or CD44 had no effect [Appendix #8, Figure 4]. This data
suggests that interactions between the x51P I integrin and its chief ligand, fibronectin, mediate
the formation of ovarian carcinoma spheroids.

" Ovarian carcinoma spheroids secrete fibronectin. To determine whether the ECM of
spheroids contains fibronectin, which is the chief ligand of the cL511 integrin, NIH:OVCAR5
spheroids were generated in fibronectin-free supplemented media. The ability of the
spheroids to form under these conditions suggests that spheroids can form in the absence of
exogenous fibronectin. Immunohistochemical analysis of these spheroids revealed the
presence of the cc5 and PI integrin subunits on the surfaces of cells in the spheroids, and
showed the presence of fibronectin in the ECMs associated with cells in the spheroids
[Appendix #8, Figure 7]. This suggests that ovarian carcinoma cells secrete fibronectin,
which may facilitate spheroid formation and other effects attributed to fibronectin.

" Identification of cell adhesion molecules expressed on spheroids. Because flow cytometers
cannot process multicellular aggregates, we used immunohistochemical analysis to identify
adhesion molecules present in NIH:OVCAR5 spheroids. The spheroids stained positively for
the (x2, 0i3, 0i5, (x6, and P1 integrin subunits, as well CD44 [Appendix #8, Figure 6]. The
spheroids were negative for the cIl and ct4 integrin subunits [Appendix #8, Figure 6].

" Spheroid adhesion assays. A new protocol for performing adhesion assays was developed so
that we could quantitate the adhesive capacity of ovarian carcinoma spheroids [Appendices
#5-8, #11, and #12]. Our previous technique required that ovarian carcinoma cells be
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metabolically radiolabeled in order to quantitate the level of adhesion. Since the ovarian
carcinoma spheroids that we have isolated from the ascites fluid of patients do not proliferate
at a fast enough rate in order to become sufficiently radiolabeled, it was necessary to redesign
the assay. Our procedure involves coating extracellular matrix molecules to glass slides,
adding ovarian carcinoma spheroids for various periods of time, washing off the nonadherent
spheroids, staining the spheroids with Diff-Quik, and counting the number that have adhered.
We found that NIH:OVCAR5 spheroids adhered to glass chamber slides coated with laminin,
fibronectin, and type IV collagen, although at a slower rate than suspensions of single
NIH:OVCAR5 cells [Appendix #8, Figure 8].

" Inhibition of spheroid adhesion. We have previously shown that a mAb against the P31
integrin subunit inhibits the adhesion of ovarian carcinoma cell lines to laminin, fibronectin,
type IV collagen, and mesothelial cell monolayers [1]. We hypothesized that ovarian
carcinoma spheroid adhesion to these ECM proteins could be similarly inhibited. We found
that a mAb against the P31 integrin subunit almost completely inhibited the adhesion of
NIH:OVCAR5 spheroids to glass chamber slides coated with laminin, fibronectin, and type
IV collagen [Appendix #8, Table II]. We also determined that a mAb against the cX5 integrin
subunit inhibited spheroid adhesion to fibronectin by 60%, a mAb against the oX6 integrin
subunit decreased spheroid adhesion to laminin by 40%, and a mAb against the oc2 integrin
subunit decreased spheroid adhesion to type IV collagen by 55% [Appendix #8, Table 2].
Spheroid adhesion to all ECM proteins was slightly increased in the presence of a P31
integrin-stimulating mAb, but was not significantly affected by blocking mAbs against the
0i3 or cx4 integrin subunits, integrin tvP33, or CD44. These results suggest that spheroid
adhesion to secondary growth sites is a complex, multivalent phenomenon that is mediated
by multiple cell-matrix interactions between integrins and ECM components.

" Spheroid adhesion to mesothelial cells. We have previously shown that the NIH:OVCAR5
cell line could adhere to mesothelial cell monolayers via the 131 integrin subunit and CD44.
[1] We tested whether NIH:OVCAR5 spheroids were capable of adhesion to mesothelial
cells. NIH:OVCAR5 spheroids adhered to live mesothelial cell monolayers, although at a
slower rate than single cells, gradually increasing their adhesion over 4 hours. A blocking
antibody against the P31 integrin subunit significantly inhibited spheroid adhesion. A
monoclonal antibody against CD44 had no effect. This data suggests that spheroids adhere
to the mesothelium via 131 integrins, but further data is necessary to establish a role for CD44.

" Inhibition of single ovarian carcinoma cell adhesion to ECM by deglycosylation.
NIH:OVCAR5 cell membrane glycosylation mediated cell adhesion to ECM components
[Appendix #10; Figures 1 and 2]. NIH:OVCAR5 ovarian carcinoma cells were enzymatically
treated with glycosidases to remove chondroitin sulfate chains, sialic acid residues, or
hyaluronan from the cells' surface prior to their addition to adhesion assays. The removal of
chondroitin sulfate chains inhibited cell adhesion to fibronectin, collagen type IV, and
laminin, but augmented cell adhesion to hyaluronan. The removal of cell surface hyaluronan
augmented cell adhesion to fibronectin and laminin, while the removal of sialic acid residues
had no effect on cell adhesion to ECM proteins. It is important to note that the enzymatic
treatment did not alter the cells' viability.
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" Inhibition of single ovarian carcinoma cell adhesion to mesothelial cell monolayers by
deglycosylation. NIH:OVCAR5 ovarian carcinoma cell adhesion to live mesothelial
monolayers was augmented by the removal of chondroitin sulfate chains, but was unaffected
by the removal of hyaluronan or sialic acid residues [Appendix #10, Figure 3]. This suggests
that chondroitin sulfate proteoglycans may inhibit ovarian carcinoma cell adhesion to
mesothelial cells in vivo.

" Gene expression analysis in ovarian carcinoma. In an attempt to identify novel proteins that
are specific to ovarian carcinoma that could potentially serve as inhibitors of cell adhesion,
migration, and invasion, we analyzed gene expression data. Through collaboration with
Gene Logic Inc. and the Cancer Center's Tissue Procurement Facility (for which I served as
Director from 1995 until June 2002), researchers at the University of Minnesota were
allowed access to the gene expression database that Gene Logic Inc. had compiled using
tissues supplied by the University of Minnesota. We analyzed the Affymetrix HU_95 gene
expression data for tissues from 20 ovarian carcinomas, 19 metastases of ovarian carcinoma,
50 normal ovaries, and over 300 other tissues. We found 46 genes that were specifically
upregulated in the ovarian carcinoma tissues. For seven of the genes, we performed
immunohistochemistry on ovarian carcinoma and normal ovary tissues. The proteins for
three of these genes were specific to the ovarian carcinoma tissues [Appendix #14]. Future
experiments will be performed to determine whether we can inhibit cell adhesion, migration,
and invasion with these novel ovarian carcinoma proteins.

Task #lb: "Evaluate the reagents for their ability to inhibit the invasion of ovarian carcinoma
cells through extracellular matrix components ".

* Migration assays. Boyden chemotaxis chambers were used to quantitate ovarian carcinoma
cell migration toward extracellular matrix molecules (fibronectin, type IV collagen, laminin,
hyaluronan, and oligomers of hyaluronan) following a 5 hr incubation period [Appendices
#1-#3). The NIH:OVCAR5 and SKOV3 cell lines both migrated toward the extracellular
matrix proteins fibronectin, laminin, and type IV collagen, but they did not migrate toward
hyaluronan or oligomers of hyaluronan [Appendix #1, Figure 1]. The identification of cell
surface receptors that mediate ovarian carcinoma cell migration toward extracellular matrix
molecules was determined by use of monoclonal antibodies against integrin subunits and
CD44. A monoclonal antibody against the P31 integrin subunit abrogated the migration of
NIH:OVCAR5 and SKOV3 cell lines toward the extracellular matrix proteins [Appendix #1,
Figures 2 and 3]. Blocking antibodies against alpha integrin subunits suggest that ovarian
carcinoma cell migration toward fibronectin is primarily mediated by the oc5p31 integrin, type
IV collagen by the oc2pl integrin, and laminin by the oc6pl integrin [Appendix #1, Figure 4].
Significant reduction of cell migration was observed with a monoclonal antibody against
CD44 that blocks the hyaluronan-binding site of CD44, but not with an antibody that binds at
an alternate site on CD44 [Appendix #1, Figures 2 and 3]. Intact hyaluronan and/or
hyaluronan oligomers also inhibited cell migration, suggesting that the CD44-hyaluronan
interaction provides an integrin-independent mechanism of control for ovarian carcinoma cell
migration [Appendix #1, Figures 5 and 6].
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" Elucidation of CD44-mediated cell migration. We further showed that ovarian carcinoma cell
migration is partially mediated by interactions between CD44 and hyaluronan [Appendix #1,
Figures 2 and 5]. Others have reported that the carbohydrate moieties on CD44 regulate cell
adhesion [5,6]. Hyaluronidase treatment of NIH:OVCAR5 cells resulted in significantly
increased cell migration toward the ECM proteins. To study the contribution of carbohydrate
moieties on ovarian carcinoma cell migration, sialic acid residues were enzymatically
removed from CD44 with neuraminidase, which resulted in a 25-35% decrease in
NIH:OVCAR5 cell migration toward all three ECM proteins.

" Inhibition of proteoglycan-mediated migration towards ECM. NIH:OVCAR5 cell migration
toward fibronectin was increased by the removal of chondroitin sulfate chains, but was
decreased by the removal of sialic acid residues [Appendix 10, Figure 4]. Ovarian carcinoma
cell migration toward collagen type IV and laminin was increased by the removal of
chondroitin sulfate chains, but not by the removal of hyaluronan or sialic acid residues.
Multiple interactions mediated by proteoglycans may affect the migratory abilities of ovarian
carcinoma cells.

" Migration of NIH:OVCAR5 spheroids toward ECM proteins. NIH:OVCAR5 spheroids were
applied atop 8-micron pore filters in modified Boyden chambers and allowed to migrate
toward the ECM proteins fibronectin, type IV collagen, or laminin. We observed that
spheroids are capable of migrating toward all three ECM proteins. Maximal levels of
migration are not observed until 24 hr for the spheroids, compared to only 3-5 hr for single
cell suspensions of the same cell line. Interestingly, spheroids appear to migrate through the
8-micron filter as a group, rather than as individual cells, appearing as discrete clusters of
flattened cells. These observations suggest that spheroids are capable of cell migration.

" Cell migration of NIH:OVCAR5 spheroids toward primary patient ascites fluid.
NIH:OVCAR5 spheroids were allowed to migrate in a Boyden chamber toward cell-free
ascites fluid obtained from the abdominal cavities of patients diagnosed with stage III or IV
ovarian carcinoma. Our preliminary studies suggest that patients' ascites fluid contain factors
that induce the migration of ovarian carcinoma spheroids.

" Spheroid outgrowth assays. While Boyden chamber assays are sufficient for measuring
migration of single cells, these assays are not suitable for the quantitative measurement of
cell migration out of a spheroid. Spheroid migration requires disaggregation of the spheroid
and migration outward of the cells composing it. Therefore, we designed a migration assay to
quantitate spheroid cell migration on a variety of ECM components [Appendix #18, Figure
1]. 96-well tissue culture plates were coated with 5 jig/ml of laminin, fibronectin, type I
collagen, type IV collagen, hyaluronan, chondroitin sulfate and bovine serum albumin.
Spheroids generated from the human ovarian carcinoma cell line NIH:OVCAR5 were placed
in the wells for 24 hours, and the fold change in area was calculated as the spheroids
disaggregated. While laminin, fibronectin, and type IV collagen stimulated minor cell
migration out of the spheroid, 5 jig/ml of type I collagen caused complete spheroid
disaggregation, resulting in a 9-fold change in surface area of the spheroid. A blocking
antibody against the P31 integrin subunit significantly inhibited this outgrowth on all ECM
components tested. This data is in press in Clinical and Experimental Metastasis.
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Task #1c: "Evaluate the reagents for their ability to inhibit the invasion of ovarian carcinoma
cells through a monolayer of mesothelial cells ".

" Invasion of NIH:OVCAR5 cells. We designed a new type of invasion assay in which LP9
peritoneal mesothelial cells were grown to confluence in tissue culture wells, and then
permeabilized with DMSO [Appendix #13]. NIH:OVCAR5 ovarian carcinoma cells were
added to the permeabilized mesothelial cell monolayers as either single cell suspensions or
multicellular spheroids. The invasion of the ovarian carcinoma cells through the mesothelial
cells was monitored daily for up to 7 days. The extent of invasion was visualized with trypan
blue stain, which imparted a blue color to the dead mesothelial cells. Live NIH:OVCAR5
cells did not take up the dye. Areas of invasion were visible as unstained patches of cells.
Single cell suspensions of NIH:OVCAR5 cells required 3-4 days to produce patches of
invasion through the mesothelial cell monolayers, and by 7 days, widespread invasion was
observed.

" Inhibition of invasion. Single cell suspensions of NIH:OVCAR5 ovarian carcinoma cells
were added to the permeabilized mesothelial cell monolayers as described above. After 1 hr,
those reagents that we had found inhibited ovarian carcinoma cell adhesion and migration
(from Task #la and Task #1b) and could potentially serve as inhibitors of invasion were
added to the adherent cells. The invasion of the ovarian carcinoma cells through the
mesothelial cells was monitored daily for up to 7 days. In untreated cell cultures, invasion
was initiated by day 4. By day 7, large areas of the mesothelial cell monolayers appeared to
be crowded out by invading, and rapidly proliferating, ovarian carcinoma cells. Invasion was
inhibited by the addition of RGD peptides or a blocking mAb against the 131 integrin subunit;
which suggests the participation of 131 integrin subunits in ovarian carcinoma invasion
through mesothelial cells. Blocking mAbs against the (x2, 0L3, ox4, c05, or ct6 integrin subunits
had no effect on invasion; suggesting that 131 integrin-mediated signal transduction is
required for invasion, rather than interactions between particular integrins and ligands.
Invasion was also blocked by inhibitors of matrix metalloproteinases (MMPs): GM6001, a
chemical inhibitor of MMP-I, -2, -3, -8, and -9, and blocking mAbs against MMP-2 and
MMP-9. Taken together, this data suggests that 131 integrin signal transduction may mediate
ovarian carcinoma cell invasion by regulating the expression and/or activity of MMPs
[Appendix # 13 ].

" NIH:OVCAR5 spheroid invasion. Based on their abilities to adhere and disaggregate, and
our finding that single NIH:OVCAR5 cells could invade, we determined whether
NIH:OVCAR5 spheroids would be capable of invading into a monolayer of mesothelial
cells. Using a novel assay, we grew the LP9 human mesothelial cell line to confluence,
added NIH:OVCAR5 spheroids atop the monolayer for 7 days, and measured the fold change
in size as the spheroids disaggregated and invaded into the monolayer [Appendix #18, Figure
3]. Spheroids invaded into live, fixed, or irradiated mesothelial cell monolayers to the same
extent, rapidly establishing invasive foci that grew to encompass a 200-fold change in surface
area within a week. These data suggest that ascites spheroids may invade much more rapidly
than single cells in the peritoneum.
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Inhibition of spheroid invasion. We attempted to inhibit spheroid invasion of a mesothelial
cell monolayer by adding antibodies known to block key cell adhesion molecules and
proteases involved in invasion [Appendix #18, Figures 3-5]. With a blocking antibody
against the P1I integrin, spheroid invasion into a live mesothelial cell monolayer was inhibited
approximately 90% within a week. In fact, spheroids that had begun to invade usually
stopped and began to round up. Addition of the chemical inhibitor GM6001, which blocks
MMP-1, -2, -3, -8, and -9, significantly inhibited NIH:OVCAR5 spheroid invasion of a live
mesothelial cell monolayer by day 7. Addition of c-amino-caproic acid, a chemical that
inhibits serine proteases, particularly plasmin, blocked spheroid invasion by approximately
50%. This suggests that both P31 integrins and proteases play a major role in spheroid
invasion, and may involve a common signaling pathway.

Task #2: "Test whether reagents that cause in vitro inhibition in Task #1 can inhibit in vivo
ovarian carcinoma, intraperitoneal tumor nodule formation, tumor burden, and/or ascites
formation in chickens. "
* As a Program Project, we were unable to conduct the chicken model experiments:

Task #3: "Evaluate the role of CD44 and the /31 integrin subunit in ovarian carcinoma cell
adhesion and invasion using populations of ascites cells isolated from patients with ovarian
carcinoma that express either high levels or undetectable levels of CD44 and/or and the /31
integrin subunit.

Task #3 was further broken down into three separate tasks as outlined below.

Task #3a: "By fluorescent-activated cell sorting (FA CS), sort ascites cells into populations of
cells with high or nondetectable levels of expression of CD44 and/or the /31 integrin subunit ".

Because ovarian carcinoma cells are present in the ascites fluid of patients as aggregates or
clumps of cells that do not readily disperse into a single cell suspension, we could not
separate the cells by FACS analysis. A key step in performing FACS is that the cells to be
analyzed by the FACS machine must exist as a uniform single cell suspension. The
instructions for use of the FACS machine dictate that cell suspensions should be filtered in
order to remove any aggregates which would clog the machine. As expected, when we
attempted to filter our ovarian carcinoma ascites fluid sample, all of the ovarian carcinoma
cells of interest were removed from the sample and trapped on the filter. We have tried
unsuccessfully to separate these cell aggregates by pipetting, vortexing, and exposure to
enzymes (trypsin and collagenase). We found that it was impossible to perform FACS
analysis on these cells. We therefore decided to forge ahead with the experiments using all
of the ovarian carcinoma cells that we isolated from the ascites fluid of the patients. As
anticipated, we obtained very informative data from these studies.

Task #3b: "Determine whether differences in adhesion and/or invasion to ECM components
and/or mesothelial cells are observed depending upon the expression of CD44 and/or the /31
integrin on ascites cells."

7
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Ascites spheroid adhesion to ECM. We found that spheroids obtained from 11 ovarian
carcinoma patients' ascites samples adhered to chamber slides coated with laminin,
fibronectin, collagen type I, and type IV collagen (Appendices #11, #12, #15; and Appendix
#16, Figure 2). The patient samples separated into three groups: highly adherent (30-70%
adhesion); moderately adherent (10-20% adhesion); or non-adherent (0-5% adhesion). We
also observed that in all the adherent samples, patient spheroid adhesion to type I collagen
and fibronectin was typically higher than to the other ECM proteins. Maximum adhesion of
patient spheroids to ECM proteins was observed at 2 hours, with a partial loss of adhesion at
4 hours. The initial adhesion of these spheroids may require further stimuli in vivo (i.e., cell-
cell interactions with target tissues) to continue the metastatic process. Taken together, these
results imply that the spheroids found in patients' ascites fluid can demonstrate an adhesive
capability, though not as great as those of single cells.

Inhibition of ascites spheroid adhesion to ECM. Taking the four most adhesive patient ascites
spheroid samples, we were able to significantly inhibit their adhesion to all ECM proteins by
adding a 131 integrin-subunit blocking antibody [Appendix #16, Figure 3]. This implies
ovarian carcinoma spheroid adhesion to ECM proteins is mostly mediated by 131 integrins.

Ascites spheroid adhesion to glvcosaminogl¥cans. We determined the ability of ovarian
carcinoma ascites spheroids to adhere to glycosaminoglycans commonly found in cell ECMs:
hyaluronan, hyaluronan fragments, and chondroitin sulfate [Appendix #16, Figure 4]. Patient
ascites spheroids from 11 ovarian carcinoma patients demonstrated variable adhesive
abilities: a highly adherent group (30-60% adhesion); a moderately adherent group (10-20%
adhesion); and a non-adherent group (0-5% adhesion). Soluble hyaluronan was able to
competitively inhibit NIH:OVCAR5 spheroid adhesion to slides coated with hyaluronan
[Appendix #16, Figure 5]. However, a blocking antibody against CD44 failed to inhibit
adhesion, suggesting that spheroid cell adhesion to hyaluronan may occur via another
receptor.

• Ascites spheroid adhesion to mesothelial cells. We have demonstrated that spheroids
obtained from the ascites of 11 ovarian carcinoma patients adhered to live LP9 human
mesothelial cell monolayers grown on glass chamber slides. In serum-free conditions,
maximum adhesion of patient spheroids to ECM proteins was observed at 2 hours [Appendix
#16, Figure 6]. Taken together, these results imply that the spheroids found in patients'
ascites fluid can demonstrate an adhesive capability, though not as great as those of single
cells.

• Inhibition of ascites spheroid adhesion to mesothelial cells. Using the four patient ascites
spheroid samples most adhesive to mesothelial cells, we inhibited their adhesion to
mesothelial monolayers by adding a 131 integrin-subunit blocking antibody. Blocking 131
integrin reduced ascites spheroid adhesion to live mesothelial monolayers by about 50%
[Appendix #16, Figure 7]. CD44 blocking antibodies had no effect on adhesion. These data
indicate that 131 integrins play a partial role in mediating spheroid adhesion to the
mesothelium, but other cell adhesion molecules are also likely involved.
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" Patient ascites spheroid outgrowth. Considering that ECM proteins could stimulate the
migration of cells out of NIH:OVCAR5 spheroids, we investigated whether spheroids
isolated from the ascites fluid of eight ovarian carcinoma patients were capable of
disaggregation on ECM. We found that all eight patient ascites spheroid samples could be
stimulated to migrate, although the extent of disaggregation varied between patients.
Typically, ascites spheroids doubled in size on ECM over 24 hours. Overall, type I collagen
and type IV collagen stimulated the greatest response. However, not all spheroids from a
patient were capable of migration, suggesting that within the ascites, subsets of more
migratory ovarian cancer cells may develop.

" Patient ascites spheroid invasion. To determine if ascites spheroids are capable of invasion,
we added ascites spheroids from eight ovarian carcinoma patients atop live monolayers of
human LP9 mesothelial cells. A small percentage of the ascites spheroids were able to
invade into the mesothelial cell monolayers, and established invasive nests of proliferating
cancer cells. This data suggests that metastatic subclones exist within the "floater"
population in the ascites fluid of ovarian cancer patients that could potentiate secondary
tumor development.

Task #3c: "Transfect CD44 deficient ovarian carcinoma cells with CD44. Determine whether
the transfected cells adhere more efficiently to mesothelial cells and/or ECM molecules, or
change their extent of invasion. " As we were unable to sort the ascites cells by FACS to obtain a
CD44-deficient cell population, we could not complete this task. By immunohistochemistry of
the ovarian carcinoma cells, it appeared as though all cells expressed both CD44 and the 031
integrin subunit.

Task #4: "Determine whether ovarian carcinoma cells that are isolated from tumor nodules
present in the peritoneal cavity have different levels of expression of CD44 and /81 integrin,
growth properties, or levels of apoptosis compared to ovarian carcinoma cells isolated as
"floaters" from the ascites fluid of patients." While we were not able to perform these
experiments with cells isolated from tumor nodules, we did perform these tasks using the
"floaters" from the ascites fluid.

Task #4a: "Determine the levels of CD44 and /31 integrins on ovarian carcinoma cells."

Immunohistochemistry of ascites cells. In our earlier studies, we had performed
immunohistochemistry and detected the P31 integrin subunit in all of the ovarian cancer tumor
sections [7]. In this study, we analyzed the expression of cell receptors on ovarian carcinoma
cells isolated from the ascites through immunohistochemical means. We centrifuged the
ascites fluid samples in order to consolidate the ovarian carcinoma cells into a pellet. We
then lysed the red blood cells and isolated the ovarian carcinoma cells away from the white
blood cells by Ficoll-Hypaque centrifugation. We next prepared thrombin clots of the
ovarian carcinoma cells and embedded the cells in O.C.T. for immunohistochemical staining
for CD44 and the P I integrin subunit. We also paraffin embedded a second thrombin clot,
and froze the remaining ovarian carcinoma cells for future functional assays. We observed
that both CD44 and 3 1 integrins are expressed on the surface of patients' ascites tumor cells.
Furthermore, we looked at the expression of hyaluronan, the ligand for CD44, on ascites
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cells, to see if this accounted for their low levels of adhesion. However, we detected very
little hyaluronan on the surface of the ascites cells and spheroids from the eleven patients,
suggesting that this glycosaminoglycan does not play a significant role in inhibiting ascites
spheroid adhesion.

Task #4b: "Quantitate the growth of ovarian carcinoma cells on ECM components."

Adhesion and growth of NIH:OVCAR5 cells on 96-well plates coated with fibronectin,
laminin, collagen type IV, or hyaluronan did not affect cell proliferation, suggesting that
ovarian carcinoma cell proliferation is dependent upon the general phenomenon of cell
adhesion to a substrata, rather than a requirement for adhesion to a particular ECM
component [Appendix #13, Figure 4]. However, data from Tasks #lb and #3b suggest that
ovarian cancer spheroids prefer type I collagen, as it induced significant disaggregation and
proliferation for both NIH:OVCAR5 and patient ascites spheroids.

Task #4c: "Quantitate the growth of ovarian carcinoma cells on mesothelial cells. " The growth
of ovarian cancer cells on mesothelial cells was difficult to address, as the addition of ovarian
cancer cells to a mesothelial cell monolayer typically resulted in invasion of the mesothelial
monolayer by the cancer cells. Our invasion data from Task #1c indicated that NIH:OVCAR5
single cells attached to and grew on the mesothelial cell monolayers before invading, and that
NIH:OVCAR5 spheroids could attach to and disaggregate on mesothelial cell monolayers after
24 hours. This suggests that ovarian cancer cells are capable of growth on mesothelial cells;
however, with time, factors involved in the invasive process, such as proteases, will often
prevent their continued growth on top of a mesothelial cell monolayer and instead facilitate their
invasion into it.

" Inhibition of mesothelial cell monolayer invasion. NIH:OVCAR5 single cells and spheroids
were unable to invade into fixed mesothelial cell monolayers when proteases were blocked
with GM6001, but instead proliferated on top [Appendices #13, #17, and #18]. This suggests
that the ovarian cancer cells can grow and proliferate on mesothelial cells as long as their
invasive ability is blocked.

" Ascites spheroid dissemination assays. We determined the effects of adding patient ascites
spheroids to live human mesothelial cell monolayers. As reported in Task #3b, a small
number of the spheroids that were added were capable of invasive behavior. However, the
general trend was that the ascites spheroids would disaggregate atop the mesothelial cells,
where they continued to grow. After a week, these disseminated ascites cells showed no
evidence of invasion, as observed by the lack of nests of invasive cells proliferating within
the monolayer. These data imply that the non-invasive portions of the "floater" cell
population in the ascites fluid of ovarian cancer patients are capable of dissemination and
growth on the mesothelium. Interestingly, this widespread growth without invasion is
frequently seen in borderline ovarian cancer cases.

Task #4d: "Determine the level of apoptosis of the ovarian cancer cells in Tasks #4a-c."

10
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Trypan blue staining. Trypan blue stain, which is pumped out of live cells and thus only
labels dead cells, indicated that most of the cells recovered from the ascites fluid of ovarian
cancer patients were alive. This included both single cells and spheroids. Furthermore,
treatment with various inhibitors during adhesion and invasion assays with these cells also
revealed that the ovarian cancer cells were alive.

Task #4e: "Determine the level of apoptosis directly by staining tissue from tumor nodules."
Since this was one of the last experiments that we set out to perform, we found in the literature
that other groups had already performed this Task. In particular, other researchers had shown
that the expression of various proteins and oncogenes associated with cell survival and
programmed cell death (e.g. bcl-2:bax, bcl-2:blc-x, survivin, and p53) correlated with prognosis
in ovarian carcinoma [8,9]. For this reason, we decided to complete the other Tasks of this
project, rather than replicate the work of others.

Task #4." "Determine whether the subpopulation of ovarian carcinoma cells isolated from
ascites fluid and/or solid tumors that are not undergoing apoptosis will survive when they are
maintained in suspension. "

Tissue culture of ascites cellular content. We have confirmed that single cells and spheroids
isolated from the ascites of ovarian carcinoma patients remained viable for up to 1 month
when grown in tissue culture-treated flasks or in suspension. We have observed that both
adherent and nonadherent spheroids remained viable for up to I month.

KEY RESEARCH ACCOMPLISHMENTS:

" The NIH:OVCAR5 and SKOV3 cells were both shown to express high levels of CD44, the
3 1 integrin subunit, and the xtl, oL2, 03, (x5, and oc6 integrin subunits. Since these molecules

can serve as receptors for extracellular matrix molecules, it may be possible to use
monoclonal antibodies against these molecules as "inhibitors" of ovarian carcinoma
dissemination.

" Using a technique whereby ovarian carcinoma cell lines that are usually cultured as
monolayers were forced to grow as spheroids in suspension, we observed that the
NIH:OVCAR5 cell line, but not SKOV3 cell lines, spontaneously formed multicellular
aggregates similar to that observed in primary patient ascites samples.

" We established an in vitro proliferation assay to quantitate the extent of ovarian carcinoma
cell growth over a period of a week. We show that NIH:OVCAR5 spheroids proliferate much
more slowly than NIH:OVCAR5 single cells.

" We determined that NIH:OVCAR5 spheroid formation was inhibited by a mAb that blocks
the 3 1 integrin subunit, and was augmented by a mAb that promotes P3I integrin-mediated
adhesion. These data suggest that ovarian carcinoma spheroid formation is mediated by P31
integrin subunits
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" We determined that spheroid formation was inhibited by the addition of type IV collagen,
hyaluronan, or a blocking mAb against the c65 integrin subunit. In contrast, the addition of
fibronectin or hyaluronan oligomers appeared to augment spheroid formation. Spheroid
formation was not affected by blocking mAbs against the a l, a2, 0t3, ca4, or oc6 integrin
subunits, integrin ctvP33, or CD44. These results suggest that interactions between the (X5131
integrin and its chief ligand, fibronectin, may mediate the formation of ovarian carcinoma
spheroids, and may be a key point at which to inhibit the spread of ovarian carcinoma.

" Immunohistochemical analysis of NIH:OVCAR5 spheroids formed in fibronectin-free
supplemented medium revealed c6 and P1I integrin subunits on the surface of individual
NIH:OVCAR5 cells in the spheroids. Fibronectin was also detected on the surface of the
cells and in the ECMs surrounding them. This suggests that interactions between the cX5Pl
integrin and fibronectin may mediate early adhesion events in ovarian carcinoma spheroids.
Furthermore, this data also indicates that spheroids may secrete fibronectin, which may
facilitate the formation of spheroids and has been credited with the survival of free-floating
cells [7].

" NIH:OVCAR5 spheroids were analyzed by immunohistochemistry. The spheroids stained
positively for integrin subunits cx2, 0r3, a5, a6, and P1, as well CD44. In contrast, the
integrin subunits ccl and (x4 were not detected. These results are similar to our previous flow
cytometric analysis of single cell suspensions of NIH:OVCAR5 cells [Appendix #1], with
the exception of oil integrin, suggesting that spheroid formation may alter the expression of
cell surface receptors.

" We have developed a new adhesion assay protocol to quantitate the adhesive capacity of
spheroids isolated from the ascites fluid of ovarian carcinoma patients.

" We show that NIH:OVCAR5 spheroids adhered to chamber slides coated with laminin,
fibronectin, and type IV collagen, but not to the control protein, ovalbumin. Maximum
adhesion of NIH:OVCAR5 spheroids to ECM proteins was observed by 4 hours, compared
to 30 minutes for maximum adhesion of single cell in similar assays [1]. These results
suggest that the spheroid aggregates in patients' ascites fluid may have adhesive capabilities,
although not as great as those of single tumor cells, and may contribute to the spread of
ovarian carcinoma.

" We determined that blocking mAbs against integrin subunits could inhibit spheroid adhesion
to ECM proteins. Spheroid adhesion to ECM proteins was almost completely inhibited by a
blocking mAb against the PI integrin subunit. In addition, a mAb against the ai5 integrin
subunit inhibited spheroid adhesion to fibronectin by 60%, a mAb against the ca6 integrin
subunit decreased spheroid adhesion to laminin by 40%, and a mAb against the (x2 integrin
subunit decreased spheroid adhesion to type IV collagen by 55%. These results suggest that
spheroid adhesion to secondary growth sites is a complex, multivalent phenomenon that is
mediated by multiple cell-matrix interactions between integrins and ECM components.
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" The NIH:OVCAR5 and SKOV3 cell lines were both shown to migrate toward the
extracellular matrix proteins fibronectin, laminin, and type IV collagen, but they did not
migrate toward hyaluronan or hyaluronan oligomers. These results suggest that ovarian
carcinoma cells are capable of migrating toward the extracellular matrix molecules
associated with mesothelial cells.

" A monoclonal antibody against the P1 integrin subunit abrogated the migration of
NIH:OVCAR5 and SKOV3 cell lines toward the extracellular matrix proteins. Blocking
antibodies against alpha integrin subunits suggest that ovarian carcinoma cell migration
toward fibronectin is primarily mediated by the oc5I31 integrin, type IV collagen by the oc21l
integrin, and laminin by the oc6 I integrin.

" Significant reduction of cell migration was observed with a monoclonal antibody against
CD44 that blocks the hyaluronan-binding site of CD44. Intact hyaluronan and/or hyaluronan
oligomers also inhibited cell migration, suggesting that the CD44-hyaluronan interaction
provides an integrin-independent mechanism of control for ovarian carcinoma cell migration.

" The enzymatic removal of carbohydrate moieties from the surface of NIH:OVCAR5 ovarian
carcinoma cells partially affected the cells' ability to adhere, migrate, and invade. Cell
viability was not affected by enzymatic treatment.

" NIH:OVCAR5 cell adhesion to 96-well plates coated with ECM components did not affect
cell proliferation, suggesting that ovarian carcinoma cell proliferation may occur
independently of the substrata to which the cells adhere.

" We developed a novel cell-based assay to study ovarian carcinoma cell invasion. Human
mesothelial cells were grown to confluence in tissue culture plates and fixed with dimethyl
sulfoxide. Single cell suspensions of NIH:OVCAR5 cells were cultured atop the fixed
mesothelial cell monolayers for up to 7 days. Trypan blue dye was used to visualize the fixed
mesothelial cell monolayers. Live, invading ovarian carcinoma cells excluded the stain and
were easily identified with a light microscope.

" We determined that NIH:OVCAR5 cell invasion into fixed mesothelial monolayers was
inhibited by RGD peptide and a blocking mAb against the P11 integrin subunit, but not mAbs
against the ct2, c03, ca4, (x5, or (x6 integrin subunits or CD44. Furthermore, invasion was
blocked by GM6001, an inhibitor of MMP-2, -3, -8, and -9, and blocking mAbs against
MMP-2 and MMP-9. Interestingly, with protease inhibitors the NIH:OVCAR5 cells grew
atop the mesothelial monolayers and form confluent patches that were unable to invade.

" We have shown that NIH:OVCAR5 and patient ascites spheroids adhere to confluent
monolayers of live mesothelial cells via P1 integrins. Interestingly, the spheroids adhered to
the mesothelial cell monolayers at a higher rate than to ECM components. Also, the patient
samples adhered to live, but not fixed, mesothelial cell monolayers, indicating that either
receptor conformation or signaling between the mesothelial and tumor cells is necessary for
optimal adhesion.
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" We determined that patient ascites spheroids adhere to hyaluronan, hyaluronan fragments,
and chondroitin sulfate. Soluble hyaluronan could prevent spheroid adhesion to hyaluronan
coated on a glass slide, but a CD44 antibody did not block this adhesion. This implicates
glycosaminoglycans as another source of attachment for ovarian carcinoma spheroids in vivo.

" When plated on type I collagen, NIH:OVCAR5 spheroids completely disaggregate.
Outgrowth of cells from NIH:OVCAR5 spheroids was also induced by laminin, type IV
collagen, and fibronectin, although to a much lesser extent. Blocking [31 integrins
significantly inhibited this outgrowth; implicating that P31 integrin interaction with type I
collagen can facilitate cell migration out of an NIH:OVCAR5 spheroid.

" We developed a novel cell-based assay to quantitate ovarian carcinoma spheroid invasion
and found that NIH:OVCAR5 spheroids could rapidly invade live, fixed, or irradiated human
mesothelial cell monolayers. NIH:OVCAR5 spheroid invasion was inhibited by a blocking
mAb against the 131 integrin subunit. Additionally, inhibition of MMPs and serine proteases
significantly inhibited NIH:OVCAR5 spheroid invasion into mesothelial monolayers. These
results suggest that spheroid invasion occurs via a 131 integrin-mediated event that stimulates
protease production.

" Staining for hyaluronan in the cells and spheroids recovered from the ascites of ovarian
carcinoma patients revealed very little of this glycosaminoglycan in the ECM. Based on this
data, we hypothesize that tumor-cell related hyaluronan does not impede the ability of ascites
cells to adhere to mesothelial cells in vivo.

" We demonstrate that ascites spheroids isolated from eight ovarian carcinoma patients are
capable of disaggregating on a variety of ECM components. While some patient ascites
spheroids disaggregate to a greater extent than others, or show a preference for a specific
ECM component, not all ascites spheroids from a given patient sample were capable of
disaggregation. This data implies that within the ascites, subsets of spheroids may develop a
more migratory phenotype.

" We finally show that ascites spheroids from ovarian carcinoma patients are capable of
disaggregating on a live monolayer of human mesothelial cells. A small portion of the
ascites spheroids tested was also able to invade into the monolayers to establish nests of
proliferating tumor cells. These data suggest that within the ascites, metastatic subclones
exist that are capable of facilitating secondary tumor growth. This data clearly demonstrates
the need for therapeutics targeting the ascites cellular content.

REPORTABLE OUTCOMES:

Manuscripts:
* Casey, R.C. and Skubitz, A.P.N. (2000) CD44 and 131 integrins mediate ovarian carcinoma

cell migration toward extracellular matrix proteins. Clinical and Experimental Metastasis
18(1):67-75.

14



Skubitz DOD Final Report 11-12-04

" Casey RC, Burleson KM, Pambuccian S, Skubitz K, Oegema T, Skubitz APNS. (2001) P31
integrins regulate the formation and adhesion of ovarian carcinoma multicellular spheroids.
The American Journal of Pathology 159:2071-2080.

" Casey, R.C., Oegema Jr., T.R., Skubitz, K.M., Pambuccian, S.E., Grindle, S.M., and Skubitz,
A.P.N. (2003) Cell membrane glycosylation mediates the adhesion, migration, and invasion
of ovarian carcinoma cells. Clinical and Experimental Metastasis 20:143-152.

" Casey, R.C., Koch, K.A., Oegema, T.R., Jr., Skubitz , K.M., Pambuccian, S.E., Grindle,
S.M., and Skubitz, A.P.N. (2003) Establishment of an in vitro assay to measure the invasion
of ovarian carcinoma cells through mesothelial cell monolayers. Clinical and Experimental
Metastasis 20:343-356.

" Hibbs, K., Skubitz, K.M. Pambuccian, S., Casey, R.C., Burleson, K.M, Oegema, T., Jr.,
Thiele, J.J., Grindle, S.M., Bliss, R., and Skubitz, A.P.N. Differential gene expression in
ovarian carcinoma: Identification of potential biomarkers. American Journal of Pathology
165(2):397-414.

" Burleson, K.M., Casey, R.C., Skubitz, KM., Pambuccian, S.E., Oegema, T.R, Grindle, S.M.,
and Skubitz, A.P.N. (2004) Ovarian carcinoma ascites spheroids adhere to extracellular
matrix components and mesothelial cell monolayers. Gynecologic Oncology, 93:170-181.

" Burleson, K.M., Hansen, L.K., Skubitz, A.P.N. (in press) Ovarian carcinoma spheroids
disaggregate on type I collagen and invade live human mesothelial cell monolayers. Clinical
and Experimental Metastasis (in press).

Book chapters:
, Skubitz, A.P.N. (2001) Adhesion Molecules. In Ovarian Cancer volume (ed. M.S. Stack and

D.A. Fishman) of Cancer Treatment and Research (S. T. Rosen, series editor) Kluwer
Academic Publishers, Boston, pp. 305-329.

Abstracts and Presentations:
Skubitz, A.P.N. and Casey, R.C. (2000) "3 1 integrin and CD44 mediate the migration of ovarian
carcinoma cells toward extracellular matrix molecules." These results have been published as an
abstract, and were presented as an oral presentation at the Third Biennial Ovarian Cancer
Research Symposium sponsored by the Marsha Rivkin Center for Ovarian Cancer Research,
"Ovarian Carcinoma 2000: Translational Research, Outcomes and Opportunities" at the
Swedish Medical Center, Seattle, WA on September 15-16, 2000.

Casey, R.C. and Skubitz, A.P.N. (2000) "Ovarian carcinoma cell chemotaxis toward
extracellular matrix proteins is mediated by CD44 and P31 integrin." The results from this study
were presented as a poster and published as a late-breaking abstract, pg. 5, at the 91st Annual

15



Skubitz DOD Final Report 11-12-04

Meeting of the American Association for Cancer Research San Francisco, CA on April 1-5,
1999.

Burleson, K.M. and Skubitz, A.P.N. (2000) "Spheroids: A 3-D model of ovarian carcinoma."
Presented as a poster at the graduate student retreat for Molecular, Cellular, Developmental
Biology and Genetics Graduate School Program at the University of Minnesota held September
19, 2000 in St. Paul, MN.

Casey, R.C., Burleson, K.M., Pambuccian, S.E., Skubitz, K.M., Oegema, T.R., and Skubitz,
A.P.N. (2001) "The formation, growth, and adhesion of ovarian carcinoma multicellular
spheroids." Published as an abstract at the 92nd Annual Meeting of the American Association
for Cancer Research in New Orleans, LA on March 24-28, 2001, where they were presented as a
poster presentation.

Ruff, L., Casey, R., Burleson, K.M., and Skubitz, A.P.N. (2001) "Expression of cell adhesion
receptors on ovarian carcinoma spheroids." The results from this study were presented as a
poster at the College of Biological Sciences 1 51h Annual Undergraduate Life Sciences Research
Symposium in St. Paul, MN on April 25, 2001.

Burleson K.M. (2001) "The metastatic potential of ovarian carcinoma spheroids." The results of
this study were presented as an Interactive Television seminar to graduate students and faculty
in the Molecular, Cellular, Developmental Biology and Genetics Program as part of the
requirements for her Ph.D. program on April 30, 2001.

Casey, R.C., Burleson, K.M., Ruff L.E., Skubitz, K.M., Pambuccian, S.E., Oegema, T.R., and
Skubitz, A.P.N. (2001) "Adhesive properties of ovarian carcinoma multicellular spheroids." The
results from this study were presented as a poster at the Second Annual University of Minnesota
Cancer Center Spring Poster Session & Symposium in Minneapolis, MN on May 21-25, 2001

Burleson KM, Casey RC, Oegema TR, Skubitz KM, Pambuccian S, and Skubitz APN. (2001)
"The metastatic potential of ovarian carcinoma spheroids." The results from this study were
presented as a poster presentation in Minneapolis, MN for the Molecular, Cellular,
Developmental Biology and Genetics Fall 2001 Poster Session and Retreat on October 12, 2001.

Burleson, K.M., Casey, R.C., and Skubitz, A.P.N. (2001) "The metastatic potential of ovarian
carcinoma spheroids." Presented at the Biomedical Genomics Center Conference, "Crossing
Washington Avenue Both Ways: A Mixer for Biologists, Chemists, Chemical Engineers,
Physicists, Computer Scientists, and Biostatisticians, " in Minneapolis, MN on October 24, 2001.

Burleson K.M. (2002) "The metastatic potential of ovarian carcinoma spheroids." Presented as a
televised seminar in Minneapolis and St. Paul, MN for the Molecular, Cellular, Developmental
Biology & Genetics Interactive Television seminar on March 6, 2002.

Casey R.C., Oegema T.R., Skubitz K.M., Pambuccian S.E., Skubitz A.P.N. (2002) "Cell
membrane glycosylation mediates the adhesion and migration of ovarian carcinoma cells toward
extracellular matrix components and mesothelial cell monolayers." Published in the Proceedings

16



Skubitz DOD Final Report 11-12-04

of the American Association Cancer Research, 43:368, and presented as a poster presentation at
the 93rd Annual Meeting of the American Association for Cancer Research in San Francisco,
CA on April 6-10, 2002.

Casey R.C., Oegema T.R., Skubitz K.M., Pambuccian S.E., Skubitz A.P.N. (2002) "Cell
membrane glycosylation mediates the adhesion, migration, and invasion of ovarian carcinoma
cells toward extracellular matrix components and mesothelial cell monolayers." Presented as a
poster session at the 3 rd Annual University of Minnesota Cancer Center Spring Poster Session &
Symposium in Minneapolis, MN on May 16-19, 2002.

Burleson K.M., Casey R.C., Pambuccian S.E., Skubitz K.M., Oegema T.R., Skubitz A.P.N.
(2002) "Comparisons of ovarian carcinoma multicellular spheroids from cell lines and patient
ascites: Do spheroids have metastatic potential?" Presented as a poster session in Minneapolis,
MN at the 3rd Annual University of Minnesota Cancer Center Spring Poster Session &
Symposium on May 16-19, 2002.

Burleson K.M., Casey R.C., Pambuccian S.E., Skubitz K.M., Oegema T.R., and Skubitz A.P.N.
(2002) Comparison of ovarian carcinoma multicellular spheroids from cell lines and patient
ascites: Do spheroids have metastatic potential?" The results from this study were presented as a
poster presentation at the American Association for Cancer Research Pathobiology of Cancer
Workshop in Keystone, CO on July 14-21, 2002.

Skubitz, A.P.N., Hibbs, K., Casey, R.C., Burleson, K., Pambuccian, S.E., Oegema Jr., T.R.,
Grindle, S., and Skubitz, K.M. (2002) Novel molecular markers for ovarian carcinoma.
Presented at the "Fourth Biennial Ovarian Cancer Research Symposium: Integration of
Research & Treatment", September 19-20, 2002, Seattle, WA.

Burleson K.M., Casey R.C., Grindle S., Pambuccian S.E., Skubitz K.M., Oegema T.R., Skubitz,
A.P.N. (2002) Ovarian carcinoma ascites spheroids are capable of adhesion to extracellular
matrix proteins and mesothelial monolayers. Presented at the AACR special conference in
Cancer Research, "Proteases, Extracellular Matrix, and Cancer" at Hilton Head Island, SC on
October 9-13, 2002.

Burleson, K.M., Casey, R.C., Grindle, S.M., Pambuccian, S.E., Skubitz, K.M. Oegema, T.R., and
Skubitz, A.P.N. (2002) "Adhesion of Patient Ascites Spheroids in Ovarian Carcinoma."
Presented as a poster presentation in Minneapolis, MN at the Molecular, Cellular,
Developmental Biology and Genetics Fall 2002 Poster Session and Retreat on November 12,
2002.

Burleson K.M. (2002) "Multicellular Spheroid Adhesion in Ovarian Carcinoma." Presented as
a televised seminar in Minneapolis and St. Paul, MNfor the Molecular, Cellular, Developmental
Biology & Genetics Interactive Television seminar on November 14, 2002.

Burleson, K.M., Casey, R.C., Grindle, S.M., Pambuccian, S.E., Skubitz, K.M. Oegema, T.R., and
Skubitz, A.P.N. (2003) "Ovarian Carcinoma Ascites Spheroids Adhere to Extracellular Matrix
Proteins and Mesothelial Monolayers" Presented as a poster session at the 4th Annual

17



Skubitz DOD Final Report 11-12-04

University of Minnesota Cancer Center Spring Poster Session & Symposium in Minneapolis, MN
on May 15, 2003.

Skubitz, A.P.N. (2003) "Role of extracellular matrix proteins in ovarian carcinoma cell adhesion,
migration, and invasion." Given as an oral presentation at R&D Systems, Inc., in Minneapolis,
MN on June 17, 2003.

Burleson, K.M., Casey, R.C., Grindle, S.M., Pambuccian, S.E., Skubitz, K.M. Oegema, T.R., and
Skubitz, A.P.N. (2003) "Multicellular spheroids from ovarian carcinoma ascites samples adhere
to extracellular matrix molecules and mesothelial monolayers." The results from this study were
published in the Proceedings of the American Association for Cancer Research; Vol. 44, pg 226,
March 2003, and presented as a poster presentation at the 94th Annual Meeting of the AACR in
Washington, D.C. on July 11-14, 2003.

Burleson K.M. (2003) "Spheroids in ovarian cancer dissemination." Molecular, Cellular,
Developmental Biology & Genetics Interactive Television seminar. Presented as a televised
seminar for the Molecular, Cellular, Developmental Biology & Genetics Interactive Television
seminar in Minneapolis and St. Paul, MN on September 22, 2003.

Burleson, K.M. (2003) "Defining the role of spheroids in ovarian carcinoma dissemination."
Seminar for the Cancer Biology Research Club, University of Minnesota, Minneapolis, MN on
November 21, 2003.

Burleson, K.M. and Skubitz A.P.N. (2004) "Ovarian carcinoma spheroids demonstrate an
invasive potential." Published as an abstract in the Proceedings of the American Association for
Cancer Research; Vol. 45, March 2004 and presented as a poster at the AACR 9 5th Annual
Meeting, Orlando, FL on March 31, 2004.

Burleson, K.M. and Skubitz, A.P.N. (2004) Ovarian carcinoma spheroids demonstrate an
invasive potential. Presented as a poster at the Fifth Annual Cancer Center Spring Poster
Session and Symposium, May 20, 2004, Minneapolis, MN, p. 13.

Skubitz, A.P.N., Hibbs, K., Skubitz, K.M. Pambuccian, S., Grindle, S.M., Bliss, R., Burleson,
K.M, Casey, R.C., and Oegema, T., Jr. (2004) Molecular markers for ovarian carcinoma
identified by gene expression and verified by immunohistochemistry. Presented as a lecture at
the 5th Biennial Ovarian Research Symposium, Sponsored by the Marsha Rivkin Center for
Ovarian Cancer Research, September 9-10, 2004, Seattle, WA.

Skubitz, A.P.N. (2004) New biomarkers for ovarian carcinoma identified by gene expression
analysis. Presented as a lecture at the Women's Health Research Conference 2004, September
13, 2004, Minneapolis, MN.

Burleson, K.M. (2004) "Determination of the metastatic potential of ovarian carcinoma
spheroids." Public thesis defense for the MCDB&G program in, Minneapolis, MN, on October
19, 2004.

18



Skubitz DOD Final Report 11-12-04

Graduate student theses
1. Jeannine Thiele: "Identification of genes up-regulated in ovarian cancer by large-scale

gene expression analysis." Master's degree thesis, May, 2002.
2. Kathleen Hibbs: "Immunohistochemical staining of ovarian carcinoma tumors with

antibodies against proteins shown to be upregulated by gene expression array analysis."
Master's degree thesis, August 2002.

3. Kathryn Burleson: "Determination of the metastatic potential of ovarian carcinoma
spheroids." PhD. thesis, October 2004.

Awards
1. Rachael C. Casey: American Association for Cancer Research Minority Scholar, 2002.

Competitive award to present data at 9 3rd Annual AACR meeting.
2. Kathryn M. Burleson: American Association for Cancer Research "Pathobiology of

Cancer" Workshop trainee, Keystone, CO, July, 2002. Trainee positions were awarded by
competitive selection of applicants.

3. Kathryn M. Burleson: Mary Haga Travel Award from the Graduate Women in Sciences:
Sigma Delta Epsilon Society. Competitive award to defray costs of attending
"Pathobiology of Cancer" Workshop.

4. Kathryn M. Burleson. $1000 from the Masonic/Dietz Family Award for Educational
Travel through the University of Minnesota Cancer Center to defray costs of attending
the AACR special conference in Cancer Research, "Proteases, Extracellular Matrix, and
Cancer" at Hilton Head Island, SC on October 9-13, 2002.

5. Kathryn M. Burleson. $1000 AACR Scholar-in-Training Award to defray costs of
attending the AACR special conference in Cancer Research, "Proteases, Extracellular
Matrix, and Cancer" at Hilton Head Island, SC on October 9-13, 2002.

Funding Applied for Based on Work Supported by this Award:

07/01/03 - Graduate School Grant-in-Aid of Research, Artistry, and Scholarship
01/15/05 "Metastatic potential of ovarian carcinoma spheroids"

P.I.: Amy P.N. Skubitz
5% effort
Direct costs: $29,039 (salary for graduate student)

05/15/03 - Minnesota Medical Foundation
05/14/04 "Ovarian carcinoma: The metastatic potential of patients' ascites cells"

P.I.: Amy P.N. Skubitz
1% effort
Direct costs: $15,000 (supplies)

05/15/03 - Minnesota Medical Foundation
05/14/04 "Role of multicellular spheroids in the spread of ovarian carcinoma"

P.I.: Amy P.N. Skubitz
1% effort

19



Skubitz DOD Final Report 11-12-04

Direct costs: $4,815 (computer)

08/01/03 - Minnesota Ovarian Cancer Alliance
02/12/05 "Improving the treatment of ovarian cancer: Understanding the role of

spheroids in the spread of ovarian carcinoma"
P.I.: Amy P.N. Skubitz
20% effort
Direct costs: $64,000 (personnel, equipment, supplies)

07/01/04 - Minnesota Ovarian Cancer Alliance
06/30/05 "Diagnostic markers for ovarian cancer: Detection of novel cell

adhesion proteins in patients' specimens"
P.I.: Amy P.N. Skubitz
5% effort
Direct costs: $97,500 (personnel, equipment, supplies)

Pending research grant support:

04/01/05 - National Institutes of Health
03/31/10 "Biomarkers with biological function in ovarian carcinoma"

P.I.: Amy P.N. Skubitz
50% effort
Direct costs requested: $1,250,000
Date of submission: 07/01/04
Date of notification: 01/05

Employment or Research Opportunities Applied for and/or Received Based on
Experience/Training Supported by this Award:

Kate Hibbs was a graduate student in my laboratory who conducted her thesis research as part of
this project. She graduated from the University of Minnesota with a M.S. degree from the
Clinical Laboratory Sciences Program. She obtained a second M.S. degree in genetic counseling
from the University of Minnesota, and is currently employed at the Mayo Clinic in Rochester,
MN.

Kathryn Burleson was a graduate student in my laboratory who conducted her thesis research as
part of this project. She graduated from the University of Minnesota with a Ph.D. degree from
the Molecular, Cellular, Developmental Biology, and Genetics Program. She is currently in a
post-doctoral fellowship position at the University of Minnesota through the Minnesota
Craniofacial Research Training Program.

20



Skubitz DOD Final Report 11-12-04

CONCLUSIONS: Our results suggest that ovarian carcinoma cells express a variety of receptors
for extracellular matrix molecules; these receptors may be involved in the adhesion, migration,
and invasion of ovarian carcinoma cells to mesothelial cells and their associated extracellular
matrix. We report that ovarian carcinoma cell membrane glycosylation may affect the adhesion,
migration, and invasion of ovarian carcinoma cells. We also show that ovarian carcinoma cell
migration is regulated by both integrin-dependent mechanisms, involving the interaction of P1
integrins with extracellular matrix proteins, and an integrin-independent mechanism that
involves the interaction of CD44 and hyaluronan. We have designed an invasion assay that can
serve as an in vitro model to examine the invasion of ovarian carcinoma cells into monolayers of
mesothelial cells and identified potential inhibitors of invasion assay with this new assay. We
have also identified novel ovarian carcinoma proteins via gene expression array analysis and
immunohistochemistry. Additionally, we believe that the ovarian carcinoma spheroids we study
may be more physiological relevant than the single cell suspensions that have been examined in
the past. Our results indicate that ovarian carcinoma spheroid formation is regulated by the
cL5pl integrin, and that spheroid adhesion to ECM proteins is mediated by multiple integrin-
ligand interactions. We show that spheroids are capable of disaggregation and migration on
ECM proteins via P1 integrins, and can also invade into a live monolayer of human mesothelial
cells. Most significantly, we have demonstrated that spheroids recovered from the ascites fluid
of ovarian carcinoma patients are capable of adhering to mesothelial cells and their associated
ECM, can disaggregate on a variety of ECM proteins, and some are capable of invading a live
human mesothelial cell monolayer. These studies implicate the ascites cellular content as a
potential source of secondary tumor growth in ovarian cancer. Moreover, these studies may lead
to the identification and development of reagents that can prevent the further spread of ovarian
carcinoma.
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Abstract

Epithelial cancer of the ovary spreads by implantation of tumor cells onto the mesothelial cells that line the peritoneal cavity.
The aim of this study was to identify the cell-matrix interactions that mediate ovarian carcinoma cell migration toward
components of the mesothelial cell-associated extracellular matrix. The human ovarian carcinoma cell lines NIH:OVCAR5
and SKOV3 were analyzed by flow cytometry for the expression of cell surface receptors. The ability of those receptors to
mediate ovarian carcinoma cell migration toward fibronectin, type IV collagen, and laminin was determined. A monoclonal
antibody against the P I integrin subunit abrogated the migration of both cell lines toward the extracellular matrix proteins.
Blocking antibodies against alpha integrin subunits suggest that ovarian carcinoma cell migration toward libronectin is
primarily mediated by the cx53 I integrin, type IV collagen by the ox2/ I integrin, and laminin by the (x63 I integrin. These
results suggest that ovarian carcinoma cell migration is regulated by multiple ý 1 integrin-matrix interactions. Significant
reduction of cell migration was observed with a monoclonal antibody against CD44 that blocks the hyaluronan-binding site
of CD44, but not with an antibody that binds at an alternate site on CD44. Intact hyaluronan and/or hyaluronan oligomers
also inhibited cell migration, suggesting that the CD44-hyaluronan interaction provides an integrin-independent mechanism
of control for ovarian carcinoma cell migration. These results suggest that ovarian carcinoma cell migration is regulated by
both integrin-dependent mechanisms, involving the interaction of f I integrins with extracellular matrix proteins, and an
integrin-independent mechanism that involves the interaction of CD44 and hyaluronan.

Abbreviations: ECM - extracellular matrix, EDTA - ethylenediaminetetraacetic acid; EHS - Engelbreth-Hohm-Swarm:
FBS - fetal bovine serum; lgG - immunoglobulin: mAb - monoclonal antibody

Introduction upon their interactions in subsequent steps of secondary tu-
mor growth. The mesothelium, a single layer of cells that

Ovarian cancer is the fifth leading cause of cancer deaths lines the peritoneal cavity, acts as a site for tumor cell attach-
among women in the United States [1]. In ovarian ment, invasion, and growth 12]. Mesothelial cells express
carcinoma, cancer cells of epithelial origin detach from the adhesion molecules, secrete ECM components 13. 41, and
surface of the ovary into the peritoneal cavity. These tumor promote ovarian carcinoma cell adhesion 121. Mesothelial
cells may then adhere to the layer of mesothelial cells that ECM components are ligands of cell surface receptors ex-
lines the organs of the peritoneum, and subsequently invade pressed by ovarian carcinoma cells, including CD44 and
and migrate through the mesothelial cells and their asso- the PI integrin subunit [41. Cultured mesothelial cells pro-
ciated extracellular matrix (ECM) to establish secondary duce factors that induce the migration of leukocytes 151 and
sites of tumor growth. This multistep process of secondary ovarian carcinoma cells [6]. One of the aims of this study
tumor growth is mediated by a series of cell-cell and cell- was to identify the factors that stimulate ovarian carcinoma
matrix interactions. To effectively treat ovarian carcinoma, a cell migration and the cell surface receptors that mediate the
better understanding of the cell-matrix interactions that reg- relevant cell-matrix interactions.
ulate and coordinate the individual steps of secondary tumor Many cell-cell and cell-matrix interactions in tumor pro-
growth is required. gression are regulated by integrins. a family of cell surface

Although several studies have focused upon the initial receptors comprised of heterodimeric transmembrane pro-
adhesion of ovarian carcinoma cells to mesothelial cells teins [2]. The pairing of integrin subunits confers receptor
and components of mesothelial cell ECM. few have focused specificity, but each heterodimer may interact with more

than one ECM protein [3]. ECM proteins, including fi-Corre~spondence to: Dr Amy P.N. Skubitz. Department of Laboratory bronectin, type IV collagen. and laminin, affecot the in vitro
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and malignant cells via their interactions with integrins 191. Cell cultures
Ovarian carcinoma cells express fl I integrins that recog-
nize mesothelial cell ECM proteins as ligands [81. Integrins The human ovarian carcinoma cell lines NIH:OVCAR5 and

participate in the regulation of cell spreading, migration, SKOV3 were chosen for their ability to minic the progres-

growth, and survival via signal transduction [101. but the role sion of ovarian carcinoma when injected into in rivo mouse

of integrin-ligand interactions between mesothelial cells, models [211. Furthermore, these cells have been shown to

ovarian carcinoma cells, and their associated ECMs has not adhere to peritoneal mesothelial cells in in vitro models 113.

been extensively investigated. 141. The ovarian carcinoma cell line SKOV3, originally

The cell surface receptor CD44 is also expressed by isolated from the ascites fluid of a patient with adenocar-

ovarian carcinoma cell lines and mesothelial cells, and par- cinoma of the ovary 1221 was obtained at passage 42 from

ticipates in cell-matrix interactions between the two cell Dr Robert Bast Jr, M.D. Anderson Cancer Center. Univer-

types [3, 4[. CD44 binds hyaluronan with high affinity sity of Texas. They were used between passages 45 and 55

[ I I and the ECM proteins laminin, fibronectin. and type and grown as confluent monolayers in 75-amm2 tissue culture

IV collagen with low affinity [12[. Hyaluronan is a gly- flasks. The cells were maintained in McCoy's 5A medium

cosaminoglycan found in the cell-associated matrix of both supplemented with 151 fetal bovine serum (FBS), 2 mM

mesothelial and ovarian carcinoma cell lines I 13]. The inter- I.-ghltamine. and 50 U/mil penicillin G/streptomycin (Life

action between CD44 and hyaluronan has been implicated in Technologies. Grand Island, New York). The ovarian carci-

the adhesion of ovarian carcinoma cells to mesothelial cells noma cell line NIH:OVCAR5 was obtained from Dr Judah

14. 141. Disruption of that interaction with monoclonal anti- Folkman, Harvard Medical School 1231. This cell line was

bodies (mAbs) against CD44 can inhibit cell adhesion and maintained in RPMI 1640 medium supplemented with 10/(,

migration in murine adenocarcinoma metastasis 115] and FBS, 2 mM L-glutamine, 0.2 U/ml insulin, and 50 U/mI
ovarian carcinoma tumor growth in nude mice 1161. Sire- penicillin G/streptomycin. Both cell lines were maintained

ilarly, disruption of the CD44-hyaluronan interaction with in an incubator with 54 CO 2 at 37 `C.

hyaluronan oligomers can inhibit tumor growth in murine
melanoma [17]. However, some studies indicate that the Antibodies
CD44-hyaluronan interaction is not implicated in tumor pro- Purified mAbs against human integrin subunits (x I (clone
gression 1181 and that decreased CD44 expression coincides FBI2). ox2 (clone PIE6)., 3 (clone P1135), (x4 (clone
with increased invasiveness in some tumors [ 19]. Alternative P1 H4), oc5 (clone NKI-SAM- I), ox6 (clone NKI-GoH3),
splicing variants of CD44 have been detected in ovarian car-C, and (xvfl3 (clone LM609) were purchased from Chemlicon
cinoma tumors, but significant associations between CD44 International (Temecula. California). Purified immunoglob-
variant expression and prognosis have not been observed ulin (IgG) of mouse mAb P5D2 against the human /lI
1201. These apparent contradictions suggest that the role of integrin subunit was provided by l)r Leo Furcht (University

CD44-hyaluronan interactions may be specific to different of Minne ta. prifed by o bM wch
typesof cacer.Of Minnesota). Affinity-purified IgG of mnAb IM7, which

types of cancer., recognizes the hyaluronan-binding site of CD44, was pur-

In this study, the ability of ovarian carcinoma cells to cha s fro harin an D iego. Cai r a A it y-
mi-rte owad EM cmpoent andthecel sufac reep-chased fromn Pharmingen (San Diego, California). Affinity-

migrate toward ECM components and the cell surface recep- purified lgG of mAb A3D8, which is not functionally active
tors that regulate this migration were examined. The SKOV3 against the hyaluronan-binding region ofCD44. and normal
and NIH:OVCAR5 ovarian carcinoma cell lines were an- mouse lgG were purchased from Sigma.
alyzed by flow cytometry to determine the expression of

cell surface integrins and CD44. The effects of blocking ECM molecules
mAbs against integrin subunits and CD44 were evaluated
to identify cell surface receptors that mediate ovarian car- Type IV collagen, isolated from mouse Engelbreth-Hohn-
cinoma migration toward mesothelial cell-associated ECM. Swarm (EHS) tumor, was purchased from Life Technolo-
In addition, the ability of the CD44-hyaluronan interac- gies. Mouse EHS laminin, prepared as previously described
tions to affect ovarian carcinoma cell migration was also [241, was provided by Dr Leo Furcht. Human plasma ti-
examined. Our results suggest that ovarian carcinoma cell bronectin. purified as described 1251, was provided by Dr
migration toward mesothelial cell-associated ECM is me- James McCarthy, University of Minnesota. Human urn-
diated by both integrin-dependent mechanisms, particularly bilical cord hyaluronan and chondroitin sulfate A were
interactions between f I integrins and ECM proteins, and an purchased from Sigma.
integrin-independent mechanism, involving the interaction
of CD44 and hyaluronan. Hvahlronan oligonern"

Hyaluronan oligomers were generated by a method adapted
Materials and niethods from Knudson et al 1261. Protein contaminants were re-

moved with I U/I 00 mg papain in 0.1 M sodium acetate.
Unless otherwise stated, all standard reagents and materials 50 mM ethylenediaminetetraacetic acid (EDTA), 5 mM cys-
used were obtained from Sigma Chemical Co. (St. Louis. teine, pH 5.5 at 55 'C for 12 h, followed by boiling at
Missouri). Unless otherwise stated, all experiments were 100 'C to inactivate the enzyme. The hyaluronan was pre-
performed in triplicate. cipitated in 70% ethanol and resuspended at 4 mg/ml in PBS.
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Hyaluronan oligomers were generated with 175 U of bovine assays at a density of 200,000 cells/ml. Alternatively. the
testicular hyaluronidase per Ing hyaluronan for 18 h at 37 'C. cells were incubated with ovalbumin, chondroitin sulfate A,
followed by boiling at 100 'C for 10 min to inactivate the intact hyaluronan, or hyaluronan oligomers at the indicated
hyaluronidase. concentrations for 30 miin at 37 'C before their addition to

the assay. After 5 h at 37 'C, the filters were stained with
Flow cytometric analysis Diff-Quik, nonmigratory cells were gently removed, and mi-

gratory cells were counted. The number of migrating cells is
Confluent SKOV3 or NIH:OVCAR5 cells were released expressed as the sum of cells counted in five fields at 40x
from 75-rmm- tissue culture flasks with l c/ trypsin in PBS magnification. The data are expressed as mean ± standard
containing 2 mM EDTA as previously described [271. Cells deviation.
were blocked for 30 min in base medium containing 1%
normal goat serum. Cells were collected by centrifugation
at 500 x g for 5 min, incubated with primary antibodies Results
for I h, and washed with a wash buffer containing I% nor-
real goat serum and 20 mM HEPES. Cells were incubated Expression oaladhesion molecules on oiVarian carcinoma
for 30 min with 1:100 fluorescein isothiocyanate-conjugated (els

goat lgG. All incubations were performed at 4 'C. Cells
were washed with wash buffer, fixed in 0.5% formaldehyde The human ovarian carcinoma cell lines NIH:OVCAR5 and
in PBS, and analyzed on a Becton-Dickinson FACSCalibur SKOV3 were chosen for their ability to mimic the progres-
(San Jose, California) at the Flow Cytometry Core Facility sion of ovarian carcinoma when injected into in vivo mouse
of the University of Minnesota Cancer Center in conjunction models [211. Furthermore, these cells have been shown to
with CellQuest software for data acquisition and analysis. adhere to peritoneal mesothelial cells in in vitro models 113,
Approximately 10,000 events were counted to determine the 141. To identify the cell surface receptors that may be re-
mean fluorescence for each sample. sponsible for cell migration toward ECM molecules, flow

cytometric analysis was performed on these cell lines. The
Cell migration assays majority of NIH:OVCAR5 cells expressed cx 1, ocl2 x3. oc5.

fi6, /1, and P44 integrin subunits and CD44. A smaller
Chernotaxis of ovarian carcinoma cells in response to ECM percentage of NIH:OVCAR5 cells also expressed the cxvP3
molecules was quantitated in modified Boyden chambers, integrin, compared to normal mouse IgG. The results of our
using 8 pm pore size polycarbonate polyvinylpyrrolidine- examination of the SKOV3 cell line were consistent with
free filters (Fisher Scientific, Itasca, Illinois) as previously previously reported data [201. Expression of 0(l. oX2, (X3,
described 1151. Base medium containing 0.1-100 /g/ml of cx6, and PfI integrin subunits was detected in the majority
fibronectin, type IV collagen, or laminin or 20-2000 /tg/ml of SKOV3 cells, compared to normal mouse IgG. The x5
hyaluronan or hyaluronan oligomers was added to the integrin subunit was detected in only approximately half of
lower compartments. SKOV3 and NIH:OVCAR5 cells were the SKOV3 cells. The expression of the (x4 integrin subunit
trypsinized from 75-cm- flasks, washed with base medium, was relatively negative for both cell lines (Table 1). Expand-
resuspended in base medium at a final concentration of ing upon earlier studies, we found that the majority of the
200,000 cells/ml, and added to the upper compartments of SKOV3 cells also expressed high levels of the /P4 integrin
the chamber. After a 5 h incubation at 37 'C, the filters subunit, (xv/3, and CD44, compared to controls. Since
were stained with Diff-Quick (Dade Behring Inc., Newark, both cell lines express a variety of integrin subunits and
Delaware), nonmigratory cells were gently removed from CD44, it is likely that they are capable of binding numerous
the tops of the filters, and migrating cells on the bottoms ECM components, including fibronectin, type IV collagen.
of the filters were counted. The number of migrating cells is laminin. and hyaluronan.

expressed as the sum of cells counted in five fields at 40x
magnification. The data are expressed as mean ± standard Cell migration toward extracellular matrix proteins
deviation.

We have previously shown that NIH:OVCAR5 and SKOV3
Inhibition of cell migration ovarian carcinoma cells adhere to fibronectin. type IV colla-

gen, and laminin 13]. In this study, we examined the ability
SKOV3 or NIH:OVCAR5 cells were pretreated with mAbs of these cells to migrate toward these ECM proteins. To as-
or ECM components in an attempt to inhibit cell migra- certain the optimal conditions for cell migration assays, we
tion toward fibronectin, type IV collagen, or laminin in determined optimal cell concentrations, incubation times,
modified Boyden chambers as described above. The pro- and chemoattractant concentrations. To determine the opti-
tein concentrations used were half of that which induced mal concentrations of putative chemoattractants, increasing
maximal migration (i.e. 2.5 pg/ml protein for SKOV3 cells, concentrations of the ECM proteins fibronectin, type IV col-
or at 2 pg/ml fibronectin. 2 lg/mI laminin, or 0.5 pg/mL lagen, and laminin were added to the bottom compartments
type IV collagen for NIH:OVCAR5 cells). The cells were of modified Boyden chambers (Figure 1). Increasing levels
treated with mAbs against integrin subunits, CD44, or nor- of migration were observed in a dose-dependent manner up
mal mouse IgG for 30 min at 37 'C. and then added to the to 10 Itg/ml, at which maximum migration was observed.
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Table /. Flow cytometric analysis of receptors W)
on the surface of NIH:OVCAR5 and SKOV3 cell C 400- A
lines using mAbs against integrin subunits and
CD44. " 0

Receptor NIH:OVCAR5 SKOV3 c._ 200-
oXl 65±-6 87±8 100"
ox 2 76 ±t 5 78 -±-5 , 1 0

99±2 75- ±11 r__

o(4 28 ± 5 32 ± 6 "10 T

a5 70±8 49±5 0 5 10 15 20 25 50
oc6 99±-2 91 ±-6
ocvfl3 44 ± 4 79-7 Protein (ug/m±)

98±2 95 ±3 T B
/14 99 ±2 89 ±4 W "

CD44 (IM7) 88±-6 90±4- 150
CD44(A3D8) 96±-5 92±2

The values obtained are expressed as the per- Z

centage of cells that expressed fluorescence after

subtraction of background staining with normal 50
mouse IgG. The data is representative of three
independent experiments in which similar results
were obtained.

0 5 10 15 20 25 50

For the NIH:OVCAR5 cells, 10 pg/mi fibronectin and Protein (ug/ml)
laminin or 5 pg/ml type IV collagen induced maximal mi- Figure 1. Ovarian carcinoma cell migration toward ECM proteins.

gration (Figure IA). For SKOV3 cells, 5 pg/mi fibronectin, NIH:OVCAR5 (A) and SKOV3 (B) cells were added to Boyden chambers

type IV collagen, or laminin elicited maximum cell migra- that contained increasing concentrations of libronectin (open squares), type
IV collagen (open circles), laminin (open triangles), or ovalbunin (solid

tion (Figure IB). The EDs0 values for NIH:OVCAR5 cell diamonds) in their lower compartments. After a 5 h incubation, the cells

migration toward ECM proteins were determined as 2 pg/ml that migrated through the 8-micron pores in the filter were fixed, stained.

fibronectin and laminin and 0.5 pg/ml type IV collagen. For and counted.

SKOV3 cells, ED50 values of -'I Mg/ml fibronectin, type
IV collagen, or laminin were observed. Neither cell line not affect NIH:OVCAR5 cell migration. which suggests that
migrated toward ovalbumin, even at concentrations as high CD44-mediated chemotaxis is specifically regulated by the

as 2 mg/ml. Optimal cell number for these assays was de- interaction of CD44 and hyaluronan. Similar results were
termined to be 30,000 cells/50 pI sample and the optimal observed with a second ovarian carcinoma cell line, SKOV3
incubation time was determined to be 5 h (data not shown). (Figure 3).

Inhibition of ovarian carcinoma cell migration toward Identification of integrin subunits that mediate ovarian
ECM proteins by mAbs against integrins or CD44 carcinoma cell migration toward ECM proteins

It has previously been shown that CD44 and the l I in- Integrin heterodimers are comprised of an o( and a /3 sub-
tegrin subunit mediate ovarian carcinoma cell adhesion to unit, whose combination confers specificity for different
ECM proteins and peritoneal mesothelial cells [3, 4]. To ECM components. To identify the x subunits partnered

examine the roles of these adhesion molecules in the chemo- with the /3 1 subunit in integrin-mediated chemotaxis of ovar-
taxis of ovarian carcinoma cells toward components present ian carcinoma cells, NIH:OVCAR5 and SKOV3 cells were
in mesothelial cell ECM, we attempted to inhibit chemo- preincubated with mAbs against the ox2. o3, ox4. o(5, (6,
taxis by adding mAbs against CD44 and the 61 integrin and /1 integrin subunits (Figure 4). The cells were then
subunit. Nearly complete inhibition of NIH:OVCAR5 cell added to half-maximal concentrations of fibronectin, type
migration toward fibronectin, type IV collagen, and lamninin IV collagen, and laminin and allowed to migrate for 5 h.

was achieved with the mAb against the /31 integrin sub- The patterns of inhibition of chemotaxis caused by the mAbs
unit (Figures 2A-C, respectively). These results suggest were similar for NIH:OVCAR5 and SKOV3 cells. The mAb
that NIH:OVCAR5 cell migration toward these three ECM against the /3 I integrin subunit completely inhibited cell mi-

proteins is an integrin-mediated event. Interestingly, the gration toward all three ECM proteins. The migration of
mAb against the hyaluronan-bindingdomain of CD44 (clone ovarian carcinoma cells toward fibronectin (Figure 4, white
IM7) inhibited NIH:OVCAR5 cell migration toward each of bars) was significantly inhibited by a mAb against the x5
the ECM proteins by approximately 60% (Figures 2A-C). integrin subunit. Type IV collagen-induced chemotaxis (Fig-
This data suggests the existence of an alternate regulatory ure 4, striped bars) was inhibited by a mAb against the o•2
mechanism of NIH:OVCAR5 cell chemotaxis. Another anti- integrin subunit and laminin-induced chemotaxis (Figure 4.
CD44 mAb that binds at an alternate site (clone A3D8) did black bars) was inhibited by a mAb against the a6 integrin



CD44- and integrin -mediated cell migration 71

A 250o .......................................... A 200A220
,200 - 150

.• 150 • 100
1-1006 100 2.5

S 50
E 50

5 0 0 0.1 1 10
z 0 0.1 1 10 Monoclonal antibody (ug/ml)

Monoclonal antibody (ug/ml)

Bm 250 B _20
'•0150

200 L

.: 150 '=
Si. 50

*o100.2
20

,_ 50
o 0 0.1 1 10C5 0 ,
z Monoclonal antibody (ug/ml)

0 0.1 1 10
Monoclonal antibody (ug/ml) C 200

C 250 -_ 150_-__ _:

"Z 200 -100150
,-550

100 0

S50
E 0 0.1 1 10

0 Monoclonal antibody (ug/ml)
z 0 0.1 1 10 Figure 3. SKOV3 cell migration is mediated by CD44 and the 0 1 integrin

Monoclonal antibody (ug/ml) subunit. SKOV3 cells were preincubated with increasing concentrations
of mAb IM7 (open squares) which blocks the hyaluronan-binding site of

Figure 2. NIH:OVCAR5 cell migration is mediated by CD44 and the 3I CD44, mAb A3D8 (open triangles) which binds at an alternate site on
integrin subunit. NIH:OVCAR5 cells were preincubated with increasing CD44, mAb P5D2 against the , 1 integrin subunit (open circles), or normal
concentrations of mAb 1M7 (open squares) which blocks the hyaluro- mouse IgG (solid diamonds). The cells were allowed to migrate toward
nan-binding site of CD44, mAb A3D8 (open triangles) which binds at an 5 Mg/ml fibronectin (A). type IV collagen (B), or laminin (C). After a 5 h
alternate site on CD44, mAb P5D2 against the I integrin subunit (open incubation, the cells that migrated were fixed, stained, and counted.
circles), or normal mouse IgG (solid diamonds). The cells were allowed to
migrate toward 5 pg/ml fibronectin (A), 2.5 pg/ml type IV collagen (B), or
5 /pg/ml laminin (C). After a 5 h incubation, the cells that migrated were CD44-hvahlronan interaction mediates cell migration
fixed, stained, and counted.

toward ECM proteins

subunit. The mAb against the oc2 integrin subunit also inhib- The major ligand of CD44 is hyaluronan, although some

ited ovarian carcinoma cell migration toward fibronectin and glycosylation variants of CD44 also bind fibronectin, type

laminin, although to a lesser degree. Ovarian carcinoma cell IV collagen, or laminin with lower affinity [ 12]. To confirm

chemotaxis toward all three ECM proteins was also partially that the CD44-hyaluronan interaction mediates ovarian car-

inhibited by a mAb against the oc3 integrin subunit. Neither a cinoma cell migration toward ECM proteins, NIH:OVCAR5

mAb against the ocvf03 integrin (data not shown) nor normal and SKOV3 cells were incubated with intact hyaluronan,

mouse IgG had an effect on ovarian carcinoma cell migration hyaluronan oligomers, or chondroitin sulfate A prior to their

toward ECM proteins, addition to migration assays. For NIH:OVCAR5 cells (Fig-
ure 5), both intact hyaluronan (open triangles) and hyaluro-
nan oligomers (open circles) inhibited cell migration toward
all three ECM components, compared to chondroitin sulfate
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1"gure 4. Identilication ofintegrin subunits that mediate ovarian carcinoma I,200
cell migration toward ECM proteins. NIH:OVCAR5 (A) and SKOV3 (B)
cells were incubated with rnAbs against integrin subunits for 31 rnin. The .S 150treated NIH:OVCAR5 cells were allowed to tigrate toward 5 jig/nul fi-
bronectin (open bars) 2.5 p•ni/l type IV collagen (slashed bars), or 5 ig/hnl
lattniin (dark bars). The treated SKOV3 cells were allowed to migrate to- .1

ward 5 It g/ntl of the saute ECM proteins. After a 5 h incubation, the cells

that tmigurated were tixed, stained. and counted. * P < 0((X)I compared with 50
the nortnal nouse lgG control.

0Z
0 20 200 2000

A (solid squares) and ovalbumin (solid diamonds) controls. Glycosaminoglycan (ug/ml)
For the SKOV3 cells (Figure 6), only intact hyaluronan
(open triangles) caused inhibition of cell migration toward C 250
tibronectin, type IV collagen, and laminin. Hyaluronan

oligomers, chondroitin sulfate A, and ovalbumin had no X200
effect on SKOV3 cell migration. •,

Discussion "• 100

Ovarian carcinoma spreads by implantation upon and inva- 50

sion through the mesothelial cell monolayers that line the 0
organs of the peritoneal cavity. Previous studies have sug- 0 20 200 2000
gested that the cell surface receptors CD44 and/ I integrins Glycosniinoglycan (ug/ml)

mediate the initial adhesion of the ovarian carcinoma cells
to their targets, the peritoneal mesothelial cells [3, 161. Be- Figure 5. NIH:OVCAR5 cell migration is mediated by t(te (1)44-

hyaluronan interaction. NIH:OVCAR5 cells were incubated with increasing
cause these receptors are expressed on the surface of ovarian concentrations of intact hyaluronan (open triangles). hyaluronan oligotners

carcinoma cells and their ligands are present in the mesothe- (open circles), chondroitin sulfate A (solid squares). or oalbumin (solid

lial cell ECM. we hypothesized that the same cell surface diatnonds). The treated cells were allowed to migrate totward 5 Jig/Inl li-bronectin (A). 2.5 p g/mI type IV collagen (B), or 5 /t g/trl latttin (C).receptors may continue to mediate the next step of sec- boetni) . il~ yeI olgn() r5jgrllnnn()
After a 5 h incubation, the cells that migrated were fixed. stained, and

ondary tumor growth. the migration of ovarian carcinoma counted.

cells toward ECM proteins.
In this study, we focused on the roles of CD44 and /l1

integrins in ovarian carcinoma cell migration. By flow cy- br onetin o ty e IV c g and nin. all o ich
tometry, we determined that the majority of NIH:OVCAR5 are components of the ECM of the mesothelial cell lines
and SKOV3 ovarian carcinoma cells express CD44, the in which they form secondary growth sites m3. 2X, 291. In
/ I integrin subunit, and numerous alpha integrin subunits, contrast, neither ovarian carcinoma cell line migrated toward
This suggests that both cell lines possess the necessary hyal3ronan, another component of the mesothelial cell ECM
cell surface receptors to interact with the glycoproteins and [ 13]. Based on these results, we predicted that ovarian car-

proteoglycans present in mesothelial cell-associated ECM. cinoma cell migration might be mediated by integrin-ECM

We also identified ECM components that induced the protein interactions.

migration of ovarian carcinoma cells. The ovarian carci- A mAb against the P I integrin subunit completely in-

noina cell lines NIH:OVCAR5 and SKOV3 migrated toward hibited the migration of NIH:OVCAR5 and SKOV3 ovarian
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, 00200 primarily mediates ovarian carcinoma cell migration toward
,W type IV collagen, and the o6/o1 integrin subunit primarily

150 mediates ovarian carcinoma cell migration toward laminin.

However, none of the mAbs against an 0( subunit inhibited"*: 100"I-more than 60)/( of ovarian carcinoma cell migration. The
• o 5inability of any blocking mAb against the alpha integrin
E subunits to completely inhibit cell migration suggests that

0 multiple integrin heterodimers act in conjunction to medi-
Sate cell migration toward any single ECM protein. Although

z 0 20 200 2000 each integrin heterodimer has specificity for particular ECM

components, they frequently interact with more than one
Glycosaminoglycan (ug/mi) ligand 181.

Interestingly, approximately 60%4 of cell migration to-

S200 ward fibronectin, type IV collagen, and laminin was inhib-
B ited by a mAb against CD44. Some glycosylation variants

U 150 of CD44 have a low affinity for all three ECM molecules
. [••121; however, cell migration was completely abrogated by a

_ 100 . mAb against the f I integrin subunit. These data suggest that

"50 - interactions between CD44 and ECM proteins may inhibit,

0 but not elicit ovarian carcinoma cell migration. and that
0 the NIH:OVCAR5 and SKOV3 cells may use both integrin-

O5 dependent and integrin-independent mechanisms to regulate
S0 20 200 2000 cell migration.

Our experiments identified the site and type of interac-
Glycosaminoglycan (ug/ml) tion required to induce a CD44-mediated effect upon ovar-

ian carcinoma cells. A mAb that blocked the hyaluronan-

C 200 binding site of CD44 (clone 1M7) inhibited ovarian car-
cinoma cell migration by approximately 60Y(Y in both

S150 NIH:OVCAR5 and SKOV3 cells. A inAb that bound at
an alternate site of CD44 (clone A3D8) had no effect

".100 upon ovarian carcinoma cell migration. This suggests that

CD44-mediated cell migration is mediated by its interaction.•50--
with hyaluronan. Furthermore, the addition of exogenous

, 0 hyaluronan also inhibited ovarian carcinoma cell migration
to a degree comparable to that induced by the mAb IM7.

S0 20 200 2000 This supports our hypothesis that the CD44-hyaluronan in-
z

teraction mediates ovarian carcinoma cell migration by an
Glycosaminoglycan (ug/ml) integrin-independent mechanism. Disruption of the CD44-

hyaluronan interaction can inhibit ovarian and melanoma
Is'Z 6. CD44-mediatd SKOV3 cell mig'ration is mediated by mntact tumor growth in nude mice 116, 171, and can inhibit cell

hyaluronan, but not hyaluronan oligoimers. SKOV3 cells were itncu-
bated with increasing concentrations of intact hyaluronan (open triangles), adhesion and migration in murine adenocarcinoma metas-
hyaluronan oligotners (open circles), chondroitin sulfate A (solid squares), tasis [ 15]. However. some studies indicate that the CD44-
or ovalbumin (solid diamonds). The treated cells were allowed to migrate hyaluronan interaction is not implicated in tumor progres-
toward 5 ppg/ml fibronectin (A). type IV collagen (B., or laminin (C). After
a 5 It incubation, the cells that migrated were fixed. stainet,. and counted.

with increased invasiveness in some tutnors 1191. These
apparent contradictions suggest that the role of CD44-

carcinoma cells toward fibronectin, type IV collagen, and hyaluronan interactions may be specific to different types of
laminin. This suggests that ovarian carcinoma cell migration cancer. In NIH:OVCAR5 cells, hyaluronan oliugomers also
is mediated by integrins, specifically the i I integrins. The induced inhibition of cell migration, while SKOV3 cells
l I integrins have been shown to regulate melanoma 130] and were unaffected. This sugecsts that the exact nature of the

mammary carcinoma cell migration [31]. CD44-hyaluronan interaction may also be cell line-specific.
To identify the alpha integrin subunits that acted in Interestingly, hyaluronan failed to elicit ovarian carci-

conjunction with the P I integrin subunit to mediate cell mi- noma cell migration (data not shown), but was able to inhibit
gration. ovarian carcinoma cells were treated with blocking ovarian carcinoma cell migration toward other ECM coin-
mAbs against (x integrin subunits before their addition to ponents. This suggests that while mesothelial cell hyaluro-
migration assays. The results of the assays suggest that the nan may facilitate ovarian carcinoma cell adhesion, it may
o05t I integrin subunit primarily mediates ovarian carcinoma also inhibit subsequent invasion. Epithelial ovarian can-
cell migration toward fibronectin. the o(2p 1 integrin subunit cer is characterized by a relatively noninvasive phenotype.
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The CD44-hyaluronan interaction may serve as a negative reflect the position of the Government.
regulator of ovarian carcinoma cell migration.
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f31 INTEGRIN AND CD44 MEDIATE THE MIGRATION OF OVARIAN CARCINOMA CELLS
TOWARD EXTRACELLULAR MATRIX MOLECULES
Amy P.N. Skubitz and Rachael C. Casey, Department of Laboratory Medicine and Pathology, University
of Minnesota Medical School, Minneapolis, MN

The focus of our ovarian carcinoma research is to determine the role that cell-cell and cell-
extracellular matrix (ECM) interactions play in ovarian carcinoma cell adhesion, invasion, proliferation,
and apoptosis. In ovarian carcinoma, cancer cells of epithelial origin are shed from the ovary and are
present in the peritoneal fluid. The cancer cells attach to the layer of mesothelial cells that line the inner
surface of the peritoneal cavity. Once ovarian carcinoma cells adhere to mesothelial cells and their
associated ECM, the cancer cells may migrate through the layer of mesothelial cells and the ECM, invade
the local organs, and metastasize to distant sites. This multi-step process of cancer cell adhesion,
migration, and invasion eventually results in the death of the patient. Our group and others have provided
evidence that CD44 and the 131 integrin subunit mediate the adhesion of ovarian carcinoma cells to the
ECM molecules associated with mesothelial cells. In order to better our understanding of the behavior of
metastatic ovarian carcinoma cells, we have attempted to identify the cell surface receptors that mediate
the migration of ovarian carcinoma cells toward peritoneal mesothelial cells. In this study, our aim was to
determine whether CD44 and the 131 integrin subunit play a fundamental role in the migration of ovarian
carcinoma cells toward the ECM molecules associated with mesothelial cells. We developed an in vitro
migration assay in which ovarian carcinoma cells were quantitated for their ability to migrate toward
ECM molecules. Two ovarian carcinoma cell lines, NIH:OVCAR5 and SKOV3, were shown to migrate
in a concentration-dependent manner toward laminin, fibronectin, and type IV collagen, but not toward
hyaluronan. A monoclonal antibody (mAb) against the 131 integrin subunit almost completely inhibited
the migration of the ovarian carcinoma cells toward the ECM molecules, while a mAb against the
hyaluronan binding site of CD44 caused only partial inhibition. In addition, hyaluronan and hyaluronan
oligomers partially decreased the migration of ovarian carcinoma cells toward the ECM molecules. These
results suggest that the 131 integrin subunit and CD44 (as well as their ligands) may play a role in the
migration of ovarian carcinoma cells toward mesothelial cells in vivo. Based on these studies, it should be
possible to identify and develop reagents that can inhibit the adhesion and migration of ovarian carcinoma
cells toward mesothelial cells and their associated ECM; potentially making it possible to inhibit the
dissemination of ovarian carcinoma cells in vivo.
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ADHESION MOLECULES

Amy P.N. Skubitz
Department of Laboratory Medicine and Pathology, University of Minnesota Medical School,
Minneapolis, MN 55455

1. BACKGROUND

This chapter will focus on the role of adhesion molecules in ovarian
carcinoma. Specifically, we will focus on the interactions that occur between
ovarian carcinoma cells and peritoneal mesothelial cells as well as their
associated extracellular matrices (ECM). Cell-cell and cell-ECM interactions
play an important role in cancer cell adhesion, migration, invasion, growth,
survival, and programmed cell death (apoptosis). By better understanding the
molecules involved in ovarian carcinoma cell adhesion, it may be possible to
identify reagents that can prevent the dissemination of ovarian carcinoma in
vivo.

Ovarian cancer is the fifth leading cause of cancer death in women in the
U.S. with over 25,000 new cases diagnosed each year in the U.S. [1]. In 80-
90% of the cases, ovarian cancer originates in the surface epithelium of the
ovary and is termed "ovarian carcinoma" [2] (which will be the focus of this
chapter), while the remaining 10-20% of the cases originate in the germ or
stromal cells. Epithelial ovarian cancer is an aggressive malignancy. Since
the disease is often asymptomatic, it is usually diagnosed in advanced stages
with peritoneal dissemination and distant metastases, resulting in a poor
prognosis for the patients. At the time of diagnosis, the cancer has spread
beyond the ovary in 75% of patients, and in 60% of the patients the cancer has
spread beyond the pelvis [3,4].

In ovarian carcinoma, cancer cells of epithelial origin are shed from the
ovary into the peritoneal fluid. The cancer cells attach to the single layer of
mesothelial cells that line the inner surface of the peritoneal cavity. After
adhesion to mesothelial cells and their associated ECM, the ovarian cancer
cells may migrate through the layer of mesothelial cells and the ECM, invade
the local organs, and metastasize to distant sites. Metastases are most
frequently found at sites within the peritoneum, omentum, bowel surfaces,
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and retroperitoneal lymph nodes. This multi-step process of cancer celladhesion, migration, and invasion eventually results in the death of thepatient. Curing advanced ovarian cancer is difficult because of both theinability to completely resect diffuse tumor involvement on the peritoneal
surface and the eventual resistance of the cancer cells to chemotherapy [5,6].Although an early step of metastasis involves the adhesion of ovariancarcinoma cells to mesothelial cells and their associated ECM, few studieshave focused on this interaction. Several families of adhesion molecules thatare involved in cell-cell and cell-ECM interactions have been described inother cell systems. These adhesion molecules may also be important in theinteraction of ovarian carcinoma cells with mesothelial cells and theirassociated ECM. Surface adhesion molecules are categorized into families

based on structural similarities. They are grouped into at least five structuralclasses [7-10], consisting of proteoglycans, integrins, cadherins, selectins, andthe immunoglobulin superfamily. In this chapter, we will focus on theproteoglycan CD44, integrins, and E-cadherin, since these molecules have
been most widely studied with respect to ovarian carcinoma.

2. CD44

The CD44 proteoglycans, a member of the hyaladherin family (also knownas Hermes, H-CAM, Pgp-1, ECMR III, HUTCH-1, gp85, and In(Lu)-related)
are expressed by a wide variety of cell types, including epithelial cells andhematopoietic cells [11], and play a role in cell-cell and cell-matrix adhesion[12]. Due to alternative splicing and differential glycosylation, there aremany variants of CD44. One isoform of CD44 (denoted CD44H or CD44s) isexpressed by most normal cell types. CD44H binds the ECM moleculehyaluronan and is 80-95 kD in size. CD44E is predominantly expressed onepithelial cells. CD44 with attached chondroitin sulfate binds to ECMmolecules including fibronectin and collagen types I, IV, and VI. In addition,CD44 can also bind the cytokine osteopontin and heparin-binding growth

factors.
CD44 exists in a variety of forms with different molecular sizes rangingfrom 85 to 169 kDa. The 85 kDa protein is the predominant form inleukocytes and is thought to be important in homing to lymphocyte organsand sites of inflammation. The larger (150-160 kDa) CD44 isoform is foundon epithelial cells and mesenchymal cells and appears to function as the majorreceptor for hyaluronan. CD44 also functions in cell adhesion to stromal

elements and as a co-stimulatory molecule. Signaling through CD44 induces
cytokine release and T-cell activation.
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2.1. Hyaluronan Serves as a Ligand for CD44

Hyaluronan (also known as hyaluronic acid or hyaluronate), a ligand for
CD44, is the simplest of the glycosaminoglycans. It consists of repeating
sequences of up to 25,000 nonsulfated disaccharide units, which are not
attached to a protein core, to form a proteoglycan. Hyaluronan is found in
variable amounts in all tissues and fluids of adult animals. It is extruded
directly from the cell surface by an enzyme complex embedded in the plasma
membrane. Hyaluronan varies in size between 100 - 5,000 kDa, and occupies
a great deal of space in aqueous solution. It is highly viscous and functions in
molecular exclusion, flow resistance, tissue osmosis, and matrix integrity.
The smallest functional unit of hyaluronan has been shown to be a
hexasaccharide, which can compete for the binding of native hyaluronan to its
receptor [13]. In contrast, the binding of hyaluronan to other ECM
macromolecules such as cartilage proteoglycan and link protein, requires a
minimum hyaluronan oligosaccharide sequence of 10-12 monosaccharides for
competition [14-16]. In vitro studies using chondrocytes have shown that the
assembly of a pericellular matrix can be blocked by the addition of
hyaluronan hexasaccharides [17,18] and that the pericellular matrix can be
displaced from the cell surface in 2 hr by the addition of hyaluronan
hexasaccharides [ 17].

In animal studies, hyaluronan has been show to have a variety of effects. It
has been shown to reduce the formation of adhesions after peritoneal surgery
[ 19] by forming a viscous solution that coats the peritoneal surfaces and forms
a barrier to tissue apposition [20]. Furthermore, depending upon the
molecular weight and source of hyaluronan, it can enhance or suppress the
function of macrophages, neutrophils, and lymphocytes [21-28]. Some
studies report that injection of hyaluronan into the peritoneal cavity of mice
stimulates the migration of inflammatory cells and induces the recruitment of
a population of stimulating macrophages [29]. In these studies, up to 4%
hyaluronan (40 mg/ml) was injected into the peritoneal cavities of mice.
After 24 hr, a 3.3-fold increase in granulocytes (predominantly neutrophils)
was observed, and at 72 hr, the peritoneal macrophage count doubled [29]. In
contrast, other studies suggest that macrophages "disappear" from the
peritoneal cavity following the intraperitoneal injection of hyaluronan into
normal mice; however this clearance has been attributed to an increased
adhesion of macrophages to the cells lining the peritoneal cavity [26].
Finally, native hyaluronan has been shown to inhibit the vascularization of
chick embryo [30], while degradation products of hyaluronan have been
shown to induce angiogenesis [311.

The half-life of hyaluronan has been reported to be -3 hr when trace
amounts (12 ug/ml) were injected into the peritoneal cavity of rabbits; its half-
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life could be extended to -29 hr when higher concentrations (2 mg/ml) of
hyaluronan was injected [32]. The rapid removal of hyaluronan was
attributed to a local uptake, most likely receptor-mediated, and its subsequent
degradation in the tissue (32]. It is possible that hyaluronan may be removed
from the peritoneal cavity by flow, and that the higher concentration of
hyaluronan was cleared at a ten-time slower rate due to the higher viscosity of
the solution [32].

2.2. Role of CD44 and Hyaluronan in Cancer

In support of a role for CD44 and hyaluronan in cancer, there is increasing
evidence that CD44-hyaluronan interactions may enhance tumor growth and
metastasis. A wide range of malignancies of epithelial and mesenchymal
origin express high levels of CD44H (the standard CD44 isoform which does
not contain variant exon products) and a variety of variant isoforms of CD44
[33]. CD44 variant expression has been shown to be a common feature in
epithelial ovarian cancer [34], and tumor cell-associated hyaluronan has been
shown to be an unfavorable prognostic factor in colorectal cancer [35]. In
some experimental systems, an increase in CD44 expression correlates with
increased adhesion to hyaluronan, which then has been postulated to cause an
increase in metastatic potential. Murine studies with melanoma and
lymphoma cell lines have shown marked effect on tumor growth by
transfection with CD44 [36,37], interaction with soluble CD44-Ig fusion
protein [36-38], or subcutaneous injection of hyaluronan oligomers [33].
However, other studies have shown that invasiveness of certain tumors
coincides with down-regulation of CD44 expression [39], or that hyaluronan
does not appear to be involved in tumor progression [40]. In summary, the
growth and/or metastasis of some, but not all, tumors may be altered by
CD44-hyaluronan interactions. The interactions between CD44 and
hyaluronan that effect tumor growth may be cell type specific and will require
further investigation for a complete understanding.

2.3. Expression of CD44 and Hyaluronan in Ovarian
Carcinoma

An immunohistochemical study using formalin-fixed paraffin embedded
samples of primary ovarian tumors and peritoneal metastasis reported that
CD44 expression was detected in only about 10% of the samples [41]. The
authors concluded that CD44 is not involved in the metastatic spread of
ovarian cancer [41]. In contrast, another study has shown that the expression
of CD44 on human ovarian carcinoma cells differs depending upon the source
of cells [42]. In 15 of 16 samples (94%) derived from ovarian carcinoma solid
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tumor implants, CD44 expression was noted [42]. In contrast, only 2 of 8
(25%) of the specimens derived from ascites expressed CD44 [42]. This
contradiction of results could be attributed to differences in the fixation
procedures as well as differences in the antibodies against CD44 that were
used in the two studies.

In our studies, we have shown that SKOV3 and NIH:OVCAR5 ovarian
carcinoma cell lines express high levels of CD44, when analyzed by flow
cytometry [43,44]. Other groups have also shown that many ovarian
carcinoma cell lines and normal ovarian surface epithelium express high
levels of CD44 [42,45-47]. In a study of the expression of CD44s and variant
isoforms in 43 human ovarian cancer cells lines, it was shown that 60% of the
cell lines expressed CD44s [48].

Our group has extended these studies by showing that a cell-associated
matrix, also termed a "pericellular matrix", comprised of hyaluronan
surrounds ovarian carcinoma cell lines. In our study, SKOV3 and
NIH:OVCAR5 ovarian carcinoma cell lines were grown for 24 hr and a
pericellular matrix was visualized by a particle exclusion assay using fixed
goat red blood cells [44]. The NIH:OVCAR5 cells exhibited a large
pericellular matrix, which could be removed by enzymatic treatment with
hyaluronidase. The pericellular matrix surrounding the NIH:OVCAR5 cells
was slightly enlarged by incubation with exogenous rat chondrosarcoma
proteoglycan. This is consistent with the presence of hyaluronan bound to the
cell surface, which then binds the exogenous proteoglycan, and excludes the
red blood cells more effectively. In contrast, SKOV3 cells did not exhibit a
pericellular matrix until exogenous rat chondrosarcoma proteoglycan was
added. These results suggest that SKOV3 cells do not produce as much
hyaluronan and/or an associated proteoglycan as do the NIH:OVCAR5 cells.
Thus, it is possible that each cell line, and potentially each patient's ovarian
carcinoma cells that are present in the peritoneal fluid, may secrete different
levels of hyaluronan.

Several studies have examined the levels of various isoforms of CD44 in
the ascites fluid and serum samples of patients with ovarian carcinoma. In
one study, circulating CD44 isoforms were detected in the sera of 6 of 8
patients, and 12 of 16 ascitic fluid samples [49]. In addition, all six CD44
positive sera samples were also positive for variant CD44 [49]. In another
study, the preoperative levels of sera from 51 patients with ovarian carcinoma
were analyzed and found to contain soluble CD44s and splice variants v5 and
v6 [50]. Low levels of the variant forms were associated with advanced,
poorly differentiated tumors and with large residual disease [50]. This study
was confirmed by another group, whereby the serum levels of 96 ovarian
carcinoma patients were analyzed for soluble CD44 [51]. A high
pretreatment serum level of soluble CD44 isoform v5 was shown to be
associated with a favorable clinical outcome [51].
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2.4. Characterization of CD44 and Hyaluronan on
Mesothelial Cells

Studies have shown that CD44 on the surface of ovarian carcinoma cells is
important in the binding to mesothelium-associated hyaluronan [45]. Forexample, it has been demonstrated that hyaluronan resides in a pericellular
matrix around the mesothelial cells that can be destroyed by aspirating the
mesothelial cells' medium, or by treating the mesothelial cells with
hyaluronidase [523.

Our group and others have performed particle exclusion assay to show thata pericellular matrix surrounds the mesothelial cells [44,52]. As described
above for the ovarian carcinoma cell lines, the pericellular matrix of the LP9
mesothelial cell line was visibly removed by enzymatic treatment withhyaluronidase. The pericellular matrix surrounding the mesothelial cells was
enlarged by incubation with exogenous rat chondrosarcoma proteoglycan.
This is consistent with the presence of hyaluronan bound to the mesothelialcell surface, which then binds the exogenous proteoglycan, and excludes the
red blood cells more effectively. Furthermore, we have shown that the LP9
mesothelial cell line expresses high levels of CD44 when analyzed by flowcytometry [43,44]. Other groups have shown that the L3 and L9 mesothelial
cell lines, as well as normal mesothelial cells also express high levels of
CD44 [42,46].

"2.5. Role of CD44 and Hyaluronan in the Adhesion of
Ovarian Carcinoma Cells to Mesothelial Cells

Recently, Cannistra et al. [42] isolated both mesothelial cells and ovarian
carcinoma cells from the peritoneal cavity of patients, and performed in vitroadhesion assays with the cells. They found that clone 515, a CD44
monoclonal antibody (mAb), was able to partially inhibit the adhesion ofthese two cell types, and concluded that CD44 on the surface of ovarian
cancer cells may mediate binding to mesothelium-associated hyaluronan [42].This group also showed that 94% of ovarian carcinoma samples derived from
solid tumor implants expressed CD44, and these CD44-positive cells adhered
to monolayers of mesothelial cells [42]. In contrast, only 25% of the
specimens derived from ascites were positive, and these cells adhered poorlyto monolayers of mesothelial cells [42]. Furthermore, Cannistra's group
inhibited the intra-abdominal spread of human ovarian cancer xenograft innude mice using the same CD44 mAb [53]. Taken together, these studies and
others [47) suggest that CD44 and hyaluronan play an important role in theadhesion of ovarian carcinoma cells to mesothelial cell during peritoneal
implantation. However, since the CD44 mAb did not cause complete
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inhibition in either the in vitro or the in vivo studies, it is likely that other cell
surface molecules also contribute to the adhesion of ovarian carcinoma cells
to mesothelial cells.

Our group has performed similar in vitro assays to quantitate the adhesion
of ovarian carcinoma cells to mesothelial cells [43,44]. In our assay,
mesothelial cells were grown as confluent monolayers. Radiolabeled human
ovarian carcinoma cell lines were allowed to adhere to the mesothelial cell
monolayers, washed, and quantitated. We have shown that pretreatment of
NIH:OVCAR5 ovarian carcinoma cells with a mAb (clone IM7) against the
hyaluronan-binding site of CD44 significantly inhibited NIH:OVCAR5 cell
adhesion to mesothelial cells by about 40%, whereas a blocking mAb against
the PI integrin subunit (clone P5D2) failed to cause significant inhibition.
The inhibitory effect of the mAb against CD44 varied depending upon the
ovarian carcinoma cell line used, since it did not inhibit the adhesion of the
SKOV3 ovarian carcinoma cell line, as described below.

Our group has also demonstrated that the adhesion of NIH:OVCAR5 cells
to LP9 mesothelial cells is dependent upon the availability of mesothelial-
associated hyaluronan. In this assay, confluent monolayers of LP9 cells were
treated with hyaluronidase to remove their cell-associated hyaluronan [44].
Removal of hyaluronan resulted in a decrease in NIH:OVCAR5 cell adhesion
to mesothelial cells, which suggests that the cell-cell adhesion was partly
dependent upon the presence of mesothelial cell hyaluronan.

The presence of hyaluronan on N1H:OVCAR5 ovarian carcinoma cells,
and the high levels of expression of CD44 by mesothelial cells, suggest that a
second type of CD44-hyaluronan interaction contributes to the cell-cell
adhesion. Namely, CD44 and hyaluronan may be present on both the
mesothelial cells and the NIH:OVCAR5 cells, resulting in a dual interaction
of these adhesion molecules.

In preliminary studies, we have observed that adhesion of ovarian
carcinoma cells to mesothelial cells can be partially inhibited by oligomers of
hyaluronan. NIH:OVCAR5 cells were preincubated with intact hyaluronan or
oligomers of hyaluronan, added to monolayers of mesothelial cells, and
allowed to adhere. We found that the oligomers of hyaluronan inhibited cell-
cell adhesion in a concentration-dependent manner, whereas intact hyaluronan
had no effect. It is likely that these oligomers of hyaluronan (which are
comprised of hyaluronan hexasaccharides) are able to occupy the CD44
receptors on the ovarian carcinoma cells and thus block the adhesion of the
ovarian carcinoma cells to the hyaluronan present on the pericellular matrix
surrounding the mesothelial cells.

In addition, CD44 and hyaluronan appear to be involved in the migration
of ovarian carcinoma cell lines. We have shown that hyaluronan, hyaluronan
oligomers, and a mAb against CD44 can inhibit the migration of
NIH:OVCAR5 and SKOV3 cells toward ECM proteins [54]. Furthermore,
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the interaction between CD44 and the repeat domain of ankyrin has been
shown to promote hyaluronan-mediated migration of SKOV3 cells [55].

3. INTEGRINS

Integrins are a widely expressed family of cell surface adhesion receptors
that are comprised of an a subunit noncovalently associated to a 03 subunit
[56,57]. Together, these two integrin subunits confer specificity to ECM
proteins or other cell surface molecules. For example, the integrins a1131,
a2131, a3131, a631, and a6fM serve as receptors for laminin. Certain
integrins function as receptors for ECM proteins such as fibronectin, collagen,
and laminin. In many cases, individual integrin heterodimers may interact
with more than one ECM protein [58]. Other integrins participate in cell-cell
adhesion; for instance, the a4031 integrin on leukocytes recognizes and binds
to VCAM-1 molecules expressed on the endothelial surface. Some integrins
can serve in both capacities; for example, the a4j31 integrin can also bind to
fibronectin [7].

Integrins have been shown to be involved in signal transduction, whereby
"inside-out" and "outside-in" signaling occurs via integrins interacting with a
variety of extracellular and intracellular molecules [reviewed in 59-61], many
of which still remain to be elucidated. Due to the transmembrane structure of
integrins, they are capable of linking the ECM components to intracellular
molecules and mediating the attachment, spreading, and migration of cells.
Since integrins also interact with the signal transduction apparatus, the
engagement of integrins results in the release of lipid second messengers,
activation of protein kinases, and changes in intracellular calcium and pH.
Integrin signaling can therefore also regulate cell proliferation, gene
expression, differentiation, and apoptosis. The exact mechanism by which
integrins are capable of sending signals and how cells integrate these signals
with others from their environmental milieu remains to be determined.

3.1. Role of Integrins in Cancer

The receptors that cells use to adhere to ECM molecules have been
characterized in a variety of cell types [62,63]. Previous studies have shown
that integrins may be involved in the invasion and metastasis of a variety of
tumor cells [64]. Furthermore, the malignant transformation of cells has been
associated with an alteration in the expression and structure of several integrin
subunits.

Immunofluorescence studies have been conducted using anti-integrin
antibodies (Abys) to localize the various integrin subunits in normal and
cancerous tissues. For example, the a6M34 complex has been localized in
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hemidesmosomes [65] and the basal surface of epithelial cells [66], indicating
that it plays an important role in the adhesion of epidermal cells to the
basement membrane. Interestingly, alterations in integrin expression and
localization have been noted in several types of cancer, including ovarian
carcinoma. In comparing normal human skin to nodular basal cell carcinomas
and squamous cell carcinomas, different patterns of distribution for 131, c2,
03, and a5 integrin subunits were observed [67]. Other studies have shown
that there is a progressive decrease in the expression of a6 and 131 subunits,
but not the 14 subunit, when comparing benign, malignant, and metastatic
human melanocytic lesions [68]. Additional studies have shown an increase
in the expression of av133 and a4131 as human melanoma cell lines of
increasing invasive and metastatic properties were compared [69]. Still other
studies report a correlation between the expression of various integrin
subunits and increased metastatic potential [70-72].

Expression of the a6134 integrin on normal epithelial cells compared to
cells of primary tumors or metastatic cells is still somewhat of a controversy
and seems to differ between various types of tumors as well as between
various studies. In normal epithelium, a6134 is localized to the basal surface
of cells, where the cells are in contact with the basement membrane [73].
However, in some cases of carcinoma, for example squamous cell carcinoma
of the skin [74,75], a61M expression is no longer polarized to the basal
surface of the cell, instead a6134 is diffusely distributed over the entire surface
of the cell. Other immunohistochemical studies have shown that a614
expression in carcinoma tissues compared to their normal tissue counterpart
appears to be decreased [73-78], increased [79,80], or not changed [78,81,82].
Our studies, described below, show that the expression of cc6 and 134 integrins
in serous ovarian carcinoma correlates with expression of the basement
membrane protein laminin [83].

Many studies have been designed to investigate the role of different
adhesion molecules in the hematogenous spread of cancer cells. For instance,
VLA-4 (a4131 integrin) on cancer cells facilitates cell-to-cell interactions with
vascular cell adhesion molecule-I (VCAM-1) on endothelial cells. It has been
shown that an increased expression of VLA-4 in renal cell cancer is
proportional to the percentage of metastatic renal cell carcinoma [84].
Furthermore, adhesion of VLA-4 positive renal cell carcinoma cell lines to
human umbilical vein endothelial cells (HUVECs) was inhibited by
antibodies against VLA-4 or VCAM-1, suggesting that VLA-4/VCAM-1
interactions are involved in the adhesion between renal cell carcinoma cells
and HUVECs [84].

k ....
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3.2. Extracellular Matrix Molecules Serve as Ligands
for Integrins

Basement membranes are thin layers of ECM components that surround
epithelial tissues, nerves, fat cells, and smooth, striated, and cardiac muscle
[85]. Basement membranes are responsible for proper maintenance and
compartmentalization of tissue architecture [86]. Their status modulates
repair after injury by providing the scaffolding that maintains normal tissue
form during regeneration and growth [85,86]. In addition, basement
membranes may provide anchorage for adjacent cells and thus maintain their
polarized and differentiated state [86]. Furthermore, basement membranes
regulate cell migration and invasion, and serve as selective barriers against theSfiltration of macromolecules in capillaries and glomeruli [86]. There are
indications from various systems that basement membrane molecules modify
the growth and phenotype of both normal and malignant cells.

The basement membrane plays a key role in the metastasis of tumor cells
[87]. During the complex, multi-step process of metastasis, tumor cells
disseminate from the primary tumor mass, migrate through the epithelial cell
basement membrane, enter the bloodstream or lymphatic system, arrest in a
capillary bed or elsewhere, adhere to a secondary site where they must
degrade and migrate through another basement membrane, proliferate, and
become vascularized. The basement membrane serves as a barrier through
which the tumor cells must invade to be metastatic. In cases of ovarian
carcinoma, the tumor cells first tend to seed the peritoneal cavity, whereby
ovarian tumor cells disseminate, attach, grow, and ultimately locally invade at
various sites. Ovarian carcinoma invasion through the submesothelial
basement membrane may be mediated by a variety of enzymes, including
matrix metalloproteinases [88-94].

Basement membrane and ECM components, in particular laminin, type IV
collagen, and fibronectin are important in the phenotypic modulation of
various normal and malignant cells. These three proteins are relatively large,
complex molecules, each having multiple subunits. Each glycoprotein has
several domains with functional properties ascribed to them, including:
domains that promote cell adhesion, spreading, and/or migration; domains
that promote neurite extension from neurons; and domains that bind
glycosaminoglycans, such as heparin [85]. These functional domains have
been localized by a variety of techniques, including: digestion of the proteins
with proteolytic enzymes followed by purification of fragments, use of Abys
against specific domains to inhibit functional activity, chemical synthesis of
peptides from functionally active domains, production of recombinant
polypeptides, and site-directed mutagenesis studies [95,96].

In addition, these three ECM proteins also play an important role in tumor
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cell metastasis, since they potentiate the adhesion, spreading, migration, and
invasiveness of a variety of cell types. They also can modify the in vitro
growth, morphology, survival, and differentiation of various cells [87].
Pretreatment of a number of different tumor cell types with fragments of these
molecules or specific peptides derived from them, can inhibit the
experimental metastasis seen after tail vein injection in mice [97-99].

3.3. Role of Integrins and Extracellular Matrix Molecules in
Ovarian Cancer

Our group investigated the role of laminin and integrins in ovarian
carcinoma [83]. We have identified the cell surface integrin receptors by
which ovarian carcinoma cells adhere to laminin. Our studies show that
ovarian carcinoma cell lines derived from the ascites fluid of patients express
very low levels of the a6 and fr4 integrin subunits, which serve as laminin
receptors. These results suggest that the ovarian carcinoma cells present in
the ascites fluid may adhere poorly to laminin and would therefore be released
from the basement membrane on the surface of the ovary. In addition, we
have determined the expression of integrin subunits on the surface of four
ovarian carcinoma cell lines (SKOV3, OVCA-429, OVCA-433, and
NIH:OVCAR5) by flow cytometry using mAbs against specific integrin
subunits [54,83,100]. We found that the cell lines express very high levels of
the oc2, a3, and 031 integrin subunits, which suggests the ability to adhere to
type IV collagen and other ECM proteins. They express low levels of the a6
and M34 integrin subunits, and no CDII or 032 (CD1 8). Other groups have
observed similar results with these and other ovarian carcinoma cell lines,
including 36M2 and CAOV-3 [46,101 ].

Our group has identified 031 integrins as the cell adhesion molecules
responsible for the adhesion of ovarian carcinoma cells to ECM molecules.
We have observed that four ovarian carcinoma cell lines adhere to the ECM
molecules laminin, fibronectin, and type IV collagen in a time- and
concentration-dependent manner [44,100]. In addition, we have shown that
each of these cell lines uses the 031 integrin to mediate their adhesion to the
ECM molecules [44,100].

Several immunohistochemical studies have focused on the expression of
integrin subunits in ovarian carcinoma. For example, the expression of a
variety of (x and 03 integrin subunits was described for a series of normal
ovaries, serous ovarian tumors, and ascites cytospins [102]; however, the
study did not correlate the integrin expression with the presence or absence of
a basement membrane in these tissues. The expression of the 03 or ac6
integrin subunits was studied in a variety of histological types and grades of
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ovarian cancer [ 103,104]. To date, the exact role that integrin subunits play in
the progression of ovarian carcinoma is not clearly defined.

We performed immunohistochemical studies to localize laminin and
integrin subunits in situ in tissue sections of normal ovaries and ovariancarcinomas [83]. Laminin was present in the basement membrane underneath
the single layer of epithelial cells on the surface of normal ovaries. The singlelayer of epithelial cells on the surface of normal ovaries expresses the integrin
subunits: ct2, a3, at6, 131, and P34, which can serve as laminin receptors.Ovarian carcinoma cells that have invaded into the stroma of the ovary also
express a2, a3, and P31 integrin subunits. Interestingly, -40% of the ovariancarcinoma cells that form nest-like groupings are surrounded by laminin and
express a6 and f34 integrin subunits where they interact with laminin.Furthermore, ovarian carcinoma cells derived from the ascites of the same
patients are deficient in the a6 and M34 integrin subunits. Expression of the a6
and [34 integrin subunits appears to be regulated by laminin expression, since
we have observed a loss of the ax6 and [34 integrin subunits in ovarian
carcinoma tissues that were also lacking expression of laminin.

Our results are in partial agreement with an immunohistochemical studythat examined normal ovaries, serous ovarian solid tumors, and ascites
cytospins for the expression of integrin subunits [102]. The major difference
between this study and our results was in the expression of the a6 and [Mintegrin subunits. The other group noted a basal staining pattern for the (X6
and [4 integrin subunits for all of their tumor specimens, whereas we
noted a6 and 134 integrin subunit staining to be strongly positive in -50% of
the cases, weak or patchy in -25% of the cases, and negative in -25% of thecases. Furthermore, they noted a loss of expression of the ax6 and [34 integrin
subunits in six out of nine ascites cytospin samples, whereas we noted thisloss of a6 and 134 integrin subunit expression in all of our ascites cytospin
cases. In another immunohistochemical study, a newly characterized mAb
against the a6 integrin subunit was tested and the staining pattern was shown
to correlate with the degree of ovarian carcinoma tumor differentiation [104];our results, however, did not show such a correlation. In another review
article, a6034 is reported to be absent from normal epithelial cells of the ovary,
although no data is presented [73]. Therefore, the expression levels of the at6
and 134 integrin subunit, and their role in the progression of ovarian carcinoma
are still controversial.

The immunohistochemistry results we observed with our anti-cr3 integrinmAbs are not in complete agreement with a previous study that examined the
expression of the ax3 integrin subunit in serous ovarian carcinoma [103]. Inour study, the epithelial cells of all of the tissues that we examined stained
positively for the a3 integrin subunit. In contrast, Bartolazzi et al. [103]
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found 3 of the 18 cases of serous ovarian carcinoma in which the epithelial
cells did not stain positively for the anti-a3 integrin subunit. However, our
two studies are in agreement with the observation that there is a correlation
between the presence of a putative "basement membrane" (as detected by
peripheral immunohistochemistry staining of the tumor cell nests for laminin
and type IV collagen) and the basal/lateral localization of the ct3 integrin
subunit. Differences in results could be attributed to differences in tissue
preparation and antibodies against the a3 integrin subunit.

3.4. Characterization of Extracellular Matrix Proteins and
Adhesion Molecules of Mesothelial Cells

Since an important step in the progression of ovarian carcinoma involves
the adhesion of the ovarian carcinoma cells to monolayers of mesothelial cells
that line the peritoneal cavity, it is also important to understand the adhesion
molecules expressed by mesothelial cells. Mesothelial cell lines have been
shown to express fibronectin, larninin, vitronectin, and collagens types I, III,
and IV; however, the ECM molecules that are expressed from one cell line to
another vary [105-108]. Mesothelial cells have been reported to express cell
adhesion molecules [46,109], secrete ECM components [109], and promote
the adhesion of ovarian carcinoma cells [110,111]. In a recent study [109], it
was found that mesothelial cells synthesize the ECM molecule fibronectin and
that ovarian cancer cells express integrins. However, the study did not
provide evidence that integrins play a role in the interaction of ovarian
carcinoma cells with mesothelial cells. Recently, it has been shown that
cultured mesothelial cells produce fibronectin and that fibronectin promotes
the migration of ovarian carcinoma cells [112].

By flow cytometry, we have determined that the human mesothelial cell
line LP-9 expresses very high levels of the a3, aV, and 131 integrin subunits
[43,44]. They express low levels of the a l, a5, and cx6 integrin subunits, and
no (r2, ca4, CD11, 132 (CD18), P33, or 134 integrins. Other groups have shown
that normal mesothelial cells express high levels of 131, a5, and ctv033 integrin
subunits, but no a4 integrin subunits [42,46].

Our group has also examined the expression of ECM proteins by LP9
human mesothelial cells [43,44]. We tested for the presence of ECM
molecules on the mesothelial cell monolayer by designing an ELISA in which
mesothelial cells were incubated with polyclonal antibodies against the ECM
molecules: fibronectin, laminin, vitronectin, and collagens types I, I1, and IV.
Fibronectin was detected at a much higher level than any of the other ECM
molecules. To confirm these results, proteins that were either extracted from
the mesothelial cell layer or secreted into the medium were
immunoprecipitated using polyclonal antibodies to ECM molecules [44]. The
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mesothelial LP9 cells were found to express the following ECM molecules on
their surface: fibronectin, laminin, type I collagen, type III collagen, and type
IV collagen. No vitronectin was detected in the mesothelial cell surface
extract. Autoradiographs of the immunoprecipitated radiolabeled material
secreted into the media by LP9 cells showed that fibronectin, laminin, and
collagen types I, III, and IV were synthesized and secreted by the LP9 cells.
The relative amounts of these ECM components were similar to that seen in
the cell extract.

Recently, we have examined the ability of ECM molecules to mediate
ovarian carcinoma cell migration [54]. We found that laminin, fibronectin,
and type IV collagen promote the adhesion of NIH:OVCAR5 and SKOV3
ovarian carcinoma cells in a concentration-dependent manner. In contrast,
hyaluronan had no effect on ovarian carcinoma cell migration.

3.5. Role of the P31 Integrin in the Adhesion of Ovarian
Carcinoma Cells to Mesothelial Cell Monolayers

Our group and others have developed in vitro assays to quantitate the
adhesion of ovarian carcinoma cells to mesothelial cells [43,44], as described
above. We have shown that pretreatment of SKOV3 ovarian carcinoma cells
with the mAb against the 11 integrin subunit (clone P5D2) significantly
decreased SKOV3 cell adhesion to mesothelial cells in a concentration-
dependent manner. However, the CD44 mAb did not cause significant
inhibition. In contrast, pretreatment of NIH:OVCAR5 ovarian carcinoma
cells with the CD44 mAb inhibited NIH:OVCAR5 cell adhesion to
mesothelial cells by about 40%, whereas the mAb against the P1 integrin
subunit did not cause significant inhibition. These studies showed that
different cell lines may have different mechanisms for adhering to mesothelial
"cells, even though the level of expression of CD44 and the P31 integrin subunit
are high in both cell lines. An earlier study contradicted our results by stating
that CD44, not the 131 integrin subunit, was utilized by ovarian carcinoma
cells to adhere to mesothelial cells [42]. However, the group recently
confirmed our results that the P31 integrin subunit plays a role in mediating the
adhesion of ovarian carcinoma cells to mesothelial cells [101]. They now
report that mAb clone 4B4 against the 131 integrin subunit that they had used
in their earlier study [42] was not effective as a neutralizing mAb, whereas an
alternative mAb against the P31 integrin subunit (clone MAB13) did inhibit
ovarian carcinoma cell adhesion to mesothelial cell monolayers [101 ].

Interestingly, we observed that when SKOV3 or NIH:OVCAR5 ovarian
carcinoma cells were preincubated with a mAb against the 131 integrin
subunit, then were added to monolayers of mesothelial cells that were
pretreated with hyaluronidase to remove their matrix-associated hyaluronan,
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cell adhesion decreased [44]. Removal of hyaluronan from the pericellular
matrix of mesothelial cells may expose other ECM molecules that are
expressed by the mesothelial cells, which permits the ovarian carcinoma cells
to adhere, primarily via their P31 integrin subunit, to the exposed ECM
molecules.

3.6. Association of the j01 Integrin Subunit of Ovarian
Carcinoma Cell Lines with Protein Kinase Activity

Phosphorylation is an important mechanism of regulating protein function
in a variety of systems, including the functioning of integrin subunits [59-61].
Recently, integrin-mediated cell adhesion has been shown to result in tyrosine
phosphorylation of focal adhesion kinase, which then may initiate a series of
phosphorylation events including the binding of Src [59]. Integrin-mediated
cell adhesion may also result in the phosphorylation of the intracellular
proteins tensin, paxillin, and p130 [113-115]. Integrins, cytoskeletal proteins,
and kinases have been localized at focal adhesion sites, where cells are in
contact with the ECM. In particular, focal adhesion kinase, protein kinase C,
and cSrc have been implicated as important kinases activated by integrins to
mediate a variety of cell functions including cell proliferation, cell
differentiation, and apoptosis [59]. In addition, protein kinase activity has
been found to be associated with a variety of membrane proteins involved in
signal transmission [116-119]. Recent studies have demonstrated the
existence of large detergent resistant complexes in cell extracts that contain
important signaling molecules, including protein kinases and membrane
proteins capable of transmitting signals [ 120,121].

To address whether the f31 integrin subunit is associated with protein
kinase activity, five ovarian cancer cell lines (OVCA 433, SKOV3, CAOV-3,
PA-1, and SW626) were screened for the expression of P31 integrin and for
integrin associated protein kinase activity [122]. When the 131 integrin was
immunoprecipitated from the solubilized cells, protein serine kinase activity
associated with the integrin was detected. Although protein kinase C (PKC)
activity was present in these cells, it was not detected in the 031 integrin
immunoprecipitates. The data suggest that phosphorylation of cellular
proteins by an associated serine kinase, other than PKC, mnay affect signal
transduction by 131 integrins. In addition, studies using gel filtration
chromatography demonstrated that most of the cell surface 131 integrin, as
well as the associated kinase activity, was present in large detergent resistant
complexes.

Although the exact role of protein kinase activity in ovarian cancer is not
known, a variety of scenarios could be postulated whereby an imbalance in
the maintenance of proper regulation of phosphorylation could ultimately

It.-_m
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result in the transformation of normal epithelial ovarian cells to cancer cells.
The surface of the ovary is comprised of a monolayer of epithelial cells that
adhere to an underlying basement membrane, presumably in a tightly
controlled "inside out" and "outside in" signaling manner. During the
progression of cancer, some alteration in signaling may occur such that these
epithelial cells no longer adhere to the basement membrane. Perhaps the cells
are signaled to secrete more proteolytic enzymes and thereby degrade
components of the basement membrane, resulting in cells that are now
capable of invading into the stroma of the ovary. Alternatively, or in
conjunction, the cancerous epithelial cells may alter their synthesis of
basement membrane components. This may then signal the cells via "outside
in" signaling to alter their expression of integrin receptors for these basement
membrane components. The net result would be that the epithelial cells would
no longer be anchored to the basement membranes. The cells may be released

Zi from the surface of the ovary to reside in the ascites fluid of the peritoneal
cavity. When the epithelial cells lose contact with a basement membrane, their
expression of integrin receptors may change, and their invasive capacity may
be affected as well.

4. E-CADHERIN

Cadherins are members of a family of transmembrane glycoproteins that
mediate cell-cell adhesion [reviewed in 123-125]. Cadherin adhesion is
usually homophilic, although a heterotypic interaction between E-cadherin (E
denotes epithelial) and the integrin aEP37 has been shown [126]. Cadherins
mediate intercellular cell-cell adhesion in adherens junctions and
desmosomes. The extracellular regions of cadherins contain calcium-binding
domains; cell-cell adhesion via cadherins is calcium dependent. The
cytoplasmic tails of cadherins are able to cluster and interact with catenins (P3-
catenin or plakoglobin and others) which then interact with c-catenin and
actin [123]. Cadherins have also been implicated in signal transduction, and
the E-cadherin-catenin complex is important for the regulation of cancer
invasion [125].

4.1. Role of E-cadherin in Cancer

The E-cadherin complex has been shown to be altered in most human
cancers. E-cadherin is expressed early in development and is found in most
embryonic and adult epithelia [125]. In most tissues, E-cadherin is expressed
at the highest levels in normal epithelia, then expressed at lower levels in
differentiated carcinomas, and finally is down-regulated or non-functional as
cancer cells become undifferentiated and invasive [127]. Altered cadherin
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expression has been correlated with low histological differentiation, increased
risk of local invasion and metastasis, and poor prognosis [128,129].

4.2. Expression of E-cadherin in Ovarian Carcinoma

"The pattern of expression of E-cadherin in normal ovarian surface
epithelia, ovarian carcinoma solid tumors, and ascites cells remains
controversial. Some groups maintain that E-cadherin expression in normal
ovarian surface epithelia is rare [130-134], while others demonstrate that E-
cadherin is present [83,128,135]. In our studies [83], E-cadherin followed a
similar pattern of expression compared to the cc2, a3, and P31 integrin
subunits. We observed E-cadherin on the surface of normal ovary epithelial
cells, ovarian carcinoma epithelial cells in solid tumor nests, and epithelial
ovarian carcinoma cells isolated from the ascites fluid. These results were
confirmed by others who detected E-cadherin along the lateral membranes of
epithelial cells in normal ovary tissues and ovarian tumors [128]. In contrast
to our results, other groups did not observe expression of E-cadherin on
ovarian epithelial cells or on cultured human ovarian surface epithelium
[102,133]. However, another group has reported the positive expression of E-
cadherin in solid ovarian carcinoma tumors [136]. They observed a decreased
expression of E-cadherin on the surface of ascites cells compared to the solid
tumor counterpart from the same patient [136]. Additional studies utilizing
standardized sample preparation protocols and antibodies will be needed to
clarify these differences.

5. SUMMARY

The exact mechanisms by which serous ovarian cancer cells invade
through their underlying basement membrane or are released from the surface
of the ovary have yet to be elucidated. This process undoubtedly has a
complex molecular basis that most likely involves multiple cell surface
receptors, basement membrane components, intercellular adhesion molecules,
and signaling from the cell [137]. One possible mechanism by which ovarian
carcinoma tumor cells may alter their basement membrane is by the synthesis
and secretion of proteolytic enzymes that degrade their basement membranes
[88-94,138]. Alternatively, metastatic ovarian carcinoma cells may decrease
their synthesis and/or secretion of ECM molecules.

Additional studies are required to determine whether the more aggressive
behavior of malignant ovarian carcinoma cells, compared to normal ovarian
epithelial cells, is related to an altered cellular response towards ECM
molecules, perhaps due to alterations in adhesion molecules/receptors. A
further elucidation of the mechanisms by which serous ovarian carcinoma



322

cells regulate their expression of ECM molecules and adhesion
molecules/receptors will help in our understanding of the invasion and
metastasis of tumor cells.

Members of several families of adhesion molecules have been described
that seem to be important in the progression of ovarian carcinoma, including
CD44, integrins, and E-cadherin. Due to the complexity of this disease, it is
likely that other adhesion molecules will also be implicated in the adhesion,
migration, invasion, growth, proliferation, and apoptosis of ovarian carcinoma
cells.

Our group and others have shown that CD44 and the 031 integrin subunit
play fundamental roles in the adhesion and migration of ovarian carcinoma
cells to mesothelial cells and their associated pericellular matrix. Subsequent
to the initial adhesion, the ovarian carcinoma cells may migrate through the
layer of mesothelial cells, penetrate through the underlying basement
membrane, invade into the tissue, and establish a secondary site of growth.

Further studies will be required in order to fully understand the
relationship of each adhesion molecule and their ligand(s) in the progression
of this disease. Once the adhesion molecules and their ligand(s) for each step
of the progression of this disease have been identified, it should be possible to
develop reagents that can inhibit these interactions. Then, when ovarian
carcinoma cells can no longer interact with mesothelial cells and their
associated ECM, the dissemination of ovarian carcinoma cells in vivo may be
prevented.
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able to promote disulfide dimenzation of its ligand, N-acetyl larninin peptide 11, mediated by integnns. This in vitro model may more closely approximate the in
Ac-CDPGYIGSR. Shed LBP (dineriC) was shown to be far more active than vivo biological environment of human ovanan carcinoma cells and may enable a
recombinant monomeric LBP. To gain insight into the possible mechanism of this more accurate assessment of cellular events that occur in this disease.
novel activity of the 67 kDa LBP, we have constructed an array of C-A LBP
mutants and expressed them in E.coli. Using these mutants, we have demon- #788 Chicken Heparanase:. Cloning, Molecular Properties and Involve-
strated that the sulfhydryl oxidase activity of LBP relies, in part. on the presence mert in Embryonic Developmenet and Cancer. Ort Goldshmidt, Eyal Zchana.
of cystein residues in the LBP sequence. Mutants with a single preserved cystein Zehava Gueta, Iris Pecker, and Israel Vlodavsky. Hadassah-Hebrew University
retain a significant part of the activity of the wild-type protein compared to the Hospital, eusalem, Israel, and InSight. Rehovot, Israel.
cystein-less mutant. Availability of additional cystein residues may explain the Expression of a heparan sulfate degrading endoglycosidase (heparanase) cor-
greater sulfhydryl oxidase activity of dimenc affinity-punfied LBP compared to relates with the metastatic potential of tumor cells and treatment with heparanase
recombinant monomeric LBP, and may also underly the higher affinity of shed inhibitors markedly reduces the incidence of metastasis in experimental animals.
dimeric LBP for larninin-1. The exact classification of the biochemical activity is We have cloned and expressed the chicken heparanase gene and studied the
unclear at this time, although co-factors do not appear to be required. Our data expression pattern of both the heparanase mRNA and protein in the highly
suggest that if the LBP is a protein disulfide isomerase, the oxidative potential is defined developmental cascade of the chicken embryo. The cloned chickenhighly dominant. Nevertheless, the ability of the 67 kDa LBP to modulate the cDNA shows 62% homology to the human enzyme, contains an open reading
oxidative state of protein thiois may provide important insights into the mecha- frame encoding a predicted polypeptide of 523 amino acids and possesses a
nisms whereby this protein facilitates metastasis. (Supported by the Susan G. signal peptide sequence for secretion at its amino terminus. Stable transfection of
Komen Breast Cancer Foundation) mammalian cells (mouse T-lymphoma, C-6 rat glioma) lacking heparanase activity

with the chicken heparanase cONA resulted in high expression and secretion of
#786 MAPK Signaing Mediates Invasive Properties of Coflagen-Stlmu- a 50 kDa protein which degrades heparan sulfate in the subendothelial extracel-
lated Epidermal Keratnocytes, Mary E. Zeigler, Narasimharao Bhagavathula, lular matrix. Whereas the human heparanase protein is primanty perinuclear with
and James Varani. University of Michigan, Ann Arbor, Mi. little secretion into the medium, the chicken enzyme is localized primarily on the

In aggressive forms of cutaneous basal cell and squamous cell carcinomas, cell surface and is readily secreted. Immunostaining pattern of the heparanase
local invasion into the dermal tissue is a principal mode of tumor cell spread which protein in the chick embryo suggests that the enzyme is involved in cell migration
is mediated by production of matrix-degrading proteinass (MMPs). To distin- associated with gastrulation and the development of the vascular and nervous
guish the role of MAPK signaling pathways in mediating matrix-degrading re- systems. The involvement of heparanase in neovasculanzation was demonstrated
sponses generated by keratinocyte (KCs) interactions with dermal matrix as by showing that matrigel embedded Eb lymphoma cells transfectsd with the
compared to EGF-dependent affects, we cultured early passage KCs in collagen chicken heparanase cONA elicited a pronounced anglogenic response in mice.
Type I matrix in the absence and presence of exogenous EGF. The time-depon- These results indicate that the chicken heparanasa gene and protein can be
dent accumulation of active ERK and JNK/c-Jun peaks by 3 hours aid is applied to study the involvement of heparanase in both embryogenesis and tumor
sustained over 48 hours, while active p38/ATF2 accumulation is transient in progression.
collagen-embedded KCs treated or not treated with EGF. During this period
MMP1 accumulates through 48 hours, while the onset of MMP9 accumulation is #781 Invasive Properties and Twunorigenclty of Progesterone Receptor
delayed'more than 12 hours with maximum accumulation at 48 hoursAfter (PR)-Tr-aected Breast Cancer Cells MDA-MU-231 in Vitro and In Vivo.
adding alpha2 integrin blocking antibody to collagen-embedded KCs, not treated Valerie Chunling Lin, Swee Eng Aw, Sanaul Chowdhury, and Esther Hudling Ng.
with EGF, active levels of ERK, c-Jun and ATF2 were markedly reduced as was John Hoplkns Singapore, National Univerity Hospital of Singapore. and Singa-
the levels of secreted MMP1 and MMP9 production. With the addition of EGF. pore Genera Hosptal, Singapore.
under these same conditions, activation of signaling through MAPK components One of the potential therapeutic interventions to hormone-independent breast
via the EGF receptor (EGFR) was resumed.Using synthetic inhibitors to MEK, ERK cancer would be to re-activate the expression of estrogen receptor (ER) or PR in
activation was only partially attentuated in collagen-embedded KCs not treated the tumor cells so as to render the tumor responsiveness to the hormones. We
with EGF. In the presence of EGF. attentuation of ERK activation was greater. In have shown previously that progesterone markedly inhibited cell growth and
the absence or presence of EGF- treated collagen-embedded KCs. levels of induced remarkable focal adhesion in PR-transfected MDA-MB-231 cells. The
activated JNK/c-Jun and activated p38/ATF2 were not affected by MEK inhibitor, ain of this study was to determine the effects of progesterone on the invasive
MMP1 production was markedly affected by MEK inhibition either in EGF-treated properties and tumorigenecity of PR-transfected MOA-MB-231 cells. Invasion
or untreated collagen-stimulated KCs. There was little affect on MMP9 production assays using modified Byoden chambers coated with either matrge or mixtures
in collagen-stimulated KCs in the absence of EGF, while in EGF-treated, collagen- of matrix proteins showed that cell invasion was increased by 3-8 folds after
stimulated KCs, a more pronounced reduction in MMP9 production by MEK progesterone treatment. On the other hand. Northern blot analysis demonstrated
inhibition was evident. These results suggest that 1) EGF-independent, but col- dramatic decreases in the expression of urokinse plasminoge activator (uPA)
lagen-dependent integrin activation of ERK is only partially dependent on MEK and increases in tissue type plaeminogen activator (tPA) in cells treated with
activity 2) a MEK-independent stimulation of MMP9 expression may be involved progesterone. Since low levels of uPA and high levels of tPA in breast cancer are
in EGF-independent stimulation of KCs by collagen 3) in vivo activation of integrin associated with favorable prognosis in clinical studies, the expression patterns of
signaling, in the absence of endogenous EGFR-ligand interactiorns, may effec- uPA and tPA should indicate reduced invasiveness of progesterone-treated cells
tively stimulate the synthesis of invasion-promoting MMPs. and this would confound the results of invasion studies. Furthermore, animal

studies revealed that progesterone strongly inhibited the tumor formation and
The Formatlon, rowth and Adhesion of Ovarian Carcinoma Mull- growth in Scld mice. After 12 weeks of inoculabon, the median weight of tumors
Spheroids, Rachasl C. Casey, Kathryn M. Burleson. Stefan E. par- in progesterone-treated group was 25 mg compared with 203 mg in placebo

buccian, Keith M. Skubitz. Theodore R. Oegema, and Amy P. N. Skubitz. Ur#*er- group (P<0.001). In conclusion, progesterone strongly inhibited tumor growth of
sity of Minnesota, Minneaipolt MN. PR-transtectid breast cancer cells MDA-MB-231 both in vitro and in vivo al-

Common therapies for ovarIan carcinoma act by inducing call death in rapidly though results of progestarone's effect on invasive properties of the calls are
dividing tumor cells. Recent studies suggest that the multicallular aggregates of confoundling. Experiments are underway to determine the effect of progesterone
ovarian carcinoma cells that are frequently found in patient ascittc fluld may be on metastatic potentials of ABC28 calls in Scid mice.
protected from chemotherapeutic agents. These cells may res traditional can-
cer therapies and subsequently implant and metastasize, which could help ex- #790 Lovastin duce Cytoekoloton-Dopendent Morpholoical
piain the poor survival rate for ovarian cancer victims. However, moat ovarian Changes and Aller the Main Sille of Tumor Invasion In Metastatic Mmn-
carcinoma research has relied upon the use of monolayer call cultures in vitro as mary Carcinoma Cells1 Heman G. Farina. Debora R. Bublik. Daniel E. Gomez.
a model for this disease, partly because multiceifutar aggregate* are not suitable and Daniel F. Alonso. Oui/mes Nlefonel U.*ervify, Benal, Bueno•s Akirs. Arge-
for many standard assay techniques. We have developed a three-dimensional tine.
model to examine the ability of single call suspensions of ovanan carcinoma cells Lovastatin is a competitive inhibitor of 3-hydroxy 3-methyglutaryl coenzyme A
to form multicellulair spheroid aggregate& When cultuird on agarose-coated reductase, the key reguiatory enzyme of de novo cholesterol biosynthesis. This
tissue-culture plates for 48 hours, the human ovarian carcinoma cell We NIH: enzyme catalyzes the formation of mavalonate, which is also the precursor of
OVCAR5 spontaneously formed regular, muticelar spheroicd. These spheroids isoprenoid mo•eties that are incorporated into several molecules essential for
were similar to muicellular aggregates found in ovaeran carcinoma patlents' tumor cell signaling. Previously, we have reported that prolonged administration
ascitic fluid in their morphology, viability, and ability to resist tIyein treatment and of low doses of lovastatin reduced metastatic dissemination to lungs in mice
mechanical stress. The formation of NIH:OVCAR5 spheroids was Inhibited by the bearing the highly aggressive F311 mamnawy carcinoma. In the present work. we
addition of a monoclonal antibody against the a5 integrin subunit Compared to evaluated the in vitro effects of non-cytotoxic concentrations of lovastatin (5-10
NIH:OVCAR5 cells cultured in monolayer, the spheroids formed by the NIH: uM) on cytoskeleton organization, tumor cell adhesion and migration, and tumor-
OVCAR5 cells exhibited a markedly lower proliferative rate for up to seven days. derived proteolytic activity, using the F311 call line. Incubation of F311 monolayers
Both the NIH:OVCAR5 spheroids and monolayesn remained viable. The spheroids in the presence of iovastatin for 24 h induced a round morphology in tumor cells.
adhered to the extracellular matrix components flbronectin. lanninin, and type N Immunofluoresconce analysis revealed lack of cortical actin organization and
collagen, and this adhesion was inhibited by a monoclonal antibody against the micrutubule disruption in lovastati-treated cells. Pretreatment with lovastatin
$1 integrin subunit These results suggest that the formation of ovarian carcdnoma significantly inhibited F311 cell adhesion to the substrate in the presence of serum
spheroids and their abilty to form secondary sites of attachment may be partly (p<0.001). Lovastatin also decreased tumor cell migration in the 'wound assay'
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The adhesive properties of ovarian carcinoma spheroids

Casey, R.C., Burleson, K.M., Ruff L.E., Skubitz, K.M., Pambuccian, S.E., Oegema, T.R., and
Skubitz, A.P.N.
Department of Laboratory Medicine and Pathology, University of Minnesota

Current treatment therapies for ovarian carcinoma induce cell death in swiftly dividing
tumor cells. Recent studies suggest that multicellular aggregates of ovarian carcinoma cells,
frequently found in patient ascites, may be protected from apoptosis. These cells may resist
traditional cancer therapies and subsequently metastasize, which could explain the poor survival
rate for ovarian cancer victims. Because of their unsuitability for many standard scientific
techniques, these multicellular aggregates have been largely ignored. We have developed a three-
dimensional model to examine the ability of single cell suspensions of ovarian carcinoma cells to
form multicellular spheroid aggregates. When cultured on agarose-coated tissue-culture plates
for 48 hours, the human ovarian carcinoma cell line NIH:OVCAR5 spontaneously formed
regular, multicellular spheroids that were similar to multicellular aggregates found in ovarian
carcinoma patient ascites in their morphology, viability, and ability to resist to trypsin treatment
and mechanical stress. The formation of NIH:OVCAR5 spheroids was inhibited by the addition
of a monocional antibody against the -c5 integrin subunit. The NIH:OVCAR5 spheroids
expressed adhesion molecules, including alpha integrin subunits, the 01 integrin subunit, and
CD44. These spheroids adhered to the extracellular matrix components fibronectin, laminin, and
type IV collagen in a time-dependent manner. Spheroid adhesion to all three extracellular matrix
proteins was inhibited by monoclonal antibodies against 031 integrin subunit. In addition,
monoclonal antibodies against the (x5 integrin subunit inhibited adhesion to fibronectin,
monoclonal antibodies against the a6 integrin subunit inhibited adhesion to laminin, and
monoclonal antibodies against the a2 integrin subunit inhibited adhesion to type IV collagen.
These results suggest that the formation of ovarian carcinoma spheroids and their ability to form
secondary sites of attachment are at least partly mediated by integrins. This model may enable a
more accurate assessment of cellular events that occur in vitro in ovarian cancer.
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Expression of cell adhesion receptors on ovarian carcinoma spheroids

Ruff, L., Casey, R., Burleson, K., and Skubitz, A.P.N.

Ovarian cancer is the fifth leading cause of cancer deaths among women in the
United States. This cancer is usually not detected until it has progressed to an advanced
stage and has already metastasized or produced secondary tumor growths, contributing
significantly to the poor survival rate of ovarian cancer victims. Ovarian carcinoma cells
spread from the surface of the ovary to the mesothelial cells that line the peritoneal
cavity. The tumor cells may be transferred to other organs by physical contact or may be
shed into the ascitic fluid that coats and lubricates the peritoneal organs. Ovarian
carcinoma cells are found as free-floating cells or multicellular aggregates (spheroids) in
the ascitic fluid. A possible contributing factor to reoccurrence of this disease and
subsequent mortality is the formation of spheroids. Ovarian carcinoma spheroids seem tobe resistant to chemotherapy and radiation compared to single cells. However, these
spheroids have been largely overlooked in treatments and studies done on ovarian cancer
because they are not suitable for many standard assay techniques. To spread, cancer cells
must first adhere to mesothelial cells or proteins found in mesothelial cells' extracellular
matrix (ECM). To determine if these spheroids are capable of implantation and
secondary tumor growth, immunohistochemical staining was performed to detect cell
adhesion receptors on the surface of the spheroids. Our results indicate that ovarian
carcinoma spheroids retain many of the cell receptors that mediate adhesion, which
suggests that they may play a role in manifestation and reoccurrence of the disease.
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(31-Integrins Regulate the Formation and Adhesion
of Ovarian Carcinoma Multicellular Spheroids

Rachael C. Casey,* Kathryn M. Burleson,* aggregates.2 However, because they are difficult to
Keith M. Skubitz,t Stefan E. Pambuccian,* study and manipulate compared to single-cell suspen-
Theodore R. Oegema, Jr.,t Laura E. Ruff,* and sions, ovarian carcinoma multicellular aggregates have
Amy P. N. Skubitz* been primarily ignored in most studies.

Many human tumor cells and cell lines can be culturedas multicellular aggregates, which are spherical, me-.tcdhinc.• and Ortho/,acdic .q1l02 CVt I iIreOilt 1! .Milcslta. chanically stable, and viable. 3 Early in vitro studies indi-

cated that ovarian carcinoma tumor cells and cell lines
were unable to form spheroids, but remained exclusively
as free-floating single cells or formed monolayers in tis-

Ovarian carcinoma multicellular spheroids are an in sue culture.4 More recently, spheroids have been suc-
vitro model of micrometastasis whose adhesive abil- cessfully generated from some ovarian cancer cells and
ities have not been elucidated. In this study, we iden- cell lines, and used as three-dimensional in vitro models
tified adhesion molecules that mediate the formation to study the efficacy of therapeutic strategies.5-7 Cells in
of ovarian carcinoma spheroids and their subsequent ovarian carcinoma spheroids exhibit changes in their
adhesion to extraceliular matrix proteins. The NIH: position in the cell cycle and are protected from radiation-
OVCAR5, but not the SKOV3, ovarian carcinoma cell induced 5 6 and taxol-induced 8 9 apoptosis, compared to
line formed spheroids similar to multicellular aggre- cells cultured as monolayers. However, the phenomena
gates isolated from patient ascitic fluid. NIH:OVCAR5 that mediate the formation of ovarian carcinoma multicell-
spheroid formation was augmented by a [3l-integrin- ular spheroids and their subsequent abilities to adhere,
stimulating monoclonal antibody or exogenous fi- migrate, invade, and proliferate at secondary growth
bronectin, but was inhibited by blocking monoclonal sites have not been investigated, and their contributions
antibodies against the oa5- or 31-integrin subunits. By to secondary tumor growth, if any, have not been as-
immunohistochemical staining, cf2-, a3-, a5-, c6-, sessed. It still remains unclear whether the floating mul-
and 1il-integrin subunits, CD44, and fibronectinwere ticellular aggregates found in patients' ascites fluid are
detected in NIH:OVCAR5 spheroids. NIH:OVCAR5 capable of adhering to the extracellular matrix (ECM) of
spheroids adhered to fibronectin, laminin, and type mesothelial cells or whether they are merely nonadhe-
IV collagen, and this adhesion was partially inhibited sive, and therefore noninvasive or benign, counterparts
by blocking antibodies against the a5-, a6-, and a2- to the malignant ovarian carcinoma cells that adhere to
integrin subunits, respectively. A blocking monoclo- the peritoneal lining.
nal antibody against the fil-integrin subunit com- Many cell-cell and cell-matrix interactions are regu-
pletely inhibited adhesion of the spheroids to all lated by integrins, a family of heterodimeric transmem-
three proteins. These results suggest that interactions brane receptors,' 0 ECM proteins, which include fibronec-
between the a5,1-integrin and fibronectin mediate tin, type IV collagen, and laminin, affect the in vitro
the formation of ovarian carcinoma spheroids and growth, morphology, survival, and differentiation of nor-
that their adhesion to extracellular matrix proteins at mal and malignant cells via their interactions with inte-
sites of secondary tumor growth may be mediated by
a complex interaction between multiple integrins and

Supported by a Cancer Biology Training grant from the National Institutestheir ligands. (AmJ Pathol 2001, 1.59:2071-2080) of Health/National Cancer Institute (CA09138-25 to R C. C ), a grant from

the Department of the Army (DA/DAMD17-99-1-9564), a grant from the
Minnesota Medical Foundation (SMF-2078-99). and a Grant-in-Aid of

Ovarian cancer is the leading cause of gynecological Research from the Office of the Vice President for Research and Dean of
malignancy and the fifth leading cause of cancer death the Graduate School of the University of Minnesota (no 18118).
among women in the United States.' In ovarian carci- The content of the information presented in this manuscript does not
noma, cancer cells detach from the surface of the tumor necessarily reflect the position of the United States Government.
into the peritoneal cavity. Subsequent peritoneal implants Accepted for publication August 17, 2001.
are characterized by the adhesion, migration, and inva- Address reprint requests to Dr. Amy P. N. Skubitz, Department of
sion of the tumor cells into the peritoneum and underlying Laboratory Medicine and Pathology, MMC 609, 420 Delaware St. SE,
organs. Free-floating tumor cells are found in the perito- University of Minnesota, Minneapolis, MN 55455. E-mail:
neal cavity both as both single cells and as multicellular skubi002@tc.umn.edu.
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grins." In ovarian carcinoma, integrins have been shown ilton (Fox Chase Cancer Center, Philadelphia, PA)"G and

to mediate the organization of ECM, 12 adhesion to ECM obtained from Dr. Judah Folkman, Harvard Medical

components,1 3-15 and cell motility."'-18 Integrins have School, Boston, MA. This cell line was maintained in RPMI

also been shown to mediate interactions between ovarian 1640 medium supplemented with 10% fetal bovine se-
carcinoma cells and the mesothelial cells that line the rum, 2 mmol/L L-glutamine, 0.2 U/ml insulin, and 50 U/ml
abdominal organs."5 CD44, another cell surface receptor penicillin G/streptomycin. Both cell lines were maintained

found on ovarian carcinoma cells, 15' 8 ,19 binds the ECM in 75-mm2 tissue culture flasks in a humidified incubator

glycosaminoglycan hyaluronan with high affinity 20 and with 5% CO 2 at 370C.
also has a weak affinity for fibronectin, type IV collagen,
and laminin. 2 1 Interactions between CD44 and hyaluro-
nan affect cell adhesion,1 5 migration,"8 ," and tumor Purification of Primary Ovarian Carcinoma Cells

growth2 2 in ovarian carcinoma cells. Primary ascites fluid samples from six patients diagnosed
The purpose of this study was to elucidate the biolog- with serous ovarian adenocarcinoma were obtained with

ical properties of ovarian carcinoma spheroids by devel- the approval of the University of Minnesota Institutional

oping an in vitro model from established ovarian carci- Review Board from the University of Minnesota Cancer
noma cell lines. We examined the roles of integrins, Center Tissue Procurement Facility. Tumor cells were

CD44, and ECM proteins in the formation of ovarian car- collected by centrifugation (1000 X g, 10 minutes). To
cinoma spheroids. The proliferative ability and viability of lyse erythrocytes, the cells were resuspended in 10
ovarian carcinoma cells cultured as spheroids were also mmol/L potassium bicarbonate, 155 mmol/L ammonium
determined and compared to that of the same cell lines chloride, 0.1 mmol/L ethylenediaminetetraacetic acid, pH
cultured as monolayers. We examined the expression of 7.4, for 5 minutes. The remaining cells were collected by

adhesion molecules in NIH:OVCAR5 spheroids. We as- centrifugation (1000 x g, 10 minutes), The tumor cells
sessed the ability of ovarian carcinoma spheroids to ad- were layered on Ficoll-Paque Plus (Pharmacia Biotech,
here to ECM molecules and identified integrin subunits Uppsala, Sweden) and centrifuged at 2000 x g for 15

that mediated these interactions. The results from this minutes. The tumor cells were removed from the top of
study identify adhesion molecules that participate in the the Ficoll layer and washed with RPMI 1640 medium.
formation of ovarian carcinoma spheroids and suggest
that their subsequent adhesion to secondary sites of
tumor growth may be integrin-dependent events. Our Spheroid Culture
findings suggest that ovarian carcinoma cells present as
free-floating multicellular aggregates may exhibit mark- The method used to generate spheroids was based on

edly different behavior than ovarian carcinoma single the liquid overlay technique. 27 To prohibit cell adhesion
cells or monolayers. It is possible that these differences to a substratum, the wells of 24-well tissue culture plates

may then translate into different metastatic abilities in vivo (Becton Dickinson, Franklin Lakes, NJ) were coated with

and/or responses to treatments. 200 [d of 0.5% SeaKem LE agarose (BioWittaker Molec-
ular Applications, Rockland, ME) in serum-free media,
and allowed to solidify for 30 minutes at 20'C. NIH:OV-

Materials and Methods CAR5 or SKOV3 cells were grown in monolayer cultures,
released with 0.5% trypsin, 2 mmol/L ethylenediaminetet-

Unless otherwise stated, all standard reagents and ma- raacetic acid as described previously,2" and resus-

terials were obtained from Sigma Chemical Company (St. pended in complete cell culture media at 5000 to 50,000

Louis, MO), all pictures were photographed with a Nikon cells/ml. Cell suspensions were layered onto the top of

Coolpix 950 camera (Melville, NY), and all experiments the solid agarose-coated plates at a volume of 1 ml/well,
were performed in triplicate and repeated a minimum of and then incubated for 48 hours at 37°C. By this tech-

three times. nique, cells remained afloat in the media, and did not
become incorporated or implanted in the solidified aga-
rose that coats the wells of the 24-well plates. After 48

Cell Culture hours, the resulting spheroids were gently removed from

The human ovarian carcinoma cell lines NIH:OVCAR5 the surface of the solidified agarose and centrifuged at

and SKOV3 were chosen for their ability to mimic the 300 x g for 3 minutes to remove single cells before use in

progression of ovarian carcinoma when injected into in subsequent experiments.

vivo mouse models. 23 These cells have also been shown
to adhere to peritoneal mesothelial cells in in vitro mod- Antibodies
els. 2

1 
2 5 The ovarian carcinoma cell line SKOV3 was ob-

tained from Dr. Robert Bast, Jr., M.D. Anderson Cancer Purified monoclonal antibodies (mAbs) that block the
Center, University of Texas, Houston, TX. These cells adhesive activity of human integrin subunits al (clone
were maintained in McCoy's 5A medium supplemented FB12), a2 (clone P1E6), a3 (clone P1B5), a4 (clone
with 15% fetal bovine serum, 2 mmol/L L-glutamine, and P1H4), aS (clone P1D6), a6 (clone GoH3), and avf33
50 U/ml penicillin G/streptomycin (Life Technologies, (clone LM609) were purchased from Chemicon Interna-
Grand Island, NY). The ovarian carcinoma cell line NIH: tional (Temecula, CA). A purified mAb against the human

OVCAR5 was originally established by Dr. Thomas Ham- 031-integrin subunit that stimulates cell adhesion to ECM
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proteins (clone 21C8) was also purchased from Chemi- expired human plasma (American Red Cross, Minneap-
con International. Purified immunoglobulin (IgG) of olis, MN). To suspend the spheroids in a semisolid clot
mouse mAb P5D2, which blocks the adhesive activity of suitable for embedding, 40 A[ of 10 U/ml of human throm-
human /31-integrin subunits, was provided by Dr. Leo bin was added to the suspension. Alternately, NIH:OV-
Furcht (University of Minnesota). Affinity-purified IgG of CAR5 spheroids were suspended in 1% agarose. After
mAb IM7, which blocks the hyaluronan-binding site of polymerization, the clots were embedded in OCT frozen
CD44, was purchased from Pharmingen (San Diego, embedding material (Fisher Scientific, Pittsburgh, PA) on
CA). Polyclonal rabbit IgG against human fibronectin was dry-ice. Six Atm-thick sections were cut on a cryostat and
purchased from Calbiochem-Novabiochem Corporation collected on poly-L-lysine-coated slides. The sections
(San Diego, CA). Normal mouse IgG and normal goat were washed with phosphate-buffered saline (PBS), pH
serum were purchased from Sigma. 7.6, and blocked with normal goat serum for 30 minutes.

The samples were then incubated with 1 Ag/ml of the
ECM Molecules primary mouse IgG for 1 hour, followed by incubation with

the secondary goat anti-mouse biotinylated antibody for
Type IV collagen, isolated from mouse Engelbreth-Holm- 30 minutes. Endogenous peroxidase was quenched by
Swarm tumor, was purchased from Life Technologies. incubating the sections in 0.3% H20 2 in PBS for 30 min-
Mouse Engelbreth-Holm-Swarm laminin, prepared as utes. The sections were incubated for 30 minutes with
previously described, 29 was provided by Dr. Leo Furcht, Vectastain ABC reagent (Vector Laboratories, Burlin-
University of Minnesota. Human plasma fibronectin, pu- game, CA) and developed with the peroxidase substrate
rified as described, 30 was provided by Dr. James Mc- solution to obtain optimal color. The enzymatic reaction
Carthy, University of Minnesota. was quenched with excess PBS, and the sections were

fixed in 2% formaldehyde, followed by mounting with

Proliferation Assays Cytoseal (Fisher Scientific), and examination under a light
microscope. In some cases, the samples were counter-

Single-cell suspensions of NIH:OVCAR5 or SKOV3 cells stained with methyl green stain (Vector Laboratories) ac-
were added to 24-well tissue culture plates to form mono- cording to the manufacturer's instructions.
layers, or to agarose-coated 24-well plates to form sphe-
roids, at a density of 500 cells/200 /pI. The cells were Adhesion Assays
cultured in complete cell culture media for up to 21 days.
At various time points, 2 mg/ml WST-1 (Boehringer-Mann- Glass chamber slides (Nalge Nunc International, Naper-
helm Corporation, Indianapolis, IN) was added to each ville, IL) were coated with 50 Ag/ml of fibronectin, laminin,
well and incubated for 2 hours. WST-1 is a tetrazolium salt type IV collagen, or ovalbumin in PBS for 16 hours at
that is reduced by mitochondrial dehydrogenases to form 37 0C. The slides were blocked with 2 mg/ml ovalbumin in
a formazan dye. The formazan product was quantitated PBS for 1 hour at 37°C. Approximately 50 to 80 NIH:
by a SpectaMax 250 scanning multiwell spectrophotom- OVCAR5 spheroids in 200 Al of serum-free medium were
eter (Molecular Devices Corporation, Sunnyvale, CA) by added to the slides and incubated for up to 4 hours at
measuring absorbance at 450 nm. These experiments 37 0C. The total number of spheroids in each sample was
were performed in quadruplicate. manually counted, and then nonadherent cells were

gently rinsed off with PBS. Adherent cells were fixed with
2% formaldehyde in PBS, stained with Diff-Quik (Dade

Role of Adhesion Molecules in Multicellular Behring Inc., Newark, DE), sealed with Cytoseal, and
Aggregation manually counted under a light microscope.

To examine the role of cell surface receptors in ovarian
carcinoma spheroid formation, single-cell suspensions of Inhibition of Spheroid Adhesion
NIH:OVCAR5 or SKOV3 cells in serum-free media were NIH:OVCAR5 spheroids were allowed to adhere to glass
added to agarose-coated 24-well plates at a density of chamber slides as described above, except that the
5000 cells/200 Al in the presence of 10 Ag/ml of normal spheroids were incubated in the presence of 10 /g/ml of
mouse IgG or mAbs against integrin subunits or CD44. normal mouse IgG or mAbs against the a2-, a5-, a6-, or
To examine the effect ECM proteins on spheroid forma- 01-integrin subunits, or CD44. After a 2-hour incubation,
tion, the cells were incubated in the presence of 25 gg/ml the total number of spheroids that were present in each
of fibronectin, laminin, type IV collagen, or ovalbumin. chamber was manually counted before the nonadherent
The cells were incubated at 37°C for up to 24 hours in a cells were removed as described above. The adherent
humidified incubator, examined under a light micro- spheroids were fixed, stained, manually counted, and
scope, and photographed, expressed as a percentage of the total spheroids initially

added to each chamber.
Expression of Cell Surface Receptors and ECM
Molecules in Spheroids Statistical Analysis

NIH:OVCAR5 spheroids were collected by centrifugation Student's t-test was performed as a test of significance
at 300 x g for 3 minutes and resuspended in 80 Al of with the use of Microsoft Excel 1997 (Microsoft Co., Red-
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Figure 1. Ovarian carc inona sphe roid fIirnation. Ovairian carcn mola cells
obtained frorm patients" ascitic fluid, the NJ I:O(VCAR5 ovarian carcinoim cell 0
line, or the SKOV3 ovaiann carcintomia ell line wxere cultured in ,i.,5'', aarose-
coated 2wNell plates at a density of 20i(K)0 cells well for 48 hours then 0 1 4 7 10 14 21
phottgraphed. These pictures were representatives of ovarian carcinomia Time (Days)
cells obtained from one of the six different patients diagnosed with serous

v arian catcinonia (a), tihe Nil-OV(AR5 cell line (b), and the SKO V3 cell 2.5
line ( ci . Scale bar, 25,0 gi,

2
mond, WA). P values of <0.01 were considered to indi- 1.
cate statistically significant differences.

Results 0.5

Formation of Ovarian Carcinoma Spheroids 0 4 7 10 14 21

Multicellular aggregates of ovarian carcinoma cells were Time (Days)

observed in the ascitic fluid obtained from six different Figure 2. I'roliterahitt index oitt it rian camtint.tm cllls itvn as itonola•.crs

patients diagnosed with stage III or stage IV ovarian or spheroids. NIH:OVCAR= (at and SKt)\ 3 cells (b) werc acidded to .igirii'ie
coated wells at a concentration of 5t00 cells wevll atl cittdci a- sphcroids

carcinoma. The sizes of the multicellular aggregates in topen cir•cesi) or as nionollyiers (filled squares) lit tip ili 21 chl\iS. The
the patient samples ranged from 50 to 750 fm in diam- level of prolie•ratiin nas quantitaic-d as described in lhe \.itrijal jitd Methi

eter; a representative sample is shown in Figure 1 a. All of cds, D)ata are expressed are tiean tt SI),

the patients' samples contained spheroids of varying
sizes, and the range of sizes of the spheroids varied from ovarian carcinoma patients' ascites samples (Figure 1 a)
patient to patient. Typically, however, the spheroids and were similarly resistant to physical manipulation and
ranged in size from a score of - to + + (see Table 1 ), with trypsin treatment. In addition, like the multicellular aggre-
the majority of the spheroids scoring as ++. It was not gates obtained from the patients' ascites samples, NIH:
possible to disaggregate these spheroids into a single- OVCAR cells formed spheroids of varying sizes that
cell suspension, even when the spheroids were physi- ranged from 60 to 400 lim in diameter, with a score of + +
cally manipulated (via repetitive pipetting) and treated in size.
with trypsin (not shown). In contrast, the SKOV3 ovarian carcinoma cell line

Ovarian carcinoma cell lines were cultured in agarose- formed irregular multicellular aggregates (Figure 1c) that
coated plates to determine whether spheroid phenotypes dispersed when subjected to mild agitation. These
could be generated in the absence of an adhesive sub- SKOV3 cell aggregates were significantly larger than
stratum. After 48 hours, the NIH:OVCAR5 ovarian carci- those found in patients' ascites samples; SKOV3 sphe-
noma cell line formed spheroids (Figure 1b) that ap- roids contained hundreds of cells and scored as + + + by
peared similar to the multicellular aggregates found in our criteria (Table 1). In all cases, the cells were viable, as

determined by trypan blue staining (data not shown).
Table 1. Quc:titation of' Spheroid F ormnation

Number of cells Description Aggregation into Multicellular Spheroids
in spheroid Score of spheroid Decreases the Proliferative Abilities of Ovarian

1 - None Carcinoma Cell Lines
2 to 5 + Small
6 to 20 + + Medium To more fully examine the effects of multicellular aggre-
>20 ... Large gation on the viability and proliferative ability of the cells,

In order to maintain the ovarian carcinoma cells in suspension and NIH:OVCAR5 and SKOV3 cells were cultured as mono-
prohibit cell adhesion to the bottom of tissue culture plates, the wells of layers or multicellular aggregates for up to 21 days (Fig-
24-well tissue culture plates were coated with agarose and allowed to
solidify as described in the Materials and Methods section. Cell ure 2). When cultured in tissue culture-treated plates as
suspensions were layered onto the top of the solid agarose, and then monolayers, the proliferation rates of the NIH:OVCAR5
incubated for 48 hours at 37C0 By this technique, cells remained afloat cells (Figure 2a, filled squares) and SKOV3 cells (Figure
in the media, and did not become incorporated or implanted in the
solidified agarose that coated the wells. After 48 hours, the resulting 2b, filled squares) increased until 4 days, when conflu-
spheroids were gently removed from the surface of the solidified ence was achieved. In striking contrast, the proliferative
agarose and centrifuged to remove single cells before use in
subsequent experiments. The sizes of the spheroids formed in the rates of both NIH:OVCAR5 cells (Figure 2a, open circles)
experiments were quantified based on the above scoring system and SKOV3 cells (Figure 2b, open circles) cultured in
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Figure 3. Formati o ofn o%.aian carcinirnai spheroids is mediated bwy 1-
rirn. Single-cell suspensions of NIi:OVCAR5 cells at a densiiy of 5(0O

cells 2(K. f1 were added to agarose-coated ", ells for H hhors (a-c) or 2-U
Ihours td-f).The cells were incubated in serunm-free inediuti (a and d) or in
tiC presence ol 10 A.grl of a mAb thatstimulates 131-integrin subunits (b
arn~ I C).{rI ,u.t Xl+ a i m~ hit hhks +8 l integrin suhunilt (c and Ifr.Scaie "
liar, 2ýO pri t q

FPigu ,re l4.lo ii n f , ar-an Iart nhliaa tuit/ertotd it nii diale, 1 (ilti
aOS-iniegrin suhl1t1it. NiI 1;0 (:AfR( cets a a deisity if OOi X (tells 2(1) 111 were

agarose-treated 24-well plates, which prohibited the ad- akkdd io agiriiseo-iatedi \e.ls in ,erun-tree nedilin itl presence of' 10

t Ig nil of Iouse IgG, (a) or 10 jig uil of blocking rnAb', againsl tIhe "I
hesion of the cells to a substratum, were initially much ineggrin tbUnit Ib), n2.tegnn Ubuni (c), x3-inleglin sUbUnit td).

lower. The proliferative rates of the NIH:OVCAR5 sphe- 0 i-integrin SUliUnit (C), itS-inlegrinn suhunii If)( at'ntegrin subunit (gl,

roids and the SKOV3 multicellular aggregates slowly in- inegrin (\,93, (h), or CII) i 1 i) .,r 16 oturs. S".ale hii. 5.01 jhi

creased until they approached that of the monolayers by
21 days. The multicellular aggregates and monolayers formation (Figure 3f), scored as ++/+++. These mAbs
that formed were viable, as determined by trypan blue had similar effects on the aggregation of SKOV3 cells into
and propidium iodide staining, which identify dead cells, multicellular aggregates (not shown). These data sug-
and immunohistochemical staining for annexin V, which gest that ,81-integrin subunits may mediate the initial
identifies apoptotic cells (data not shown). Furthermore, formation of ovarian carcinoma spheroids.
samples were inspected under a light microscope to We have previously shown that a-integrin subunits and
ensure nearly complete incorporation of cells into sphe- CD44 also mediate the adhesion of ovarian carcinoma
roids and that monolayers had not formed either beneath cells to ECM molecules and mesothelial cells.'i5 To de-
or atop the agarose applied to the wells (not shown). termine the role of these cell surface receptors in ovarian

carcinoma spheroid formation, single-cell suspensions of

Spheroid Formation Is Mediated by a5- and
[31-Integrin Subunits

We have previously shown that ,81-integrin subunits me-
diate the adhesion of single-cell suspensions of ovarian
carcinoma cells to ECM molecules and mesothelial
cells."5 We therefore hypothesized that ,81-integrins also
play a role in ovarian carcinoma spheroid formation. Sin-
gle-cell suspensions of NIH:OVCAR5 cells were incu-
bated in serum-free medium in the presence or absence
of mAbs that blocked or stimulated the 31-integrin sub- lp.,
unit for up to 24 hours (Figure 3). At 8 hours, spheroids
began to form in serum-free medium (Figure 3a), scored
as 4 1 . Spheroid formation was accelerated by a mAb
that stimulates the adhesive abilities of human ,1 -integrin
subunits (Figure 3b), scored as +++. Spheroid forma-
tion was inhibited by a mAb that blocks the binding site of
the ,31-integrin subunit (Figure 3c), scored as +/-. At 24
hours, large spheroids, scored as + + +, had formed in Figure 5. Addition of exogenous EtcM proteins alters the florit•ion of ov~ll-
serum-free medium (Figure 3d) and in the presence of iln Ca.rcinollt.t splifroids. A single-cell sustpension of NIII:O\CARS cells at a
the 31-integrin-stimulating mAb (Figure 3e). The [31-inte- dienitd, i of i0 wiX)ceilt 2(10 #g , as ;ax huired inm agar...... ,- id platestins

free gedtul cith 25 cpyg ( id fo 1 it ihbum in Ia). t hern h t ectin Scalbairi 2';t tirgrin-blocking mAb continued to partially retard spheroid type IV o~fiiagen Id) for 16. tour, .and then ph..togr..il/e~i. ' ie hart 2510 Mill.
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NIH:OVCAR5 cells were incubated in serum-free medium observed in the presence of laminin (Figure 5c), scored as
in the presence of normal mouse IgG or blocking mAbs + ++, but not in the presence of type IV collagen (Figure
against •x-integrin subunits, integrin oavf33, or CD44 (Fig- 5d), scored as l+/+±. These results suggest that ECM
ure 4). Spheroid formation was inhibited by a mAb proteins affect ovarian carcinoma spheroid formation.
against the a5-integrin subunit (Figure 4f) and scored as
+/-. In contrast, large spheroids, scored as +++,
formed in the presence of normal mouse IgG (Figure 4a) Immunolocalization of Adhesion Molecules in
or mAbs against the ol-integrin subunit (Figure 4b), ty2- Spheroids
integrin subunit (Figure 4c), a3-integrin subunit (Figure
4d), ax4-integrin subunit (Figure 4e), oa6-integrin subunit The expression of integrin subunits and CD44 on NIH:
(Figure 4g), integrin oav133 (Figure 4h), or CD44 (Figure OVCAR5 spheroids was analyzed by immunohistochem-
4i). These mAbs had similar effects on the aggregation of istry (Figure 6). The ovarian carcinoma spheroids, which
SKOV3 cells into multicellular aggregates (not shown), were embedded in thrombin clots, stained positively for
This suggests that the a5/31-integrin may mediate ovarian integrin subunits oa2 (Figure 6c), a3 (Figure 6d), •x5 (Fig-
carcinoma spheroid formation. ure 6f), oa6 (Figure 6g), and/j31 (Figure 6h). In addition, the

To examine the effect of ECM proteins, the ligands of ovarian carcinoma spheroids stained positively for CD44
integrins, on spheroid formation, single-cell suspensions (Figure 6i). In contrast, the integrin subunits a~l (Figure 6b)
of NIH:OVCAR5 cells were cultured at a density of 5000 and a•4 (Figure 6e) were not detected in the spheroids.
cells/well in agarose-coated wells in serum-free media in The potential interaction of the a•5,31-integrin and its
the presence of 25 i•g/ml fibronectin, laminin, or type IV ligand, fibronectin, in fully formed NIH:OVCAR5 ovarian
collagen (Figure 5). The addition of exogenous fibronec- carcinoma spheroids was also assessed by immunohis-
tin enhanced spheroid formation (Figure 5b), scored as tochemical staining (Figure 7). Because the human
+ + +, compared to the ovalbumin control (Figure 5a). plasma used to make thrombin clots contains fibronectin,
scored as +i/+ -+. Enhanced spheroid formation was also the spheroids in this set of experiments were embedded
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Figure 7. ILocaliaiiiin of the ac5- and31llcgrin siliiit- and fibronvoin inll ,
spheroids. NlI OVWAR" spheroid ,hsere stuspended in agariSC ClOrs,, cn1hCd-
(led it) O I, sectiomnd at 6 joint thiCk, and stained Wi th normal fl u,,,c lgG (a).
a niAh against the a integrin ,.jubunir (b). a mAb against the c31-integrin
su1 nilfhl (c),. oi a plychinal antilfui ly against fibironectin (d). The slides were ,rilag in
then counterstained with metilIeinc green. lhe ai- and ,1 -intcgrin .ubunits,. -Yain n
as well as filriecin lin, localized to h ctli sC e al te aVnd were cinc.ntraeCd at ` ? ,p o in t s' o f -ellu lar c o ntact. Sca le ha r .lt 9O g in. " " • ' " •

in agarose clots. Also, the samples were counterstained
with methyl green stain after immunostaining. The ao5-
and f31-integrin subunits were detected on the surface of •,
individual NIH:OVCAR5 cells in the spheroids (Figure 7, b
and c, respectively). Fibronectin was also detected on
the surface of the cells and in the ECM surrounding them -
(Figure 7d). This suggests that interactions between the
a5f31-integrin and fibronectin may continue to mediate
early adhesion events in ovarian carcinoma spheroids. '- 100
No staining was observed on the surface of cells incu-
bated in the presence of normal mouse IgG (Figure 7a). - 80

- 60
Ovarian Carcinoma Spheroid Adhesion to ECM 4
Proteins Is Mediated by Integrins P 20

,- 20
The ability of NIH:OVCAR5 spheroids to adhere to ECM
components was assessed as a model to determine " 0
whether spheroids are inherently unable to adhere, which
would explain the free-floating multicellular aggregates 0 1 2 3 4
found in ovarian carcinoma patients' ascites fluid. Only Time (hr)
NIH:OVCAR5 cells were used in the following series of
experiments, because of their phenotypic resemblance Figure 8. Adhesioi i1 NiH:()VCAR5 splieroids ti FCiM pri•tlei. Nil[:O\-

CAR spheriids, Vwci c incii•ikll d on glas.s. i.haiiilicr ,li,ýi, Ioaied 1 .1 1 is iih I i
to patient ascites cells, in that the NIH:OVCAR5 sphe- Mg, ml ,1" ONxallilln (diamondtis. ifiroiiictin tsquaresr, laiuiinin I trian-

roids remained intact after manipulations, unlike the gles,. or type i icoliagen (circles) for up tori hours. Noiladhereinl Lcell, uere

SKOV3 multicellular aggregates, which dispersed with washeid aw.ayV. and the remailnilng adlicrcii cells Were ficd., S.Lined. , Mid

even m inim al m anipulation. To determ ine the ability of iliiligrartlld Scale bar. 2 ii Aill. t M c CXiirCs.cd J' iiicMi 'Si)

ovarian carcinoma spheroids to adhere to ECM proteins,
NIH:OVCAR5 spheroids were allowed to adhere to glass gen was investigated (Table 2). Spheroids were allowed
chamber slides coated with 50 .g/ml of fibronectin, lami- to adhere to the ECM proteins or ovalbumin for 2 hours in
nin, or type IV collagen for up to 4 hours (Figure 8). the presence of blocking mAbs against integrin subunits.
Spheroid adhesion to all three ECM proteins occurred in Spheroid adhesion to all three ECM proteins was almost
a time-dependent manner, with maximum adhesion at- completely inhibited in the presence of a blocking mAb
tained by 4 hours. Approximately 90% of the spheroids against the ,31-integrin subunit (P < 0.001). In addition, a
adhered to fibronectin (Figure 8, squares) and laminin mAb against the a5-integrin subunit inhibited spheroid
(Figure 8, triangles) at 4 hours, and -80% of the sphe- adhesion to fibronectin by 60% (P < 0.005), a mAb
roids adhered to type IV collagen (Figure 8, circles) at 3 against the a6-integrin subunit decreased spheroid ad-
hours. The spheroids failed to adhere to chamber slides hesion to laminin by 40% (P < 0.01), and a mAb against
coated with ovalbumin (Figure 8, diamonds). These data the a2-integrin subunit decreased spheroid adhesion to
suggest that ovarian carcinoma spheroids have the abil- type IV collagen by 55% (P < 0.01). Spheroid adhesion
ity to adhere to ECM glycoproteins, despite the fact that to all three ECM proteins was slightly increased in the
many ovarian carcinoma multicellular aggregates are presence of a f31-integrin-stimulating mAb, but was not
found floating in the ascitic fluid of patients and seem- significantly affected by blocking mAbs against the a3- or
ingly fail to adhere in vivo. a4-integrin subunits, integrin avf33, or CD44 (data not

The role of integrin subunits in NIH:OVCAR5 spheroid shown). These results suggest that spheroid adhesion to
adhesion toward fibronectin, laminin, and type IV colla- secondary growth sites is a complex, multivalent phe-
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Table 2. Spheroid Adhesion to RCM Prote ins Is Metdciaited by OVCAR5 and SKOV3 ovarian carcinoma cell lines when
Inrcgrins compared to the same cells cultured as monolayers. Both

mAb Fibronectin Lamninin Type IV collagen cell lines underwent a marked decrease in proliferation
in the absence of adhesion to a substratum. However,

IgG 69 + 12 56 - 8 55 ± 4 the proliferative rates of the spheroids eventually ap-
a2 71 + 9 71 ± 9 24 ± 10t proached those of the confluent monolayers. The cells in
a5 25+ 13 50±3 31 _± 8
a6 64 + 18 35 t 9t 38 + 7 the spheroids and monolayers remained viable, as de-
(31 2 t 9* 3 ± 5* 0 + 0* termined by staining for markers of cell death and apo-

S.. ................... ... . ........... ........ ...... .. ptosis. Previous reports show that increased percent-
Glass chamber slides were coated with 50 ttg/ml of fibronectin,

laminin, type IV collagen, or ovalbumin. NIH:OVCAR5 spheroids were ages of ovarian carcinoma monolayer cells accumulate in
incubated on the coated slides in serum-free medium for 2 hours in the G2/M phase compared to spheroid cells when exposed
presence of 10 ;xg/ml of mouse IgG or 10 /ig/ml of blocking mAbs to Taxol. 9 The spheroid cells may be arrested at an earlier
against the a2 -, a5 -, v6-, or 031-integrin subunits. Values are expressed
as a percentage of the total number of spheroids that adhered to each step of the cell cycle, which may inhibit both cell prolif-
substrate. Fewer than 5% of cells adhered to ovalbumin under any eration and apoptosis, The slower proliferative rate of
conditions Data are expressed as mean 0. ovarian carcinoma spheroids may protect them from ther-"P 0.001.

IP < o.0o5. apies directed against fast-growing tumor cells.
IP < 0.01, compared to the normal mouse IgG control Although several groups have generated spheroids

from ovarian carcinoma cells, 5 9 the biological mecha-

nomenon that is mediated by multiple cell-matrix interac- nisms by which the spheroids formed have not been

tions between integrins and ECM components. defined. The NIH:OVCAR5 and SKOV3 ovarian carci-
noma cell lines express a variety of adhesion molecules
on their surfaces, including integrins, ICAM-1, and

Discussion CD44.1 5 , l8 In this study, we report that a functional block-
ing mAb against the i31-integrin subunit inhibited the

In ovarian carcinoma, both single cells and multicellular formation of spheroids by NIH:OVCAR5 cells at an 8-hour
aggregates are found in patients' ascitic fluid.2 Extensive time point, whereas a mAb that stimulates /31-integrin-
research has been performed using single-cell suspen- mediated cell adhesion hastened the phenomenon.
sions of cell lines derived from primary ovarian carcinoma These data suggest that 31-integrin subunits mediate the
tumors and ascites cells. However, because multicellular initial formation of ovarian carcinoma spheroids. The in-
aggregates of ovarian carcinoma cells are not suited for complete inhibition of the 31-integrin subunits at the 24-
assays that require single-cell suspensions, they have hour time point suggests that if the ,31-integrin subunits
been primarily overlooked by the scientific community. In are inactivated, the ovarian carcinoma cells may possess
this study, we generated ovarian carcinoma cell sphe- a compensatory mechanism to facilitate spheroid con-
roids, which are intermediate in complexity between densation. However, it is also possible that the mAbs
monolayers and solid tumors, and more closely approx- against the 31-integrin subunits may simply be internal-
imate the in vivo conditions of ovarian carcinoma patients ized by 24 hours, eventually allowing the ovarian carci-
than single-cell suspensions or monolayers. We used this noma cells to condense into spheroids. We also report
model to identify adhesion molecules that mediate the that a functional blocking mAb against the (55-integrin sub-
formation of ovarian carcinoma spheroids and their sub- unit inhibited the formation of spheroids by NIH:OVCAR5
sequent adhesion to ECM proteins, cells. Monoclonal antibodies that blocked the functional

Early attempts to create spheroids from ovarian cancer sites of the al-, a2-, a3-, a4-, and a6-integrin subunits,
cells were unsuccessful.4 Ovarian carcinoma spheroids integrin avP33, or CD44 had no effect on spheroid formation.
were eventually created; however, some primary tumor This suggests that ovarian carcinoma spheroid formation
cells and cell lines required weeks to form stable sphe- may be regulated by the integrin a501.
roids, whereas others did not form multicellular aggre- The chief ligand of the a5f31-integrin is fibronectin, H

gates at all. 2 4 9 In this study, we used the liquid overlay Fibronectin has been reported to promote the adhesion
method 27 to show that the NIH:OVCAR5 ovarian carci- of ovarian carcinoma cells 32" 3 and may crosslink these
noma cell line formed stable spheroids within 48 hours. cells via their a5f31-integrin receptors. In our hands, the
These spheroids appeared similar to those present in vivo addition of exogenous fibronectin promoted ovarian car-
in patients' ascites samples. In contrast, the SKOV3 ovar- cinoma spheroid formation, which supports our theory
ian carcinoma cell line failed to form stable spheroids that ovarian carcinoma spheroid formation may be medi-
unless incubated for more than 14 days (not shown), ated by the a5/31-integrin. Interestingly, the addition of
Another group was able to generate SKOV3 spheroids in exogenous laminin also enhanced spheroid formation,
10 days using an alternate method.8 This disparity may whereas type IV collagen inhibited spheroid formation. It
reflect the heterogeneity of ovarian carcinoma cells, even is possible that these adhesion molecules may indirectly
within well-defined cell lines. It is also important to note alter spheroid formation, perhaps by signal transduction
that cell lines, which are selected for their ability to pro- mechanisms.
liferate and adhere, may form spheroids at a much faster By immunohistochemistry, we detected s5-integrin
rate than ovarian carcinoma cells in vivo. subunits, 31-integrin subunits, and fibronectin in regions

Condensation into spheroids or multicellular aggre- of cell-cell contact on the surface of NIH:OVCAR5 sphe-
gates decreased the proliferative abilities of the NIH: roids generated after 48 hours in tissue culture. These
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results are consistent with our finding that the a5,31- interactions within the spheroids, physical constraints
integrin mediates NIH:OVCAR5 spheroid formation. Al- that limit the cells' ability to spread onto the anchoring
though we observed fibronectin on the surface of ovarian surfaces, and the effects of mechanical forces on a struc-
carcinoma spheroids, we did not determine whether the ture with a greater surface area/volume ratio. Any of these
fibronectin was secreted by the ovarian carcinoma cells factors may contribute to the presence of free-floating
themselves or whether it was incorporated into their peri- multicellular aggregates found in ovarian carcinoma pa-
cellular matrix from the complete medium in which they tient ascites.2

were initially cultured. Fibronectin has been detected in In this study, we report that the adhesion of ovarian
peritoneal fluids obtained from both normal and ovarian carcinoma spheroids to ECM components is a 031-inte-
cancer patients, and elevated expression of fibronectin grin-mediated event. The nearly complete inhibition of
has been measured by others in malignant ascites adhesion by a blocking mAb against the 31-integrin sub-
fluid. 34 Therefore, we decided to perform the spheroid unit, coupled with partial inhibition in the presence of
formation portion of this assay in the presence of sera, blocking mAbs against a-integrin subunits, suggest that
because this would more closely approximate in vivo multiple integrin-ECM interactions are involved in the pro-
conditions. Interestingly, NIH:OVCAR5 cells grown in fi- cess. Our results suggest that the interactions of the
bronectin-free serum substitute media for 48 hours did a5131-integrin with fibronectin, the a6f31-integrin with
form spheroids when cultured in agarose-coated wells laminin, and the a2/31-integrin with type IV collagen me-
(data not shown). Altered ECM composition has been diate ovarian carcinoma spheroid adhesion. Recently,
reported in glioma cell spheroids, which were found to Kawano and colleagues,4 1 reported that the a2f31-,
contain fibronectin and a small proteoglycan not de- a6/31-, a3,13-integrins mediated the adhesion of squa-
tected when the cells were cultured in monolayers.3  mous epithelial multicellular aggregates to type I colla-
Such alterations may facilitate spheroid formation, sug- gen, laminin 1, and laminin 5, respectively. Taken to-
gesting that the cells themselves can manufacture the gether, these data suggest that spheroid adhesion is an
additional ECM needed or incorporate it from exogenous integrin-dependent event, although the precise integrin-
sources. These results suggest that cell surface a56,1- ligand interactions involved may be tissue-specific. How-
integrins may mediate ovarian carcinoma cell aggrega- ever, additional cell-matrix and cell-cell interactions,
tion via interactions with fibronectin that the cells have which have been reported in spheroids generated from
synthesized and retained on their surfaces or seques- other cell types,3" -4 may mediate the initial formation
tered from their environment, and continued maintenance of spheroid morphology as

The a5,31-fibronectin interaction may later be aug- they progress with time.
mented or replaced by other cell-cell interactions, includ- The examination of multicellular aggregates in ovarian
ing the gap junctions, tight junctions, and desmosomes carcinoma may be of clinical importance. This study
detected in mature spheroids.36 38 Squamous epithelial demonstrates that ovarian carcinoma cells cultured as
cells grown as spheroids express significantly less epi- spheroids exhibit decreased proliferative and adhesive
dermal growth factor receptors than squamous cell properties compared to ovarian carcinoma cells cultured
monolayers.3 9 Altered levels of expression of ICAM-1, as monolayers. Ovarian carcinoma spheroids are less
CD44, and LFA-1 have been reported in cancer cells sensitive than monolayers to cancer drugs and ionizing
grown as spheroids compared to monolayers.4" By flow radiation,4,5,9.42 which may be partly because of the low
cytometric analysis, we previously detected al-, a2-, a3-, proliferative rates we report in this study. Also, the kinet-
a5-, a6-, and ,81-integrin subunits on the surface of sin- ics of drug absorption are altered in ovarian carcinoma
gle-cell suspensions of the NIH:OVCAR5 cell line. 18 In spheroids, compared to ovarian carcinoma monolay-
this study, we report that the a2-, a3-, a5-, a6-, and ers.4 3 Taken together, these data suggest that spheroids
031-integrin subunits, but not al-integrin subunits, were may represent a tenacious, long-term source of second-
detected on NIH:OVCAR5 spheroids by immunohisto- ary tumor growth in ovarian carcinoma that is not ad-
chemistry. Taken together, these data suggest that con- dressed by current therapeutic strategies, which target
densation into multicellular aggregates resulted in de- highly proliferative cancer cells. The biological properties
creased expression of the al-integrin subunit, which in turn of ovarian carcinoma spheroids require further study to
may result in a similarly decreased ability to adhere to a better understand their significance in secondary tumor
substratum. The condensation of ovarian carcinoma cells growth and to effectively eradicate them during the treat-
into spheroids or multicellular aggregates may induce other ment of the disease. The model of ovarian carcinoma
alterations in adhesion molecule expression or ECM com- spheroid formation and adhesion presented in this study
position, with concurrent effects on their adhesive abilities, will also lay the groundwork for future studies in which

An earlier study of single-cell suspensions of NIH: ovarian carcinoma spheroids isolated from patient as-
OVCAR5 cells reported >90% adhesion of these cells to cites fluid can now be monitored for their cell surface
fibronectin, laminin, and type IV collagen within 30 min- receptors and adhesive properties,
utes"5 However, in this study we found that NIH:OVCAR5
spheroids required 4 hours to achieve maximum adhe-
sion. Factors that may contribute to the longer time period Acknowledgments
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m eedNNel 00l molayers. Racha C. Casey, Theodore R Ogen, Jr., Keith within the vascular lumen in the first place because it stimulates a vascuar
M-SkubitLz Stefan E. parnbuclan, and Amy p. Skubttz. UnLMWify of "nagl,

M. utn Steof n E. 
channel to form around it rather than intravasating into pre-existing lymphatics or
capillaries. The enveloping vascular channel does not form from angiogenests but

We have Preou•ly shown that ovarian ca ma call adhsion toward me- rather from vasculogenesis as evidenced by experiments where tumor cell emboli
sotheliAl cel monolayers and migration toward the extracellular matrix (ECM) (BC Spheroid$) are mixed with murine erryonal fibroblasts labeled with grewe
Proteins fibronectin, type NV collagen, andilaminin 18 Partially mediated by 0044. fluorescent Protein (GFP) and infected into soid mice. GFP-labeled flbroblasts
0D44 and other highly glycosylated proteoglycans have been shown to affect the initially devoid of endothelial cell markers are observed within the tumor stromas:
functional abilities of ovarian carcinoma cells. The purpose of this study was to tumor emboli are also observed within lymphovascular spaces where the lining
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Abstract

We have previously shown that ovarian carcinoma cell adhesion to mesothelial cell monolayers and migration toward
libronectin, type IV collagen, and laminin is partially mediated by CD44, a proteoglycan known to affect the functional
abilities of tumor cells. The purpose of this study was to determine the role of cell membrane glycosylation in the metastatic
abilities of ovarian carcinoma cells. NIH:OVCAR5 cells were treated with glycosidases to remove carbohydrate moieties
from molecules on the cells' surface. The ability of the treated cells to adhere to extracellular matrix components or
mesothelial cell monolayers, migrate toward extracellular matrix proteins, and invade through Matrigel was assessed.
We observed that the loss of different carbohydrate moieties resulted in altered ovarian carcinoma cell adhesion, mi-
gration, and/or invasion toward extracellular matrix components or mesothelial cell monolayers. Gene array analysis of
NIH:OVCAR5 cells revealed the expression of several proteoglycans, including syndecan 4, decorin, and perlecan. In tissue
samples obtained from patients, altered proteoglycan gene expression was observed in primary ovarian carcinoma tumors
and secondary metastases, compared to normal ovaries. Taken together, these results suggest that ovarian carcinoma cell
proteoglycans affect the cells' ability to adhere, migrate, and invade toward extracellular matrix components and mesothelial
cell monolayers. Thus, the carbohydrate modifications of several proteoglycans may mediate the formation and spread of
secondary tumor growth in ovarian carcinoma.

Abbreviations: ECM - extracellular matrix; EHS - Engelbreth-Holm-Swarm; FBS - fetal bovine serum; PBS - phosphate
buffered saline

Introduction hesion to mesothelial cell monolayers and migration toward
the ECM proteins fibronectin, type IV collagen. and laminin

Proteoglycans are major components of the extracellular is partially mediated by interactions between CD44 and
matrix (ECM) that mediate interactions with other ECM hyaluronan [6, 7]. Interactions between CD44 and hyaluro-
and cellular components. Proteoglycans have been shown to nan affect cell adhesion 16], migration [5, 7]. and tumor
regulate cell adhesion [II, cell signaling [21, and apoptosis growth [101 in ovarian carcinoma cells. In some ovarian
[31. In cancer, altered glycosylation is a common feature carcinoma cell lines, CD44 is heavily glycosylated, and the
of malignancy, and some of these alterations contribute to removal of carbohydrate moieties from the cells' surfaces
metastatic processes, including cell adhesion, migration, and resulted in altered cell adhesion to hyaluronan I I 11.
invasion. Other proteoglycans have also been implicated in cancer

CD44, a proteoglycan found on ovarian carcinoma cells cell functions. Syndecan-l, a heparan sulfate proteoglycan,
[4-61, binds the ECM glycosaminoglycan hyaluronan with has been shown to mediate the invasion of myeloma cells
high affinity [7] and also has a weak affinity for fibronectin, 1121. Ovarian carcinoma cell adhesion to tibronectin and
type IV collagen, and laminin [8]. Hyaluronan is a high type I collagen is mediated by heparan sulfate and chon-
molecular weight glycosaminoglycan that is present in the droitin sulfate proteoglycans synthesized by the cells 1131.
ECM of the mesothelial cells that line the peritoneum [9]. Versican, a chondroitin sulfate proteoglycan, contains a
We have previously reported that ovarian carcinoma cell ad- hyaluronan-binding domain 114], stimulates cell growth, and

inhibits human melanoma cell adhesion to fibronectin and
Corresponlence to: Dr Amy P.N. Skubitz, Department of Laboratory Medi- type I collagen [151, possibly facilitating tumor cell detach-
cine and Pathology. University of Minnesota, MMC 609, 420 Delaware
St. S.E.. Minneapolis, MN 55455. USA. Tel: +1-612-625-5920; Fax: ment and proliferation. Decorin, another chondroitin sulfate
+ 1-612-625-1121: E-mail: skubi002 @ umn.edu
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proteoglycan that binds collagen fibrils, has been shown to ECM molecules
inhibit the growth of ovarian cancer cells [161. Clearly, pro-
teoglycans and their carbohydrate residues mediate many Type IV collagen. isolated from mouse Engelbreth-Holm-
tumor cell functions; however, their exact roles in cancer Swarm (EHS) tumors, was purchased from Trevigen,
metastasis are poorly understood. Gaithersburg, Maryland. Mouse EHS laminin. prepared as

The purpose of this study was to examine the roles of cell previously described 119], was provided by Dr Leo Furcht,
membrane glycosylation upon the adhesive, migratory, and University of Minnesota. Human plasma fibronectin, puri-
invasive abilities of ovarian carcinoma cells. Our results sug- fied as described [20], was provided by Dr James McCarthy,
gest that proteoglycans, particularly those with chondroitin University of Minnesota. Human umbilical cord hyaluronan,
sulfate or sialic acid moieties, may affect the ability of ovar- chondroitin sulfate A, and ovalbumin were purchased from
ian carcinoma cells to interact with mesothelial cells and Sigma. Matrigel was purchased from Becton Dickinson,
proteins found in their ECMs, and thus may affect the ability Bedford, Massachusetts.
of ovarian carcinoma tumor cells to metastasize.

Glycosidase treatment

Materials and methods Chondroitinase ABC from P vulgaris, hyaluronidasc from
bovine testes, and neuraminidase from C. perDfingens were

Unless otherwise stated, all standard reagents and materials purchased from Sigma Chemical Company. NIH:OVCAR5

were obtained from Sigma Chemical Company (St. Louis. cells were grown in monolayer cultures, released with 0.5%

Missouri). Unless otherwise specified, all experiments were trypsin, 2 mM ethylenediaminetetraacetic acid as previously

performed a minimum of three times. described [211, and resuspended in base medium at a con-
centration of 106 cells/mi. The cells were incubated in the

Cell culture presence of chondroitinase ABC (0.5 U/mI), hyaluronidase
(200 U/ml), or neuraminidase (10 mU/mI) in base medium

The human ovarian carcinoma cell line NIH:OVCAR5. for 30 min at 37'C prior to their use in further assays.
which mimics the progression of ovarian carcinoma when Chondroitinase ABC was used to remove chondroitin sul-
injected into in vii'o mouse models [17], was maintained fate resides and neuraminidase was used to remove terminal
in RPMI 1640 medium, 10% fetal bovine serum (FBS), sialic acid residues. Bovine testicular hyaluronidase primar-
2 mM glutamine, 0.2 U/ml insulin, and 50 U/ml peni- ily cleaves hyaluronan, but also may cleave chondroitin
cillin G/streptomycin. The ovarian carcinoma cell line sulfate residues. Heat-inactivated enzymes had no effect on
NIH:OVCAR5 was originally established by Dr Thomas cell adhesion, migration, or invasion (results not shown).
Hamilton (Fox Chase Cancer Center) [18] and obtained
from Dr Judah Folkman, Harvard Medical School. The Cell-ECM adhesion assay
human peritoneal mesothelial cell line LP9 (Coriell Cell
Repositories, Camden, New Jersey) was maintained in a The ability of the glycosidase-treated ovarian carcinoma

medium containing a 1:1 ratio of M199 and MCDB 10 me- cells to adhere to ECM components was quantified as pre-

dia, 15% FBS, 2 mM glutamine, 5 ng/ml epidermal growth viously described [5]. Clear-bottom 96-well plates were

factor, 0.4 pg/ml hydrocortisone, and 50 U/ml penicillin coated with 5 jig/ml fibronectin, type IV collagen, or

G/streptomycin. Both cell lines were maintained in 75-mm 2  laminin, or with 1 mg/ml ovalbumin, chondroitin sulfate A,
tissue culture flasks in a humidified incubator with 5% CO2 or hyaluronan in phosphate buffered saline (PBS) for 16 h at

at 37 °C. 37 'C. Nonspecific binding sites were blocked with 2% oval-
bumin in PBS. NIH:OVCAR5 cells were radiolabeled with

Human tissue samples L-[ 35S]methionine for 24 h, trypsinized, washed, and sub-
jected to glycosidase treatment. The cells (105 cells/100 p 1)

Tissue samples from 50 normal ovaries, 20 primary ovarian were added to the coated 96-well plates and incubated
carcinomas, 17 secondary omental metastases, and 7 normal for 30 min. Nonadherent cells were removed by washing
omenta were obtained from the Tissue Procurement Facil- and the radioactivity was counted. These experiments were
ity of the University of Minnesota Cancer Center. Samples performed three times each in eight replicates.
were obtained using protocols approved by the University
of Minnesota Institutional Review Board. All samples were Cell-cell adhesion assay
identified, dissected, and snap frozen in liquid nitrogen
within 30 min of removal from the patient. Tissue sections of The ability of glycosidase-treated ovarian carcinoma cells
each sample were prepared before freezing, and were exam- to adhere to monolayers of the human mesothelial LP9 cell
ined by a pathologist by light microscopy after H&E staining line was determined as previously described 15 1. The assays

to confirm the pathologic nature of the sample. None of the were performed as described above in the cell-ECM assay,
samples were necrotic. except that the clear-bottom 96-well microtiter plates were

coated with LP9 cells grown to confluence for 48 h in coin-
plete medium. Prior to the addition of ovarian carcinoma
cells, the mesothelial cell monolayers were rinsed twice with
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RPMI 1640 medium. These experiments were performed Center, University of Minnesota, according to Affymetrix
three times each in eight replicates, protocols. The data was analyzed using Microarray Suite,

version 5.0 (Affymetrix), and GeneData Analyst, version 3.1
Cell migration assay (GeneData AG, Basel, Switzerland). This experiment was

Chemotaxis of glycosidase-treated ovarian carcinoma cells performed in quadruplicate.

in response to ECM molecules was quantitated in modi- Gene expression analysis ojf'human tissues
fied Boyden chambers, using 8 pm pore size polycarbonate
polyvinylpyrrolidine-free filters (Fisher Scientific, Itasca, RNA was prepared from the human tissue samples de-
Illinois) as previously described [6]. Base medium contain- scribed above (50 normal ovaries, 20 primary ovarian car-
ing fibronectin (5 pg/ml), type IV collagen (2.5 pg/ml), cinomas, 17 secondary omental metastases, and 7 normal
or laminin (5 ptg/ml) was added to the lower compart- omenta) and gene expression was determined at Gene Logic
nients. Glycosidase-treated NIH:OVCAR5 cells (10,000 Inc. (Gaithersburg, Maryland) using Affymetrix GeneChip®
cells/50 pl) were added to the upper chamber compartments. U_95 arrays containing approximately 12,000 known genes
After a 5-h incubation at 37 'C, the filters were stained with and 48,000 ESTs. Gene expression analysis utilized the
Diff-Quik (Dade Behring, Newark, Delaware) and nonmi- Gene Logic GeneExpress® Software System.
gratory cells were removed from the tops of the filters. The
number of migrating cells is expressed as the sum of cells Statistical anallysis
counted in five fields at a 40x magnification. Student's /-test was performed as a test of significance with

Cell invasion assay the use of Microsoft Excel 1997 (Microsoft Co., Redmond,
Washington). P-values of < 0.01 were considered to indicate

The ability of glycosidase-treated ovarian carcinoma cells to statistically significant differences.
invade through Matrigel was assessed. Glycosidase-treated
cells were washed, resuspended at 105 cells/100 /1 in base
medium containing 1% FBS, and applied atop Transwells® Results
(Coming Inc., Bloomington, Minnesota) coated with
I mg/ml Matrigel. The bottom chambers were filled with Ovarian carcinoma cell adhesion to ECM components is
10 pg/ml fibronectin, type IV collagen, or laminin in base altered by glycosidase treatment
medium. After a 20-h incubation at 37 'C, the filters were
stained with Diff-Quik and noninvasive cells were removed th of cell m r g dycsylto upotein-
from the tops of the filters. The number of invading cells is ity of ovarian carcinoma cells to adhere to ECM proteins
expressed as the sum of cells counted in five fields at a 40x w
magnification. Pretreatment with chondroitinase ABC inhibited cell adhe-

sion to fibronectin, type IV collagen, and laminin. This

Gene expression analysis of NIH:OVCAR5 cells suggests that proteoglycans that contain chondroitin sulfate
residues may augment ovarian carcinoma cell adhesion to

The gene expression of NIH:OVCAR5 cells was determined ECM proteins. Hyaluronidase pretreatment augmented cell
using protocols described in the Affymetrix GeneChip® Ex- adhesion to fibronectin and laminin, suggesting that the pres-
pression Analysis Manual. Briefly, total RNA was isolated ence of cell-surface hyaluronan may inhibit cell adhesion
from NIH:OVCAR5 cells using the RNeasy Total RNA to fibronectin and laminin. but not type IV collagen. Neu-
Isolation kit (Qiagen Inc., Valencia, California). Double- raminidase treatment had no effect on cell adhesion to ECM
stranded cDNA was synthesized from 8 Mg of total RNA proteins, suggesting that sialic acid residues may not affect
using the Superscript Choice system (Gibco BRL, Gaithers- ovarian carcinoma cell adhesion to ECM proteins.
burg, Maryland). First-strand cDNA synthesis was primed The ability of glycosidase-treated ovarian carcinoma
with a T7-(dT24 ) oligonucleotide primer (Genset Corp., La cells to adhere to the glycosaminoglycans chondroitin sul-
Jolla, California). The cDNA was then extracted with phe- fate A or hyaluronan was also determined (Figure 2). Chon-
nol/chloroform and precipitated with ethanol. From 10 pg droitinase ABC pretreatment augmented cell adhesion to
of cDNA, cRNA was synthesized and biotinylated using hyaluronan, which suggests that chondroitin sulfate proteo-
the BioArrayTM HighYieldTM RNA Transcript Labeling kit glycans may partially inhibit ovarian carcinoma cell adhe-
(Affymetrix, Santa Clara, California). The resulting cRNA sion to hyaluronan, which has been shown to coat mesothe-
was purified according to the RNeasy Mini kit protocol (Qi- lial cells [9]. The other glycosidases had no effect on ovarian
agen) and then fragmented in 40 mM Tris-Acetate, pH 8.1, carcinoma adhesion to chondroitin sulfate A or hyaluronan.
30 mM magnesium acetate, and 100 mM potassium acetate To ensure that glycosidase treatment did not induce cell
for 35 min at 94°C. The fragmented cRNA was applied death, aliquots of each enzymatically treated cell population
to Affymetrix GeneChip® U133 arrays representing more were stained with trypan blue dye following both enzymatic
than 39,000 transcripts derived from approximately 33,000 treatment and the completion of the assays. In all cases, the
well-substantiated human genes or EST sequences. The sub- cells excluded trypan blue stain, indicating that alterations
sequent processing, scanning, and quality control of the frag- in cell function were not attributable to the induction of cell
mented cRNA were performed by the Biomedical Genomics death (data not shown).
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Figure /. Ovarian carcinoma cell adhesion to ECM proteins is altered by
glycosidase treatment. Untreated ovarian carcinoma cells (open bars) were -- alb0m , h
incubated with glycosidases (solid bars) before their addition to the adhe- " ti yaluronan
sion assays. Pretreatment with chondroitinase ABC inhibited cell adhesion sulfate A
to libronectin, type IV collagen, and laminin, while hyaluronidase pretreat- Fiigure 2. Ovarian carcinoma cell adhesion to hyaluronan is augmented by

ment augmented cell adhesion to libronectin and laminin. Neuraminidase

treatment had no eect on cell adhesion to ECM proteins. *P < 0.001 and removal of chondroitin sulfate chains. Untreated ovarian carcinoma cells

treP < 0.e1. (open bars) were incubated with glycosidases (solid bars) before their ad-
dition to the adhesion assay. Chondroitinase ABC pretreatment augmented
cell adhesion to hyaluronan. P P < 0.01.

Ovarian carcinoma cell adhesion to mesothelial cells is
partially mediated by chondroitin sulfate moieties 25000

CL

The role of cell membrane glycosylation on ovarian car- g 20000

cinoma cell adhesion to mesothelial cells was determined
(Figure 3). The adhesion of ovarian carcinoma cells was . 15000 -
inhibited by chondroitinase ABC pretreatment, but not by M
pretreatment with hyaluronidase or neuraminidase. This • 10000

suggests that chondroitin sulfate proteoglycans may facil- 0

itate ovarian carcinoma cell adhesion to mesothelial cells. .

4- 0
No treatment Chondroitinase Hyaluronidase Neuraminidase

Ovarian carcinoma cell migration toward ECM proteins is ARC

altered by glycosidase treatment Figure 3. Ovarian carcinoma cell adhesion to mesothelial cells is inhib-
"ited by the removal of chondroitin sulfate chains. Ovarian carcinoma cells
were untreated (open bar) or treated with chondroitinase ABC (dotted bar).

The role of cell membrane glycosylation on ovarian carci- hyaluronidase (striped bar), or neuraminidase (solid bar) before their ad-

noma cell migration toward fibronectin. type IV collagen. dition to the adhesion assays. Adhesion of ovarian carcinoma cells was

and laminin was determined (Figure 4). Ovarian carcinoma inhibited by chondroitinase ABC pretreatment, but not by pretreatment

cell migration toward all three ECM proteins was increased with hyaluronidase or neuraminidase. ±P < 0.01 compared to untreated

by pretreatment with chondroitinase ABC. This suggests controls.
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Figure 4. Ovarian carcinoma cell migration toward ECM proteins is al- glycosidase treatment. Ovarian carcinoma cells were untreated (open bars)
or treated with chondroitinase ABC (dotted bars), hyaluronidase (striped

tered by glycosidase treatment. Ovarian carcinoma cells were treated with
bars), or neuraminidase (solid bars) before their addition to the invasionchondroitinase ABC, neuraminidase, or hyaluronidase. then allowed to asa.prtemntwh uaiideihbtdcllnviotrug

migrate toward ovalbumin (circles), fibronectin (triangles), type IV colla- assays. Pretreatment with neuraminidase inhibited cell invasion through
gen (diamonds), or laminin (squares). Ovarian carcinoma cell migration Matrigel toward tibronectin, laminin, and type IV collagen. Chondroitinase

ABC and hyaluronidase treatment had no effect on cell invasion through
toward fibronectin was increased by pretreatment with chondroitinase ABC Mti ltP t 0.1 an eP o 0.05.

and was inhibited by pretreatment with neuraminidase. Chondroitinase Matrigel. +1P < 0.01, and §P < 0.05.

ABC pretreatment also resulted in increased cell migration toward type IV
collagen and laminin. *P < 0.001, :•P < 0.01. and §P < 0.05. neuraminidase inhibited cell invasion through Matrigel to-

ward fibronectin, collagen type IV, and larninin (Figure 5).
that the presence of chondroitin sulfate proteoglycans on the This suggests that sialic acid-modified glycoproteins may
surface of ovarian carcinoma cells may impede cell migra- mediate ovarian carcinoma cell invasion. Chondroitinase
tion toward ECM proteins, possibly by increasing their ad- ABC and hyaluronidase treatment had no effect on cell
hesion to ECM molecules (Figures I and 3). Neuraminidase invasion through Matrigel.
pretreatment resulted in decreased cell migration toward fi-
bronectin. but had no effect on cell migration toward type Many proteoglvcans are d.fferentially expressed in ovarian
IV collagen and laminin. These results suggest that sialic carcinoma cells
acid-modified proteoglycans may specifically mediate cell
migration toward fibronectin. Hyaluronidase pretreatment The relative expression of proteoglycan gene transcripts
had no effect upon ovarian carcinoma cell migration toward in NIH:OVCAR5 cells are listed in Figure 6. Proteo-
ECM proteins. glycan transcripts that were detected in high amounts in

NIH:OVCAR5 cells included syndecan 4, decorin. perlecan,
Ovarian carcinoma cell invasion is altered by glycosidase and bamacan. Also expressed, although in lower amounts,

treatment were transcripts of the proteoglycans CD44, glypican 1, syn-
decan 1, secretory granule proteoglycan (PG) I, glypican 4,

Ovarian carcinoma cells were treated with glycosidases be- versican, and syndecan 2.
fore their addition to the invasion assays. Pretreatment with



148 R. C. CaseY et al.

Table 1. Many proteoglycan genes are differentially expressed in ovarian carcinoma.

Gene expressed Ovarian carcinoma tumor vs. normal ovary Secondary omental metastases vs. normal ornenta
mean fold change mean fold change

Versican 4.9 t 2.7 T

Syndecan I 2.6 t 4.4 t

Biglycan 2.3 T 4.4 T
Neuroglycan C 2.1 T 1.7 1
Glypican 4 NC NC

CD44 NC 2.1 ,

Perlecan NC 1.9,1

Decorin NC NC

Glypican 3 4.2 • 6.4

Lumican 2.7 , NC

Bamacan NC NC

Glypican I NC NC

Secretory granule PG1 NC 2.2

Syndecan 2 *

The mean fold change ratio differences in proteoglycan gene expression were compared between 20 primary ovarian carcinoma tumors
and 50 normal ovaries, and between 17 secondary omental metastases and 7 normal omenta. Unchanged tumor:normal mean fold changes
are denoted as NC. *Because syndecan 2 gene expression was not detected in ovarian carcinoma tumors or omental metastases, the
tumor:normal mean fold change could not be computed.

syndecan 4

decorin

perlecan

barnacan

CD44

glypican I

syndecan I

secretory granule PG 11

glypican 4

veriscan

syndecan 2

0 21) 400 (00 Soo 1000 1200 1400

Intensity values

Figure 6. Gene expression of proteoglycans in ovarian carcinoma cells. Mean intensity values of proteoglycan transcripts that were present in
NIH:OVCAR5 cells, For each transcript, the intensity values are expressed as the mean and standard deviation of quadruplicate samples, each performed
in duplicate.

We also examined the gene expression of proteogly- The relative expression of some proteoglycan transcripts
can transcripts in relevant human samples: normal ovaries, underwent significant alterations in primary ovarian tumors
primary ovarian carcinoma tumors, secondary ovarian car- compared to normal ovarian tissue. Versican and neurogly-
cinoma metastases found in the omentum, and normal can C, which contain chondroitin sulfate modifications, and
omentum. Almost all of the proteoglycans detected in the heparan sulfate proteoglycan syndecan I and biglycan
NIH:OVCAR5 cells were also expressed in both primary were significantly up-regulated in primary ovarian tumnors,
and secondary ovarian carcinoma tumor tissues (Table 1), compared to normal ovaries (Table 1). The expression of
except for syndecan 2 and syndecan 4. Syndecan 2, which glypican 3 decreased 4.2-fold and lumican expression de-
was detected a very low levels in NIH:OVCAR5 cells, was creased 2.7-fold. Although syndecan 2 transcript expression
expressed also at very low levels in normal ovaries and was absent from both primary ovarian carcinoma tumors
ornenta: however, syndecan 2 was not detected in primary and secondary omental metastases, it was detected in both
ovarian carcinoma or secondary omental metastatic tumor normal ovaries and normal omenta, suggesting that the
samples. Expression of the syndecan 4 transcript was de- transformation of ovarian epithelial cells may result in ter-
tected at high levels by the Affymetrix U_133 gene chips mination of the expression of syndecan 2 gene products.
used to screen NIH:OVCAR5 cells, but we were not able to The expression of all other proteoglycan transcripts listed
quantitate the expression of syndecan 4 in the human tissues in Table I were altered by 2-fold or less, as indicated by NC
since this probes for this gene transcript were not present on for 'no change'.
the Affymetrix U_95 gene chips used to screen them. Alterations of the relative expression of proteoglycan

transcripts in omental metastases and normal omenta were
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Tahle 2. Effects of glycosidase treatment on ovarian carcinoma cell metastasis.

Function Enzyme treatment Fibronectin Type IV collagen Laminin Hyaluronan Mesothelial monolayer

Adhesion Chondroitinase ABC 44- 444 t 4
Adhesion Hyaluronidase " - I "

Adhesion Neuraminidase ---

Migration Chondroitinase ABC T 1" I "

Migration Hyaluronidase - -

Migration Neuraminidase ,-

Invasion Chondroitinase ABC
Invasion Hyaluronidase - -

Invasion Neuraminidase 44 444 4 44

This table summarizes the changes observed in NIH:OVCAR5 cell adhesion, migration, and invasion toward fibronectin, type IV
collagen, laminin, hyaluronan, and mesothelial cell monolayers after glycosidase treatment. Increased cellular function is denoted
by upward arrows (It) and decreased cellular function is denoted by downward arrows (, ). The arrows denote significant alterations
in cellular function caused by pretreatment with the indicated glycosidases: one arrow (P < 0.05), two arrows (P < 0.01 ). three
arrows (P < 0.001). and - (no effect).

also observed. Significant increases in the expression of resulted in altered cell adhesion to hyaluronan in some ovar-
syndecan I. biglycan, versican, and neuroglycan C were ian carcinoma cell lines [ I1]. CD44-hyaluronan interactions
observed in secondary omental tumors, compared to normal have been shown to mediate ovarian carcinoma cell migra-
omentum tissues. In constrast, the expression of glypican 3 tion via signal transduction through c-src kinase, Ras, and
and secretory granule PGI was significantly lower in the sec- Rac 1 [22, 231. Disruptions of the CD44-hyaluronan in-
ondary omental metastases compared to the normal omenta teractions altered the ability of ovarian carcinoma cells to
(Table 1). As in normal ovaries and primary ovarian car- migrate toward ECM proteins [6]. For these reasons, we
cinoma tumors, the expression of syndecan 2 was low in considered the proteoglycan CD44 a likely candidate as a
normal omentum. but completely absent from secondary carbohydrate-mediated modifier of cell functions. However,
omental metastases. The alterations in gene expression of in the NIH:OVCAR5 cell line. CD44 was not extensively
these proteoglycans may reflect the ECM rearrangement fre- modified with sialic acid or chondroitin sulfate groups, as
quently observed in tumor cells. They may also indicate determined by Western blot analysis (not shown). This sug-
responses to tumor cells or may identify effectors of ovarian gests that other proteoglycans present in the NIH:OVCAR5
carcinoma metastatic behavior, cells' ECM may be responsible for the altered cellular

functions that we described here.
Proteoglycans are mediators of cell function in both

Discussion normal and cancer cells. In normal cells, the chondroitin
sulfate proteoglycan versican enhances cell proliferation,

In this study, we attempted to elucidate the role of cell at least in part through binding to the EGF receptor [241.
membrane glycosylation in cellular functions that mediate Versican also inhibits cell adhesion in astrocytoma cells
ovarian carcinoma secondary tumor growth. The effects [25]. The chondroitin sulfate proteoglycan decorin can in-
of glycosidase treatment upon the functional abilities of hibit growth in ovarian carcinoma cells 116]. Syndecans, a
NIH:OVCAR5 cells to adhere to ECM components and family of heparan sulfate proteoglycans, mediate cell adhe-
mesothelial cell monolayers, migrate toward ECM proteins, sion [26] and invasion [121 in myeloma cells. Syndecans
and invade through Matrigel are summarized in Table 2. In also bind and modulate activity of fibroblast growth fac-
short, glycosidase treatment alters ovarian carcinoma cell tor [27, 281 and promote oligomerization of bound ligands,
adhesion, migration, and invasion. This suggests that proteo- which enhances activation of primary signaling receptors
glycans, or to be more precise carbohydrate modifications of [29]. Overexpression of the chondroitin sulfate proteogly-
proteoglycans, may contribute to the activation or suppres- can bamacan resulted in the transformation of normal mouse
sion of these metastatic processes. Different carbohydrate fibroblasts [30]. Ovarian carcinoma cells synthesize both
moieties may mediate different cellular functions in ovarian chondroitin sulfate and heparan sulfate proteoglycans that
carcinoma cells. Several proteoglycans and their glycosyl mediate cell adhesion to fibronectin, type I collagen, and
modifications may contribute to or inhibit the formation of type III collagen [13]. Here we report that cell surface pro-
secondary tumor growths in ovarian carcinoma. teoglycans with chondroitin sulfate or sialic acid residues

Many studies specifically describe roles for the pro- mediate the adhesion, migration, and invasion of ovarian
teoglycan CD44, and its ligand hyaluronan, in ovarian carcinoma cells.
carcinoma cell adhesion and migration. Cell-cell adhesion In particular, the loss of chondroitin sulfate residues
between ovarian carcinoma cells and mesothelial cells are resulted in decreased cell adhesion to the ECM proteins fi-
mediated by CD44-hyaluronan interactions [5, 91. The re- bronectin, type IV collagen, and laminin and to mesothelial
moval of cell membrane-associated carbohydrate residues cell monolayers. Coupled with our observation that the re-
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moval of chondroitin sulfate residues resulted in increased used to screen the human tissues, and syndecan 2. all of
cell migration, our results suggest that chondroitin sulfate the proteoglycan transcripts detected in the NIH:OVCAR5
proteoglycans promote ovarian carcinoma cell adhesion to- cell line were detected in primary ovarian carcinoma cell
ward mesothelial cells and their associated ECM proteins, lines. These data suggest that this cell line expresses pro-
This is consistent with reports that the chondroitin sulfate teoglycan transcripts in a fashion similar to that of primary
proteoglycan modulates the adhesive abilities of integrin ovarian carcinoma tumors. Syndecan 2 gene expression was
U4PI1 131] and matrix metalloproteinase-dependent invasion absent from primary and secondary ovarian carcinoma It-
into type I collagen in melanoma cell lines [32]. Ovarian mors, but was expressed at low levels in both normal ovaries
carcinoma cell adhesion to hyaluronan increased after the and omenta.
digestion of chondroitin sulfate residues. This suggests that In addition to their detection in NIH:OVCAR5 cells,
some chondroitin sulfate proteoglycans may act as negative versican and syndecan I gene expression values increased
effectors of cell adhesion. We observed gene expression of more than 2-fold in primary and secondary ovarian tumors
versican, which contains chondroitin sulfate residues and compared to normal ovarian and omental tissues. These al-
a hyaluronan-binding domain [14], in the NIH:OVCAR5 terations in gene expression may indicate roles for these
cell line. Taken together, these results suggest that ovarian proteoglycans in ovarian carcinoma metastasis. In human
carcinoma cell adhesion may be inhibited by versican- ovarian tumors, we also observed significant decreases in
hyaluronan interactions. We also report that versican expres- the gene expression of glypican 3 and lumican, compared
sion is significantly up-regulated in primary and secondary to normal ovaries. Glypican 3 expression was also signif-
ovarian carcinoma tumors, which suggests that ovarian car- icantly down-regulated in secondary omental metastases.
cinoma cell interactions with mesothelial cell hyaluronan suggesting that its loss may be a general feature of ovarian
may mediate secondary tumor growth. Further studies are carcinoma. Interestingly, decreased lumican expression was
required to determine the contributions of individual chon- noted only in primary ovarian carcinoma tumors, but not
droitin sulfate proteoglycans that result in their net effect in secondary metastases. The loss of lumican expression in
upon ovarian carcinoma cell adhesion and migration. primary ovarian carcinoma tumors may reflect early-stage

The removal of sialic acid residues from the surface of events in the development of the disease, rather than events
NIH:OVCAR5 cells resulted in decreased cell migration to- associated with secondary tumor growth.
ward fibronectin and decreased invasion through Matrigel. The gene expression of CD44 was unchanged ii pri-
Taken together, these results suggest that proteoglycans with mary ovarian tumors, compared to normal ovaries, but
sialic acid residues may promote a more invasive phenotype glycosyl residues of CD44 have been implicated in tumor
in ovarian carcinoma, cell adhesion Ill1. CD44 was immunoprecipitated from

The removal of hyaluronan resulted in increased adhe- NIH:OVCAR5 cells incubated in base medium alone or
sion to ECM proteins and mesothelial cell monolayers. but glycosidase-digested cells and then subjected to Western
did not affect cell migration or invasion. We have previously blotting. In both cases, CD44 exhibited a relative mobility
shown that the NIH:OVCAR5 cells have a hyaluronan-rich of approximately 90 kDa, which is consistent with the stan-
pericellular matrix that can be cleared by hyaluronidase dard isoforn of CD44 (not shown). The failure of all three
treatment [51. The clearance of hyaluronan from these tumor glycosidase treatments to alter the relative mobility of CD44
cells may unmask the integrins that are present on the cells' suggests that the CD44 present on NIH:OVCAR5 cells was
surfaces [61, thus facilitating the increased adhesion to ECM not extensively glycosylated with carbohydrate residues sell-
proteins and mesothelial cell monolayers that we observed. sitive to these enzymes. This does not, however, preclude
However, bovine testicular hyaluronidase can also cleave the possibility that CD44 on the surface of NIH:OVCAR5
chondroitin sulfate residues. Our data suggests that the net cells may contain small amounts of sialic acid or chondroitin
increased cell adhesion that resulted from hyaluronan diges- sulfate groups, below the detection limits of this assay.
tion was greater than the decreased cell adhesion that may We observed no signiticant change in the gene expression
have resulted from the concurrent removal of chondroitin of other proteoglycans in ovarian carcinoma tumors comn-
sulfate residues, thus indicating that few chondroitin sulfate pared to normal ovaries. These findings contradict another
residues were cleaved during treatment with hyaluronidase. study that reported significantly decreased gene expression

To identify proteoglycans potentially responsible for the of decorin in ovarian carcinoma tumors, compared to the
altered cellular functions that were reported here, gene pooled brushingsofovary epithelial cells from patients with-
expression analysis of the NIH:OVCAR5 cell line was per- out cancer [331. However, alterations of gene expression
formed. The expression of several proteoglycan transcripts, observed in several proteoglycan transcripts suggest that the
including syndecans, glypicans, decorin, perlecan, and ba- modulation of ovarian carcinoma metastasis is a complex
macan was detected. We also screened patient samples for phenomenon mediated by several proteoglycans. Here, we
the expression of proteoglycan genes in primary ovarian car- identify several proteoglycans that may be involved in sec-
cinoma tumors and secondary omental metastases. a com- ondary tumor growth. They may reflect alterations in tumor
mon site of metastasis in ovarian carcinoma. These values cell ECM or may mediate the formation of secondary tumor
were compared to those of samples obtained from normal growths in ovarian carcinoma. Further study is required to
ovary and omental tissues. Except for syndecan 4, whose determine whether alterations of the proteins encoded by
expression was not measured in the Affymetrix gene chips
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Comparison of Ovarian Carcinoma Multicellular Spheroids From Cell Lines and
Patient Ascites: Do Spheroids Have Metastatic Potential?
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The role that ovarian carcinoma multicellular spheroids, generally considered non-
adhesive, play in the metastatic process has yet to be determined. Previously, we have
shown that the NIH:OVCAR5 ovarian carcinoma cell line forms spheroids comparable to
the multicellular aggregates recovered from the ascites fluid of ovarian carcinoma
patients. These N-IH:OVCAR5 cell spheroids adhere to laminin, fibronectin, and type IV
collagen. This adhesion is partially mediated by the a2, a5, a6, and 0 1 integrin subunits.
In this study, we demonstrate that spheroids isolated from the ascites fluid of patients
with ovarian carcinoma are capable of adhering to extracellular matrix molecules, and
that both NIH:OVCAR5 and ascites spheroids adhere to mesothelial monolayers in vitro.
Spheroids isolated from the ascites fluid of eleven ovarian carcinoma patients were" tested
for their ability to adhere to extracellular matrix proteins. Most ascites spheroid samples
had moderate adhesion toward fibronectin, and reduced adhesion to lamninin or type IV
collagen. Monoclonal antibodies against the J31 integrin subunit partially inhibited
adhesion to all three proteins, suggesting that the 031 integrin subunit plays only a partial
role in ascites spheroid adhesion. Furthermore, NIH:OVCAR5 and patient ascites
spheroids adhered to live, but not fixed, mesothelial monolayers at a greater rate than to
extracellular matrix proteins. These results suggest that ascites multicellular spheroids
have limited adhesive ability partially reliant on integrin-ligand interactions. This
adhesion may be enhanced by interaction with the cells lining the mesothelium,
implicating spheroids as a potential source of secondary tumor growth in ovarian
carcinoma.
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Appendix 12
Ovarian Carcinoma Ascites Spheroids Are Capable of Adhesion to Extracellular Matrix
Proteins and Mesothelial Monolavers
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Keith M. Skubitz÷. Theodore R. Oegema. Jr.:. and Amy P.N. Skubitz§
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Oxarian carcinoma cells form multicellular aggregates. or spheroids. in the peritoneal
cavity of patients with late-stage disease. Spheroids tend to be overlooked in themetastatic process of ovarian carcinoma, and their adhesive abilities have yet to bedetermined. Previously. we have shown that spheroids can be generated in vitro usingthe NIH:OVCAR5 ovarian carcinoma cell line. and form multicellular aggregates similar
to those recovered from the ascites fluid of ovarian carcinoma patients. NIH:OVCAR5
spheroids are capable of adhesion to laminin. fibronectin. and type IV collagen, and their
adhesion is partially mediated by the a2, ca5, a6, and 1t integrin subunits. In this study,ovarian carcinoma ascites spheroids from eleven patients were tested for their ability toadhere to extracellular matrix proteins, and were sorted into three groups depending ontheir adhesiveness. Most ascites samples showed moderate adhesion to fibronectin, and
reduced adhesion to type IV collagen or laminin. Monoclonal antibodies against the 1i1integrin subunit partially inhibited adhesion to all three proteins, implying that the 131integrin subunit plays a partial role in the adhesion of ascites spheroids. Additionally,
NIH:OVCAR5 and patient ascites spheroids adhered to live, but not fixed, mesothelialmonolayers, at higher levels than to extracellular matrix proteins alone. We examined thegene expression of ovarian cancer ascites samples, and solid tissues from primary ovariancarcinomas, secondary ovarian carcinomas, and normal ovaries. RNA was prepared andgene expression was determined at Gene Logic Inc. (Gaithersburg, MD) usingAffymetrix GeneChip® U 95 arrays. Gene expression analysis was performed with Gene
Logic GeneExpress® Software System. A gene set of approximately 200 genes wasgenerated to compare the expression of cell adhesion molecules, including integrins,proteoglycans. glycoproteins, glycosaminoglycans, extracellular matrix molecules, and
basement membrane proteins. Hierarchical clustering of the samples using the celladhesion gene set segregated the ascites samples into three distinct adhesion groups,corresponding to the results we obtained from the adhesion assays. The results suggest
that ascites spheroids have a limited adhesive ability toward extracellular matrix proteins,which is partially dependent on integrin-ligand interactions. Furthermore, the variation inadhesion between ascites samples may be due to altered cell adhesion moleculeexpression between ovarian cancer patients. This adhesion may be further enhanced byinteraction with the cells lining the mesothelium, thus implicating spheroids as a potential
metastatic threat in ovarian carcinoma.
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Extracellular Matrix, and Cancer" October 9-13, 2002
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Establishment of an in vitro assay to measure the invasion of ovarian carcinoma
cells through mesothelial cell monolayers
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Abstract

Ovarian carcinoma is the leading cause of gynecological cancer deaths in the United States. Secondary tumor growths
form by tumor cell invasion through the mesothelial lining of the peritoneal cavity and peritoneal organs. To study this
interaction, we developed a dye-based in vitro model system in which mesothelial cells were grown as confluent mono-
layers, permeabilized, and then co-cultured with ovarian carcinoma cells for up to seven days. The mesothelial cells
were then stained with trypan blue dye, which enabled the visualization of ovarian carcinoma cell invasion through the
monolayers of mesothelial cells. Ovarian carcinoma cell invasion was inhibited for up to 7 days by the addition of GRGDSP
peptides, a blocking monoclonal antibody against the fl I integrin subunit, or blocking monoclonal antibodies against matrix
metalloproteinases 2 and 9. Cell invasion was also inhibited by hyaluronan and GM6001, a chemical inhibitor of matrix
metalloproteinases. Differential gene expression of matrix metalloproteinases, tissue inhibitors of matrix metalloproteinases,
and disintegrins were observed in primary ovarian carcinoma tumors and secondary metastases, compared to normal ovaries.
Taken together, these results suggest that complex interactions between integrins, disintegrins, matrix metalloproteinases,
and tissue inhibitors of matrix metalloproteinases may mediate ovarian carcinoma cell invasion, and that the dye-based
assay described herein is a suitable model system for its study.

Abbreviations: ADAM - a disintegrin and metalloproteinase; ADAMTS - a disintegrin and metalloproteinase with throm-
bospondin type I repeat; CMFDA - 5-chloromethylfluorescein diacetate; DMSO - dimethylsulfoxide: ECM - extracellular
matrix; EHS - Engelbreth-Holm-Swarm; FBS - fetal bovine serum; IgG - immunoglobulin; mAb - monoclonal antibody;
MMP - matrix metalloproteinase; PBS - phosphate buffered saline; TIMP - tissue inhibitor of metalloproteinase

Introduction a less than ideal method to study ovarian carcinoma cell in-
vasion. Matrigel is murine in origin, not human. It is made

Ovarian cancer is the leading cause of gynecologic malig- by tumor cells, which synthesize and organize their ECMs
nancy and the fifth leading cause of cancer death among differently than normal cells. Most importantly, the Matrigel
women in the United States 1]. In ovarian carcinoma, can- invasion assay measures only cell-ECM interactions, and
cer cells detach from the surface of the tumor into the can not be used to examine cell-cell interactions between the
peritoneal cavity. Subsequent peritoneal implants are char- tumor cells and target cells. Finally, Matrigel is synthesized
acterized by the invasion of the tumor cells through the by sarcoma cells, which are not typical targets of ovarian
mesothelial cells that line the peritoneum and underlying carcinoma metastasis. The Matrigel invasion assay provides
organs. However, the mechanisms that contribute to ovarian only an approximation of the in vivo conditions found at sites
carcinoma invasion are not well understood. of metastasis.

One technique for studying cancer cell invasion is by A second technique for studying cancer cell invasion
performing Matrigel invasion assays [2]. Matrigel is com- was described by Niedbala et al. 14]. They developed an in
prised of extracellular matrix (ECM) extracted from mouse vitro model system for studying the adhesion and invasion
Engelbreth-Holm-Swarm (EHS) sarcoma cells, and is be- of ovarian carcinoma cells when co-cultured on mesothelial

lieved to mimic the basement membrane through which cells. In their model, bovine corneal endothelial cells were
tumor cells invade 131. Several factors make this procedure grown to confluence in order provide an ECM upon which

Correspondence to: Dr Amy PN. Skubitz, Department of Laboratory Medi- the mesothelial cells were then grown. 5'Cr-radiolabeled

cine and Pathology, University of Minnesota, MMC 609, 420 Delaware ovarian carcinoma cells were then added to the wells and
St. S.E., Minneapolis, MN 55455, USA. Tel: +1-612-625-5920; Fax: allowed to adhere and invade for up to eight days. A disad-
+ 1-612-625-1121: E-mail: skubi0t)2@umn.edu
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vantage of this model system is that it requires the use of In this report, we set out to establish a new model sys-
bovine corneal endothelial cells for the establishment of a tern that would mimic the in vivo situation whereby ovarian
substratum on which the human mesothelial cells are grown. carcinoma cells adhere, spread, migrate, and invade the
A second disadvantage is that this model system requires mesothelial cell monolayer that lines the peritoneal cavity.
the use of radioactive material, which many research labo- In our first attempt to develop a model system, we used two
ratories are trying to avoid. Finally, it is difficult to distin- different colored fluorescent dyes to label the cells, so that
guish ovarian carcinoma cells from mesothelial cells when we could differentiate the red ovarian carcinoma cells friom
attempting to quantitate areas of invasion by the ovarian the green mesothelial cells during the assay. However, the
carcinoma cells. cells did not retain the dyes for the entire length of the seven-

Ovarian carcinoma metastasis is mediated by interac- day invasion assay. Since that technique did not prove to
tions between ovarian cancer cells and ECM components of be ideal, we then developed a second in vitro model system
the mesothelial cells at sites of secondary tumor growth. It that can be used to monitor the ability of ovarian carcinoma
has previously been shown that ovarian carcinoma cell ad- cells to invade through mesothelial cell monolayers for seven
hesion and migration are mediated by interactions between days or more. Our model system is a modification of an
/ I integrins and fibronectin, collagens, and laminin [5-71 invasion assay described by Yu et al. 1141. in which the in-
and interactions between CD44 and hyaluronan [5, 7-91. vasive capacity of TA3/St murine mammary carcinoma cells
Pretreatment of lung adenocarcinoma cells with blocking was examined on monolayers oftG8 mouse fetal myoblasts.
monoclonal antibodies (mAb) against /i1 integrins inhib- Our model system is an attempt to improve upon the in-
ited the formation of lung metastases in murine models vasion assays that are currently described in the literature
1 101. Up-regulation of / I integrin expression promoted ma- for ovarian carcinoma. This model system mimics in vivo
trix metalloproteinase-dependent cell invasion in ovarian conditions and does not use radiolabeled material. By use of
carcinoma cells [Il.] Perturbation of CD44-hyaluronan in- this model system, it has been possible to identify adhesion
teractions decreased the invasive ability of human breast molecules and proteinases that are involved in the invasion
cancer cells 112], inhibited murine mammary carcinoma cell of ovarian carcinoma cells through mesothelial cell mono-
growth 1131, and induced apoptosis in mammary carcinoma layers. In addition, gene expression analysis was performed
cells 114]. The addition of hyaluronan into Matrigel resulted to determine whether the expression of genes associated with
in increased glioma cell invasion in Matrigel invasion as- cell invasion (such as MMPs, TIMPs, and ADAMS) were
says [15]. Together, these studies suggest that , I integrin- differentially expressed in ovarian carcinoma compared to
and CD44-mediated cell-ECM interactions may contribute normal ovaries. Our results suggest that complex cell-cell
to ovarian carcinoma cell invasion, and cell-ECM interactions between the tumor cells and their

Cancer cell invasion is mediated by a complex balance target cells mediate ovarian carcinoma cell invasion, and that
between degradative enzymes, including matrix metallopro- this assay may be a suitable model system for further study.
teinases (MMPs), tissue inhibitors of matrix metallopro-
teinases (TIMPs), and ADAMs (a disintegrin and metal-
loproteinase). MMPs are proteolytic enzymes that play an Materials and methods
important role in cancer cell invasion through the degra-
dation of ECM proteins, such as fibronectin and collagens Unless otherwise stated, all standard reagents and materials
[16, 171. Increased activity of MMPs has been linked to the were obtained from Sigma Chemical Company (St. Louis,
invasive potential of tumor cells [18, 19]. In ovarian carci- Missouri), all pictures were photographed with a Nikon
noma, increased secretion and activity of MMP 2, MMP 9, Coolpix 950 camera, and all experiments were performed
and MTI-MMP have been reported [20, 21]. However, in triplicate and repeated a minimum of three times.
the expression of TIMP I was shown not to be altered in
ovarian carcinoma [22, 23]. These studies suggest that el- Cell culture
evation of MMP secretion, relative to the concentrations
of MMP inhibitors, can facilitate ovarian cancer cell in- The human ovarian carcinoma cell line NIH:OVCAR5.

vasion. The ADAMs are a recently discovered family of which mimics the progression of ovarian carcinoma when

cell adhesion receptors, most of which are composed of injected into in vivo mouse models [281, was maintained

pro- . metalloproteinase. disintegrin-like, cysteine-rich, in RPMI 1640 medium, 10% fetal bovine serum (FBS),

EGF-like repeat, transmembrane and cytoplasmic tail do- 2 mM glutamine, 0.2 U/ml insulin, and 50 U/ml penicillin

mains [24, 251. Type I and type 1I procollagens can be G/streptomycin (Life Technologies, Grand Island, New

degraded by an ADAMTS (a disintegrin and metallopro- York). The ovarian carcinoma cell line NIH:OVCAR5 was

teinase with thrombospondin type I repeat) [261. ADAM 12 originally established by Dr Thomas Hamilton (Fox Chase

was detected immunohistochemically in breast, colon, and Cancer Center) [291 and obtained from Dr Judah Folkman,

lung carcinomas, and overexpression of disintegrin domains Harvard Medical School. The human peritoneal mesothelial

of ADAM 12 and ADAM 15 promoted cell adhesion in cell line LP9 (Coriell Cell Repositories, Camden, New Jer-

melanoma cells [271. Interactions between MMPs, TIMPs, sey) was maintained in a medium containing a 1:1 ratio of

and ADAMs are believed to regulate cancer cell invasion, M199 and MCDB 10 media. 15% PBS, 2 mM glutamine.
but their particular interactions are not fully understood. 5 ng/ml epidermal growth factor, 400 ng/ml hydrocortisone,

and 50 U/ml penicillin G/streptomycin. Both cell lines were



In vitro ovarian carcinoma cell invasion assay 345

maintained in 75-mm 2 tissue culture flasks in a humidified cell monolayers was quantified by measuring the size of the
incubator with 5% CO2 at 37 °C. areas of the confluent monolayers of mesothelial cells that

were displaced by the proliferating ovarian carcinoma cells.
Fluorescent dye-based modelfor cell invasion No invasion is represented as (-), 50-200 pm of invasion is

represented as (+). 220-400(/)tm of invasion is represented
A model system for monitoring the ability of NIH:OVCAR5 as (++), and areas of invasion greater than 400 ptm are
ovarian carcinoma cells to invade through live mesothelial represented as (+ ± ±).

cell monolayers was developed. In order to distinguish be-
tween the ovarian carcinoma cells and the mesothelial cells, Inhibition of ovarian carcinomt cell invasion through
the cell lines were labeled with stains that fluoresced at dif- mesothelial cell monolavers
ferent wavelengths. LP9 mesothelial cells were grown to
confluence in 24-well tissue culture plates (Becton Dick- In order to identify the adhesion molecules or proteinases
inson, Franklin Lakes, New Jersey) and rinsed twice with that may be involved in the invasion of the ovarian carcinoma
phosphate buffered saline (PBS). The mesothelial cells were cells through the mesothelial cell monolayers, invasion as-
labeled with 10 pg/ml 5-chloromethylfluorescein diacetate says were performed as described above, except that the cells
(CMFDA) (Molecular Probes, Inc., Eugene, Oregon), a were incubated in the presence of a variety of potential in-
green fluorescent stain, in PBS for 30 min at 37 'C, and hibitors. Briefly, mesothelial cells were grown to confluence,
then rinsed twice with PBS. The NIH:OVCAR5 cells were permeabilized with DMSO, rinsed, and then the ovarian car-
released from tissue culture flasks with 0.5% trypsin, 2 mM cinoma cells were added to the wells. Following a one-hour
EDTA as described previously [301. and resuspended in PBS incubation period at 37 'C. during which time the ovarian
at a concentration of 106 cells/mi. The NIH:OVCAR5 cells carcinoma cells were allowed to settle atop the mesothelial
were labeled with 10 /g/ml carboxy SNARF-1 (Molecular cell monolayers and commence adhesion to the mesothe-
Probes, Inc.), a red fluorescent stain, in PBS for 30 rain, lial cells, the potential inhibitors were added. The potential
and then rinsed twice with PBS. The NIH:OVCAR5 cells inhibitors were tested at a range of concentrations, and
were added to the live mesothelial cell monolayers at a included the following: 1. 10, and 25 mM GM6001, a chem-
concentration of 10,000 cells/ml/well. The co-cultures were ical inhibitor of MMP- 1, -2, -3, - 8, and -9 131 ] (Chemicon
maintained in a 1:1 ratio of complete media for each cell International, Temecula, California); 1, 10, and 100 /tg/ml
type. At 24 h intervals, the wells were gently washed twice GRGDSP or GRGESP peptides (Life Technologies); 5, 20,
with PBS, and the cells were visualized with a Nikon Eclipse and 50 nM TIMP-I (Chemicon); 5, 20, and 50 nM TIMP-2
TE200 fluorescent microscope. (Chemicon); 10, 100, and 1000 pg/mI of human umbili-

cal cord hyaluronan (Sigma); 10, 100, and 1000 pg/ml of
Trvpan blue dye-based model for cell invasion chondroitin sulfate A (Sigma); 10, 100, and 1000 pg/mI of

heparin; and 0. 1 and I pg/ml of normal mouse immunoglob-
A second model system for quantitating the ability of ulin (IgG). The following mAbs were used at concentrations
NIH:OVCAR5 ovarian carcinoma cells to invade through of 0.1 and I ug/ml: P5D2, which blocks the adhesive activity
monolayers of mesothelial cells was developed using a mod- of human /31 integrin subunits (provided by Dr Leo Furcht,
ification of the protocol described by Yu et al. [141. LP9 University of Minnesota); mAb 21C8, which stimulates the
cells (10,000 cells/well) were added to 24-well tissue cul- adhesive activity of human /31 integrin subunits (Chemicon);
ture plates and grown to confluence for 48 h in complete mAb IM7, which a blocks the hyaluronan-binding site of
medium. The mesothelial cell monolayers were rinsed twice CD44 (Pharmingen, San Diego, California); a mAb against
with I ml PBS, permeabilized with 250 p1 dimethyl sulfox- MMP-2 (Chemicon), and a mAb against MMP-9 (Chemi-
ide (DMSO) for I h at room temperature, rinsed twice with con). In addition, purified mAbs that block the adhesive
1 ml PBS, and rinsed twice with RPMI 1640 media. Per- activity of human integrin subunits al (mAb FB12), a2
meabilization with DMSO did not disrupt the confluency of (iTIAb PIE6), 03 (mAb PIB5), a4 (mAb PIH4), a5 (mAb
the monolayers of mesothelial cells. Single cell suspensions PID6), and a6 (mAb GoH3) were purchased from Chemi-
of NIH:OVCAR5 cells were resuspended in complete cell con and used at concentrations of 0.1 and I ug/ml. Each
culture media and added to the DMSO-treated mesothelial of the putative inhibitors was replenished daily by remov-
cell monolayers. At 24 h intervals for 7 days, the media ing 500 ul of media and replacing it with 500 ul of fresh
was removed and replaced with fresh media. Alternatively, inhibitors in media.
the wells were gently washed twice with 1 ml PBS, then
500 p1 of 0.2% trypan blue solution (Sigma) was applied ECM molecules
to each well for 15 min, and gently rinsed with I ml PBS.
Since the mesothelial cells had been permeabilized with Type IV collagen, isolated from mouse EHS tumor, was pur-
DMSO, they retained the trypan blue dye, while the live chased from Trevigen, Gaithersburg, Maryland. Mouse EHS
ovarian carcinoma cells did not retain the trypan blue dye. laminin, prepared as previously described [32], was pro-
Thus, it was relatively easy to distinguish the two cell types, vided by Dr Leo Furcht. University of Minnesota. Human
and quantitate the level of invasion during the course of the plasma fibronectin, purified as described [33], was provided
seven-day assay by use of a light microscope. The extent of by Dr James McCarthy, University of Minnesota. Ovalbu-
invasion of the ovarian carcinoma cells into the mesothelial
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min was purchased from Sigma. Matrigel was purchased by performing a query of the human U95 chip annotation on
from Becton Dickinson, Bedford, Massachusetts. the Affymetrix web site (www.affymetrix.com/analysis). We

searched the text database for the words 'MMP', 'TIMP',
Cell proliferation assay and 'ADAM' and found 100 gene fragments. We excluded

eleven of the gene fragments since they were ESTs or the
96-well tissue culture plates were coated with 50 tg/ml of gene name was not known, and another group of seven gene
libronectin, laminin, type IV collagen, or ovalbumin or with fragments were excluded since the gene names were not
I mg/ml hyaluronan in PBS (100 pl/well) at 4 'C for 16 h. MMP, TIMP. or ADAM. Thus, of the 60,000 gene fragments
Nonspecific binding sites were blocked with 200 ul/well of present on the U95 chips, this study was limited to 82 gene
2 mg/mI ovalbumin in PBS at 4 'C for I h, and then rinsed fragments or 48 different genes. The gene expression values
twice with PBS. Single cell suspensions of NIH:OVCAR5 for these 82 gene fragments were then analyzed by the Gene
cells in complete medium were added at a concentration of Logic GeneExpress® Software System in order to identify
500 cells/200 lt/well and cultured for up to 7 days. At var- those genes that were over- or under-expressed 2-fold or
ious time points, 2 mg/ml WST- I (Boehringer-Mannheim more in ovarian carcinoma samples compared to normal
Corporation, Indianapolis, Indiana) was added to each well ovary samples or normal omentum samples. Genes associ-
and incubated for 2 h. The resulting formazan product was ated with cell invasion were selected for further analysis only

quantitated by a SpectaMax 250 scanning multi-well spec- if their mean expression intensity values were greater than
trophotometer (Molecular Devices Corporation, Sunnyvale, or equal to 100 for the tumor samples. Our final selection
California) by measuring absorbance at 450 nm. These criteria was limiting our studies to only those gene frag-
experiments were performed in quadruplicate. ments whose expression values were classified by the Gene

Logic GeneExpress® Software System as being 'present',
Toxicity assay in the presence of inhibitors' regardless of whether they were greater than or equal to

100. Clustering of the gene expression data was performed
In order to determine whether the putative inhibitors of cell with Eisen Cluster and TreeView software (available at

invasion were toxic to the ovarian carcinoma cells, and thus, http://rana.lbl.gov/EisenSoftware.htm).

were inhibiting the invasion of the ovarian carcinoma cells

by killing them, we performed the following toxicity as-
say. Briefly, single cell suspensions of NIH:OVCAR5 cells Results
in complete medium were added at a concentration of 500
cells/200 pl/well and cultured for up to 7 days in the pres- Ovarian carcinoma cells invade through inesothelial cell
ence of the inhibitors listed above. At various time points, monolavers
2 mg/ml WST- I (Boehringer-Mannheim Corporation, Indi-
anapolis, Indiana) was added to each well and quantitated as To determine the invasive ability of ovarian carcinoma cells,
described above. we developed an in vitro assay that we believe more closely

mimics in vivo conditions than the commonly used Matrigel
Gene expression analysis of hiuman tissues invasion assay [2]. Ovarian carcinoma differs from most

other types of cancer in the means by which it spreads to
Humans tissue samples from 50 normal ovaries, 20 pri- secondary sites. Namely, most other types of cancer metas-
mary ovarian carcinomas, 17 secondary omental metastases, tasize to secondary sites via the blood stream and thus,
and 7 normal omenta were obtained from the Tissue Pro- invade through the ECM that underlies endothelial cells lin-
curement Facility of the University of Minnesota Cancer ing blood vessels. In contrast, ovarian carcinoma cells spread
Center. Samples were obtained using protocols approved by to secondary sites by adhering to the mesothelial cells that
the University of Minnesota Institutional Review Board. All line the organs of the peritoneal cavity. Thus, the focus
samples were snap frozen in liquid nitrogen within 30 min of this study was on the interaction between ovarian carci-
after resection from the patient. As a quality control mea- noma cells with mesothelial cells. In addition, we wanted

sure, a pathologist examined an H&E stained slide of each to develop an in vitro invasion assay that would improve
tissue sample to confirm the pathologic nature of the sam- upon the model system developed by Niedbala et al. [41.
ple. Each of the ovarian carcinoma samples was comprised In particular, we wanted to quantitate the ability of ovarian
almost entirely of tumor cells and none of the samples were carcinoma cells to invade through monolayers of mesothe-
necrotic. lial cells without using bovine corneal endothelial cells or

The expression of genes associated with invasion in radioactive material. We have previously shown that human
primary ovarian carcinomas, secondary omental metas- LP9 mesothelial cells can synthesize the ECM molecules li-
tases. normal ovaries, and normal omenta was studied. bronectin, laminin, type I collagen, type Ill collagen, and
RNA was prepared from the tissue samples according to type IV collagen within 24 h after plating 15]. Thus, we
Affymetrix protocols and gene expression was determined at designed a model system that would allow mesothelial cells
Gene Logic Inc. (Gaithersburg, Maryland) using Affymetrix to grow to confluent monolayers by 48 h, and thus, obviate
GeneChip® U_95 arrays (Santa Clara, California) contain- the need for bovine corneal endothelial cells.
ing approximately 12.000 known genes and 48,000 ESTs. Our initial strategy involved the use of fluorescently
We limited our analysis to genes involved in cell invasion labeled co-cultures of live cells. In these initial assays,
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Figure 1. Ovarian carcinoma cell invasion through live mesothelial cell monolayers. NIH:OVCAR5 ovarian carcinoma cells labeled with the red fluorescent
stain SNARF-I were allowed to invade through monolayers of live mesothelial cells labeled with the green fluorescent stain CMFDA. After three days. the
wells were photographed under a phase objective to visualize the cocultures (A), or under fluorescent objectives to visualize the ovarian carcinoma cells
(B). or the mesothelial cell monolayers (C). Arrows point to a cluster of NIH:OVCAR5 cells that have invaded through the mesothelial cell monolayer.
Bar = 100 jpm.
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Figure 2. Ovarian carcinoma cell invasion through mesothelial cells monolayers is inhibited by an MMP inhibitor and GRGDSP peptide. NIH:OVCAR5
ovarian carcinoma cells were placed atop monolayers of DMSO-treated mesothelial cells in complete media alone or in the presence of 25 mM GM00)l.
I(X)/g/mIl GRGDSP peptide, or 100 pg/mIl GRGESP peptide. In the presence of media or the GRGESP peptide. ovarian carcinoma cell invasion is
observed at 4 and 7 days (arrows). In the presence of GM6)I or the GRGDSP peptide, cell invasion is completely inhibited for 4 days, and is still partly
inhibited by 7 days (arrows). Bar = 2(X) pn.
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the ovarian carcinoma cells and mesothelial cells were la- mesothelial cells had once been, leaving mounds or piles of
beled with two different colored fluorescent dyes (Figure 1). mesothelial cells at the edges of these displaced areas. We
At three days, the two cell types were indistinguishable did not observe mesothelial cells being exfoliated as a mono-
from each other when viewed with a phase microscope layer; rather we observed piles of displaced mesothelial cells
(Figure IA). When viewed with fluorescent filters, the at the perimeter of these areas where the ovarian carcinoma
NIH:OVCAR5 cells (Figure IB) could be distinguished cells now were growing.
from the mesothelial cell monolayers (Figure I C). One clus-
ter of NIH:OVCAR5 cells, highlighted with arrows, was Ovarian carcinoma cell invasion through mesothelial cell
observed under phase and fluorescent filters (Figures IA, monolavers is blocked by MMP inhibitors
I B), and its absence was noted from the visualized mesothe-
lial cell monolayer (Figure IC). The ovarian carcinoma Ovarian carcinoma cell invasion has been shown to be me-
tumor cells had invaded through the mesothelial cell mono- diated, in part, by the induction of MMPs II, 20, 211. For
layer and adhered to the tissue culture plate, creating a focal this reason, we examined whether some potential inhibitors
point of invasion. For up to three days, the cells were eas- of MMP activity would alter the invasive capacity of ovarian
ily visualized with the fluorescent microscope. However, the carcinoma cells in our model system. We tested the follow-
fluorescent dyes diluted to undetectable levels after approx- ing potential inhibitors: GM6001 which is a broad-spectrum
imately six to eight cell divisions and could not be used MMP inhibitor; a mAb against MMP 2; a mAb against
for longer time points. We therefore decided to try another MMP 9; TIMP-1; and TIMP-2. Ovarian cancer cell inva-
approach for differentiating the two cell types. sion through mesothelial cell monolayers was dramatically

In the second model system described herein, we used inhibited by the addition of GM6001 (Table I and Figure 2).
trypan blue dye to distinguish between the two cell types, In the presence of 25 mM GM600I, ovarian carcinoma cell
based on a modification of a protocol described by Yu et al. invasion was completely inhibited for up to 4 days. However,
[ 14]. In this model system, we used DMSO to permeabilize by seven days, some ovarian carcinoma cell invasion was
the confluent human mesothelial cell monolayers, and then observed in the presence of GM6001 (Table 1), but the areas
the ovarian carcinoma cells were allowed to invade through of invasion were much smaller than those observed in the
monolayers of permeabilized mesothelial cells (Figure 2). absence of the GM6001 (Figure 2, arrows). Furthermore,
At 24 h intervals, nonadherent ovarian carcinoma cells were many ovarian carcinoma cells adhered to and spread upon
gently rinsed away, and the cultures were subjected to try- the mesothelial cell monolayers, but did not invade. At lower
pan blue dye staining. The permeabilized mesothelial cells concentrations of GM6001 (i.e., I mM and 10 mM), we did
stained blue, since they were unable to exclude the try- not observe significant inhibition of invasion (Table I). Fur-
pan blue dye. In contrast, the live ovarian carcinoma cells thermore, when the ovarian carcinoma cells were grown in
remained unstained. the presence of GM6001 for up to seven days. the rate of pro-

During the early phases of invasion, the ovarian carci- liferation was not altered, indicating that GM6001 was not
noma cells must adhere to the mesothelial cells. Adhesion toxic at the range of concentrations tested (data not shown).
and spreading may then occur, as well as proliferation The mAbs against MMP 2 and MMP 9 were able to almost
and invasion. We were able to distinguish these various completely inhibit the invasion of the ovarian carcinoma
processes by vigilantly observing the ovarian carcinoma cells for up to four days (Table 1). However, by seven days,
cells during the course of the weeklong assay. At the one-day some invasion was observed, although not to the same extent
time point, the ovarian carcinoma cells still remained round as those ovarian carcinoma cells that were untreated. Simi-
and appeared to have adhered to the surface of the mesothe- larly, TIMP- I and TIMP-2 inhibited ovarian carcinoma cell
lial cell monolayers. However, there was no evidence of invasion for up to 4 days when tested at 50 nM, while a lower
invasion of the mesothelial cell monolayers by the ovarian concentration of 5 nM seemed to cause a minimal increase
carcinoma cells. Within two to three days, the ovarian carci- in invasion (Table 1). By 7 days, invasion was observed to be
noma cells had spread out on the surface of the mesothelial partially inhibited by 50 nM TIMP-2, while 50 nM TIMP- I
cells and were also beginning to show signs of proliferation, had no effect on ovarian carcinoma cell invasion (Table 1).
At the four-day time point, initial invasion by the ovarian These results suggest that ovarian carcinoma cell invasion
carcinoma cells through the mesothelial cell monolayers was through mesothelial cell monolayers requires some selective
observed (Figure 2, arrows). The ovarian carcinoma cells MMP activity.
had moved between the mesothelial cells that formed the
monolayers, and had actually pushed the mesothelial cells Ovarian carcinoma cell invasion through mesothelial cell

aside. By microscopic examination, the ovarian carcinoma monolayers is mediated by integrins
cells were no longer sitting atop the mesothelial cells, but

were on he ame plan of vison s te me othlia cels. We have previously shown that fi I integrins mediate ovarianw ere on the sam e plane o f visio n as the m esothelial cells. ca in m ce l dh s o [5 61 nd ig t on 71 o E C
By seven days, the foci of invasion had increased in size
(Figure 2. arrows), in some cases displacing the majority components. To determine whether integrins affect ovarian

of the mesothelial cell monolayers in the well. The ovarian carcinoma cell invasion through mesothelial cell monolay-

carcinoma cells appeared to act as a 'snow plow' and had ers, we performed the assays in the presence of exogenous
GRGDSP peptide, a ligand bound by many integrins 1341.

virtually cleared off entire sections of the wells where the Gu
At 4 days, cell invasion was partially inhibited in the pres-
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Table I. Effect of metalloproteinases on the invasion of NIH:OVCAR5 ovarian
carcinoma cells through monolayers of mesothelial cells.

Potential inhibitor Concentration of inhibitor Day I Day 4 Day 7

No treatment - - + + + +

GM6(X)l I mM - + + + +
10 mM - + ++

25 mM - - +

mAb vs. MMP-2 0.1 isg/ml - + ++

I pg/ml - -

mAb vs. MMP-9 0.1 Pg/ml - + ++
I 11g/ml - - +

TIMP-1 5 nM - + + +
20 nM - . . .+
50 nM - -

TIMP-2 5 nM - ++ + + +
20 nM - + ..+ .
50 nM - - ++

The invasion of the ovarian carcinoma cells into the mesothelial cell monolayers
was quantified by measuring the size of the areas of the confluent monolayers of
mesothelial cells that were displaced by the proliferating ovarian carcinoma cells.
No invasion is represented as (-). 50-200 pm of invasion is represented as (+),
220-400 pim of invasion is represented as (++). and maximal levels of invasion
greater than 4(X) pim are represented as +++ +).

ence of 10-100 /g/ml GRGDSP peptide (Table 2, Figure 2), by seven days, the area of ovarian carcinoma cell invasion
compared to cells incubated in the presence of GRGESP was almost the same as that observed in the presence of nor-
control peptide (Table 2, Figure 2, arrows). The addition mal mouse IgG. Blocking mAbs against the alpha integrin
of the GRGDSP peptide inhibited most ovarian carcinoma subunits alI, at2, 03, a4, a5, and u6 were tested in this
cell invasion (Figure 2), but it did not completely prevent model system at 0.1 and I ug/ml. They had no inhibitory
tumor cells from adhering to the mesothelial cell monolayer. effect when compared to the normal mouse IgG controls
By 7 days, areas of invasion of the ovarian carcinoma cells (Table 2). Taken together, these data suggest that fl1 inte-
into the mesothelial cell monolayers were observed when grins may mediate ovarian carcinoma cell invasion through
100 pg/mI of the GRGDSP peptide was present (Table 2). mesothelial cell monolayers, although the alpha subunit(s)
However, these areas of invasion were much smaller than that participate in this invasion have not been defined.
those observed in the presence of the GRGESP peptide at
similar concentrations (Table 2, Figure 2). Furthermore, Ovarian carcinoma cell invasion through mesothelial cell
when the ovarian carcinoma cells were grown in the pres- monolayers is partially mediated by glvcosaminoglycans
ence of the GRGDSP and GRGESP peptides for up to 7
days, the rate of proliferation was not altered, indicating that We have previously shown that CD44 mediates ovarian car-

the GRGDSP and GRGESP peptides were not toxic at the cinoma adhesion [5] and migration [7] to ECM components.

range of concentrations tested (data not shown). To determine whether CD44 affects ovarian carcinoma cell

Further studies to determine the role of /31 integrins in invasion through mesothelial cell monolayers, we performed

mediating ovarian carcinoma cell invasion through mesothe- the assays in the presence of a blocking mAb against CD44

lial cell monolayers were performed in the presence of and various glycosaminoglycans. The mAb against CD44,

normal mouse IgG or mAbs against the binding sites of when tested at concentrations of 0.1 and I [pg/ml, did not

integrin subunits. A blocking mAb against the /31 integrin inhibit ovarian carcinoma cell invasion at 4 days, and had

subunit completely inhibited ovarian carcinoma cell invasion only a minor inhibitory effect on cell invasion at 7 days (Ta-

up to four days; however by seven days some small areas of ble 3 and Figure 3, arrows) when compared to normal mouse
invasion were observed (Table 2, Figure 3). Furthermore, IgG. The glycosaminoglycan hyaluronan, which serves as a

when the ovarian carcinoma cells were grown in the pres- ligand for CD44, inhibited ovarian carcinoma cell invasion

ence of the mAb against the /3 1 integrin subunit for up to up to day 4, at a concentration of 1000 pg/ml (Table 3). In

seven days, the rate of proliferation was not altered, indicat- the presence of 1000 pg/ml hyaluronan, the area of invasion

ing that the mAb was not toxic at the range of concentrations increased from day 4 up to day 7 (Table 3). Even the lower

tested (data not shown). A stimulating mAb against the P I concentrations of hyaluronan appeared to have a minor in-

integrin subunit was able to inhibit cell invasion for up to hibitory effect on cell invasion at day 7. As controls, the

4 days when used at concentrations of I pg/ml. However, glycosaminoglycans heparin and chondroitin sulfate A were
tested and found to have no inhibitory effect on ovarian car-
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Table 2. Effect of integrins on the invasion of NIH:OVCAR5 ovarian carcinoma cells through

monolayers of mesothelial cells.

Potential inhibitor Concentration of inhibitor Day I Day 4 Day 7

No treatment - + +.+ +

GRGDSP peptide I pg/ml - + +.+ +

10 pg/ml - - + + +

100p g/ml - - +

GRGESP peptide I ,tg/mI - + ++ .+

10 ,pg/ml - + . . .

100 l pg/ml - + .+ .

Normal mouse IgG 0.1 I g/ml - + + + 4

1 jig/ml - + + +

Blocking mAb vs. /31 integrin 0.1 g/ml - +

I ,ig/ml - +

Stimulating mAb vs./9 I integrin 0.1 g/mlI - + ++

I lpg/ml - - ++

mAb vs. a I integrin 0.1 pg/nI - + + + +

I lpg/ml - + + 4-t

mAb vs. a2 integrin 0,1 1g/ml - + + + +

Ilpg/ml + + + +i-

mAb vs. a3 integrin 0.1 pig/mIl + ++ +

Ip•g/ml + ± +.

mAb vs, ue4 integrin 0.1 jtg/mIl + . . .

Ilag/ml + + +

mAb vs. ce5 integrin 0.1 Itg/mi-l + + + +

I pg/ml + . .+

mAb vs. a6 integrin 0.1 p•g/mI + + ++

I jig/ml + - +-+ 4

The invasion of the ovarian carcinoma cells into the mesothelial cell monolayers was quantified
as described in Table I.

Table 3. Effect of glycosaminoglycans on the invasion of NIH:OVCAR5 ovarian
carcinoma cells through monolayers of mesothelial cells.

Potential inhibitor Concentration of inhibitor Day I Day 4 Day 7

No treatment - - + + + .

Normal mouse lgG 0.1 ug/ml - + + + +

I lig/ml - + + + +

mAb vs. CD44 0. Ig/mI - + + + +

I Itg/ml - + ++

Hyaluronan 10 pg/ml - + ++

1I00 pg/ml - + ++

I(XX) jg/mI - - +

Chondroitin sulfate A 10 pg/mI - + ++ .+

I00 /Ig/ml - + + + +

1000 tg/mil - ++ + + +

Heparin 10 p g/ml - ++ +.+ .

I(OWptg/ml - ++ +.+ +

1000 OO gg/ml - + +. .

The invasion of the ovarian carcinoma cells into the mesothelial cell monolayers was

quantified as described in Table I.
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Figure 3. Ovarian carcinoma cell invasion through mesothelial cells monolayers is inhibited by monoclonal antibodies against the 131 integrin subunit.
NIH:OVCAR5 ovarian carcinoma cells were placed atop monolayers of DMSO-treated mesothelial cells in the presence of I pg/mIl mouse IgG,
blocking mAb against the /31 integrin subunit, or blocking mAb against CD44. In the presence of mouse IgG or a blocking mAb against CD44. the
NIH:OVCAR5 cells invaded through the mesothelial cell monolayers (arrows). In the presence of a blocking mAb against the /31 integrin subunit,
invasion through the mesothelial cell monolayer was almost completely inhibited on day 4, and still significantly inhibited on day 7. Bar = 200 Pm.
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Figure 4. Ovarian carcinoma cell proliferation is not affected by the composition of the adhesive substrata. 96-well plates were coated with fibronectin
(diamonds), type IV collagen (squares), laminin (triangles), hyaluronan (circles), or ovalbuinin (crosses). NIH:OVCAR5 cells were added to ECM-coated
wells at a concentration of 500 cells/well and incubated for up to 7 days. The levels of proliferation were quantitated as described in the 'Materials and
methods' section. Data are expressed as mean ± SD.
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Figure 5. Differential gene expression between ovarian carcinomas and normal tissues. The expression values for gene fragments of MMPs, TIMPs, and
ADAMs were analyzed by the Gene Logic GeneExpress® Software System for 20 primary ovarian carcinoma tumors ('primary tumors' , 17 secondary
ovarian carcinoma tumors that had spread to the omentum ('metastases'). 50 normal ovaries ('ovaries'), and 7 normal omentum (omenta"). The nine gene
fragments listed in Table 4 were differentially expressed in the sample sets and the gene expression data was clustered with Eisen Cluster and TreeView
software. Columns represent individual human tissue samples; rows represent individual genes. Each box represents the expression level of a single
transcript in a single sample, with red and green indicating transcript levels above and below the mean for that gene across all samples. respectively.
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cinoma cell invasion any time during the assay, even when pies obtained from 20 primary ovarian carcinoma tumors,
tested at concentrations as high as 1000 Mg/ml (Table 3). 17 secondary omental metastases, 50 normal ovaries, and 7
Furthermore, when the ovarian carcinoma cells were grown normal omenta. We limited our analysis to the 82 gene frag-
in the presence of hyaluronan, chondroitin sulfate A, or he- ments or 48 different genes that contained the word 'MMP',
parin for up to seven days, the rate of proliferation was not 'TIMP', or 'ADAM'. The gene expression values for these
altered, indicating that these glycosaminoglycans were not 82 gene fragments were then analyzed by the Gene Logic
toxic at the range of concentrations tested (data not shown). GeneExpress® Software System in order to identify those
These results suggest that hyaluronan may play a role in genes that were over- or under-expressed 2-fold or more in
ovarian carcinoma cell invasion, ovarian carcinoma samples compared to normal ovary sam-

ples or normal omentum samples. Genes associated with cell
The composition of the adhesive substratum does not affect invasion were selected for further analysis only if their mean
the proliferative abilities of ovarian carcinoma cells expression intensity values were greater than or equal to 100

for the tumor samples and were classified as 'present' by the
We were next interested in determining whether different Gene Logic GeneExpress® Software System.
ECM molecules on the surface of the wells affected the By performing gene expression analysis, we analyzed
growth, and thus, the invasion, of the ovarian carcinoma 94 different tissue samples for their expression levels of 82
cells. The first step in this model system requires growing gene fragments related to cell invasion. This process led us
the mesothelial cells to confluency in the wells. During this to generate almost 8,000 data points. Eisen Cluster analysis
48-h period, mesothelial cells have been shown to produce (Figure 5) allows for a visual depiction of the range of flu-
a variety of ECM molecules [5]. During the next seven orescent values for the various samples. For example, 75%
days, while the ovarian carcinoma cells were co-cultured (15/20) of the primary ovarian carcinoma samples and 82%
with the mesothelial cells, the mesothelial cells appeared (14/17) of the secondary omental metastases samples ex-
to be pushed aside by the invading ovarian carcinoma cells. pressed high levels of MMP 7, indicated by the boxes that
In addition, the ovarian carcinoma cells appeared to spread are shades of red. In contrast, only 4% (2/50) of the normal
and/or proliferate on the cleared off areas of the wells. Thus, ovary samples express low levels of MMP 7: shown by the
it is possible that the underlying ECM molecules that were two boxes that are faintly red. The intensity of color depicts
secreted by the mesothelial cells may be promoting the pro- the level of expression of each gene.
liferation and growth of the ovarian carcinoma cells. Earlier Nine genes appeared to be differentially expressed be-
studies by Niedbala et al. [4] had postulated that such a tween the cancerous tissues and the normal tissue counter-
scenario may be occurring. Thus, we wished to determine parts. The fluorescent intensity values for these nine genes
whether the ovarian carcinoma cells proliferate (and not are shown in Figure 5. ADAM 8, ADAM 9, MMP 7,
just spread out) on a variety of ECM molecules that are MMP 9, and MMP I I were highly expressed in both pri-
synthesized by the mesothelial cells. To examine the ef- mary ovarian carcinomas and secondary omental metastases,
fects of adhesive substrata on the proliferative ability of the compared to normal ovaries and omenta (Figure 5). Compar-
ovarian carcinoma cells, NIH:OVCAR5 were cultured as ison of the expression values assigned to these gene tran-
monolayers in 96-well plates that were coated with differ- scripts confirmed significant mean fold increases of these
ent ECM components known to be secreted by mesothelial transcripts in tumor samples compared to normal tissues
cells: fibronectin, laminin, type IV collagen, and hyaluronan (Table 4). The tissue distribution of MMP 7 gene expres-
(Figure 4) [5, 351. The ovarian carcinoma cells prolifer- sion was found to show the most marked change among
ated rapidly within the first 24 h of the assay regardless of the gene fragments we studied. Expression of MMP 7 was
the ECM component on which they were growing. Moder- 90-fold higher in primary ovarian carcinoma tissues corn-
ate growth rates were observed between days 3 and 7 on pared to normal ovaries, 97-fold higher in secondary ovarian
each of the ECM molecules (Figure 4). Thus, we observed carcinoma tumors compared to normal ovaries, and 37-fold
that the NIH:OVCAR5 cells proliferated equally well in the higher in secondary ovarian carcinoma tumors compared
presence of any of the four ECM molecules we tested as ad- to normal omentum (Table 4). In addition, the expression
hesive substrata. Interestingly, none of the ECM molecules of MMP 9 transcripts increased over 5-fold, while the ex-
that we tested preferentially increased or decreased ovarian pression of ADAM 8, ADAM 9, and MMP II transcripts
carcinoma cell proliferation, increased over 2-fold (Table 4). In contrast, the expres-

sion of gene transcripts of TIMP 2, TIMP 1, MMP 2, and
Differential expression of genes associated with cell ADAMTS 1, was down-regulated 2.0 to 4.4-fold in tumor
invasion in normal and malignant ovarian tissues tissues compared to normal samples (Figure 5 and Table 4).

Since cancer cell invasion is thought to be mediated by a
complex interaction between MMPs, ADAMs, and TIMPs, Discussion
we decided to determine whether these genes are differ-
entially expressed in ovarian carcinoma tissues, compared Currently, cancer cell invasion is most commonly measured
to normal ovaries. Gene Logic Inc. quantitated the ex- by the ability of the cells to invade through Matrigel 121, a
pression levels of 12,000 known genes and 48,000 ESTs mixture of matrix components synthesized by mouse EHS
using Affymetrix GeneChip® U-95 arrays on RNA sam- tumors that approximates the basement membrane ECM
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through which cancer cells invade [3]. While the Matrigel Table 4. Genes associated with cell invasion are differentially ex-

invasion assay provides an ECM through which cancer cells p in ovarian carcinoma.

can invade, there are several caveats to this procedure. Ma- Gene 0 tumor: 20 tumor: 2' tumor:
trigel is a mixture of ECM components synthesized by normal ovary normal ovary normal omentum
mouse sarcoma cells, which is a less than ideal milieu to
examine metastasis in human ovarian carcinoma cells. More MMP 7 90.1 T 97.0 T 37.4

MMP 9 5.74" 9.5 t

importantly, this assay measures interactions between tumor MMPI9 2.3 4.5 7.9

cells and ECM components, but not cell-cell interactions ADA 1 2.3 T 2.6 T

between tumor cells and target cells. Ovarian carcinoma dif- ADAM 9 - 2.0 T -

fers from most other types of cancer in the means by which
it spreads to secondary sites. Namely, most other types of TIMP I - - 3.3 4

cancer metastasize to secondary sites via the blood stream ADAMTS 1 3.9 1 4A1 , 4.4 ,

and thus, invade through the ECM that underlies endothe- TIMP 2 2.2 4 --

lial cells lining blood vessels. In contrast, ovarian carcinoma MMP 2 2.04

cells spread to secondary sites by adhering to the mesothelial The mean fold change ratio differences in gene expression were com-
cells that line the organs of the peritoneal cavity. Thus, the pared between 20 primary ovarian carcinoma tuimors and 50 normal

ovaries, and between 17 secondary omental metastases and 7 normal
focus of this study was on the interaction between ovarian omenta. In those cases where the ratio of mean fold change between
carcinoma cells with mesothelial cells. tumor:normal tissue was less than 2.0, then the ratio is denoted as

Niedbala et al. [4] described a model system for studying
the interaction of radiolabeled ovarian carcinoma cells with:
(i) monolayers of mesothelial cells grown on bovine corneal tach from the plastic wells during the course of the seven-day

endothelial cell ECM, (i6) ECM alone, or (iii) plastic. After invasion assay, it was not necessary to treat the mesothelial

a 72 h incubation, Niedbala et al. [4] observed a retraction of cells with a harsh fixative that could have altered the cell

the mesothelial cell monolayers in the presence of the ovar- surface adhesion molecules. Matrigel is not completely char-

ian carcinoma cells. Our model system was similar to that of acterized, and may contain murine-specific components that

Niedbala et al. [41; however, we permeabilized the mesothe- may alter the function of human cells. Interestingly, others

lial cell monolayers with DMSO prior to the addition of have shown that the addition of exogenous hyaluronan to

the ovarian carcinoma cells, based on the work of Yu et al. Matrigel alters glioina cell invasion [ 15], suggesting that the

1141. In addition, we did not precoat the wells with ECM precise composition of the invasive matrix is critical in the

components prior to the addition of the mesothelial cells. accurate assessment of tumor cell invasion. Second, unlike

Interestingly, the retraction described by Niedbala et al. [4] the Matrigel invasion assay, this in vitro invasion model is

seems to be similar to what we observed after 72 h of co- a cell-based assay that allows interactions to occur between

culture. Namely, the mesothelial cells appeared to be pushed tumor cells and permeabilized target mesothelial cells. Al-

aside by the invading ovarian carcinoma cells, similar to how though not as ideal as live mesothelial cells, the use of the

a snowplow pushes snow into piles. Then, as days passed, permeabilized mesothelial cells as an invasive matrix more

the areas cleared away by the invasive ovarian carcinoma closely approximates in vivo conditions than the mixture

cells became occupied by more spreading and proliferating of ECM components that comprise Matrigel. Thus, our in

ovarian carcinoma cells. In this study, we have extended the vitro invasion model may provide a more accurate gauge of

descriptive experiments of others in an effort to identify the metastatic events. Third, our in vitro model facilitates in-

cell surface molecules that may play a role in this cell-cell teractions between ovarian carcinoma cells and mesothelial

interaction and invasion process. cells, their most likely in vivo targets of metastasis, provid-

The in vitro cell-based ovarian carcinoma cell invasion ing a more optimal environment in which to study ovarian

assay described herein has several advantages over other in- carcinoma cell invasion. Furthermore, this model could eas-

vasion assays. First, the in vitro invasion model described ily be adapted to measure the invasive capacities of other

herein is comprised of cells and ECM components of hu- types of tumor cells.

man origin, derived from human mesothelial cells, unlike We initially attempted to perform invasion assays using

Matrigel, which is murine in origin, or bovine corneal live mesothelial cell monolayers. Ovarian carcinoma cells

endothelial cells used by Niedbala et al. [4]. We have pre_ and mesothelial cells were labeled with different fluorescent

viously published that the human mesothelial cell line LP9 dyes prior to their use in the assay. However, the fluorescent

forms a confluent monolayer in tissue culture-treated plastic dyes diluted to undetectable levels after approximately six to

wells within 48 h [5]. We have shown that during a 48-h pe- eight cell divisions, rendering this assay unsuitable within a

riod, this mesothelial cell line secretes the ECM molecules: few days. For this reason, we permeabilized the mesothelial

fibronectin, laminin, type I collagen, type IV collagen, and cell monolayers for use as a matrix of invasion. The perme-

hyaluronan [5]. Since the mesothelial cells secrete an abun- abilized mesothelial cells were not able to exclude trypan

dance of ECM molecules during the 48-h period prior to the blue dye, and thus they stained blue, while the ovarian carci-

start of the invasion assay, we did not find it necessary to noma cells did not retain the dye and remained clear. Thus, it

precoat the wells with ECM molecules from other sources. was quite easy to distinguish between the mesothelial cells

Furthermore, since these human mesothelial cells did not de-
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and the ovarian carcinoma cells without using fluorescent adherent ovarian carcinoma cells. Furthermore, GM6001
dyes or radioactive material, was not toxic to the ovarian carcinoma cells at the concen-

The invasive process was easily visualized in this cell- trations tested. In order to determine which of the various
based model. Ovarian carcinoma cells readily adhered to, MMPs may be affected by GM6001 in this model system,
spread upon, and invaded through the mesothelial cell mono- we also tested mAbs against MMP 2 and MMP 9. Both of
layers. After the formation of invasive foci, the cancer these mAbs were able to partially inhibit the invasion of the
cells proliferated and displaced the mesothelial cells. In- ovarian carcinoma cells, indicating that these MMPs may be
terestingly, the mesothelial cells did not stimulate contact involved in ovarian carcinoma cell invasion. When TIMP- I
inhibition in the invading ovarian carcinoma cells. It is still and TIMP-2 were tested in this model system, they served as
possible, however, that mesothelial cells may provide an effect inhibitors of invasion up to day 4 of the assay, but were
inhibitory effect upon ovarian carcinoma cell invasion or not effective by day 7. Again, it is possible that other prote-
proliferation in vivo. olytic enzymes that are not affected by TIMP- I and TIMP-2

The pericellular matrices that coat mesothelial cell may be involved in this invasive process. Future studies are
monolayers is comprised of numerous ECM components, planned to pinpoint the exact proteases that play a role in the
including glycoproteins and proteoglycans [5, 9]. To deter- invasion of ovarian carcinoma cells through mesothelial cell
mine whether adhesion to a particular substrata may affect monolayers, including other classes of proteases, using this
ovarian carcinoma cell proliferation, the cells were cultured model system.
in 96-well plates coated with fibronectin, type IV collagen, We have previously shown that the / 1 integrins play a
laminin, or hyaluronan. the major components of mesothe- major role in the adhesion of ovarian carcinoma cells to
lial cell ECM [5, 9]. The ovarian carcinoma cells adhered to mesothelial cell monolayers 15]. In addition, we have also
all of the substrata and grew to confluence. The composition shown that the /31 integrins play a major role in ovarian
of the adhesive substrata failed to affect the cells' ability to carcinoma cell migration toward ECM components 17]. In
proliferate, which suggests that the general phenomenon of this study, we observed that ovarian carcinoma cell inva-
cell adhesion mediates ovarian carcinoma cell proliferation, sion through mesothelial cell monolayers was inhibited by
rather than adhesion to a particular substratum. Further stud- the addition of the GRGDSP peptide or a blocking mAb
ies are required to determine the role of the mesothelial cells against the 0 1 integrin subunits. In addition, the ovarian
as positive or negative effectors of secondary tumor growth carcinoma cells remained more rounded up in the presence
in ovarian cancer. of the GRGDSP peptide or the blocking mAb against the

In the assays whereby we attempted to inhibit the in- / I integrin subunit. However, cell invasion was not altered
vasion of the ovarian carcinoma cells into the mesothelial by the addition of the control GRGESP peptide or by block-
cell monolayers, we allowed the ovarian carcinoma cells to ing mAbs against the various alpha integrin subunits. It is
settle onto the mesothelial cell monolayers for I h prior to not too surprising that none of the mAbs against the al-
the addition of the potential inhibitors. This time point was pha integrin subunits had an effect on invasion, since these
selected so as to ensure that when we added the potential same mAbs (although functionally active) were not able to
'inhibitors of invasion' to the assay, there would be no con- inhibit the short-term adhesion of ovarian carcinoma cells
cern that the 'inhibitors of invasion' may be inhibiting cell to mesothelial cell monolayers 151. It is likely that each
adhesion instead. We have previously published that ovar- individual alpha subunit plays a role in the adhesion and
ian carcinoma cells adhere very rapidly to mesothelial cell invasion process. However, since there are multiple alpha
monolayers [5]; over 60% of the ovarian carcinoma cells ad- subunits that complex with the/1I integrin subunit, we were
here within 30 min and over 90% adhere within 45-60 min. not able to completely block this interaction. We have previ-
Therefore, we added our 'inhibitors' I h after the ovarian ously shown that this mAb against the i I integrin subunit is
carcinoma cells were added to the wells, so that the initial extremely powerful in its ability to inhibit the adhesive and
stages of adhesion would not be affected. Furthermore, this migratory activity of the /11 integrin subunit 15-71. perhaps
assay was designed to more closely mimic the in vivo sit- since it can simultaneously block all of the alpha subunits
uation, whereby the patient's ovarian carcinoma cells are with which it complexes (i.e., a l, a2l , 3,4, a5, and a6)
already present in their peritoneal cavity, and may have al- as well. Interestingly, the stimulatory mAb against the /01
ready adhered to the surface of the mesothelial cells. Thus, integrin subunit served to partially inhibit the invasion of the
we were testing 'inhibitors' to see if they can disrupt the ovarian carcinoma cells. In addition, this stimulatory mAb
invasion, not the adhesion of ovarian carcinoma cells, increased the area of spreading of the ovarian carcinoma

Ovarian carcinoma cell invasion was partially inhibited cells on the mesothelial cell monolayer.
by the addition of GM6001, a potent chemical inhibitor of CD44 has been shown to mediate ovarian carcinoma cell
MMP-I, -2, -3, -8, and -9. The presence of this inhibitor adhesion to ECM components and to mesothelial cells [5, 8,
slowed cell invasion, although the phenomenon was not 9]. We therefore had expected that the mAb against CD44
completely halted at seven days. Perhaps other degradative would also affect cell invasion. Interestingly, we observed
enzymes accumulated at sufficient concentrations to over- that the mAb against CD44 only caused a minimal inhibi-
come the inhibitory effect of GM6001. GM6001 did not tion of cell invasion at day 7. One possible explanation for
negatively affect ovarian carcinoma cell adhesion to the this lack of activity could be attributed to the treatment of
mesothelial cell monolayers, or subsequent spreading of the the mesothelial cells with DMSO prior to the addition of
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the ovarian carcinoma cells. Thus, one could argue that per- of ADAM 12 and ADAM 15 domains in melanoma cells
meabilization of the mesothelial cells had altered the CD44, resulted in enhanced cell adhesion 1271. Cell migration in
such that the mAb against CD44 was no longer able to ad- fibroblast cells was increased by the binding of an ADAM 9
here to the cells. However, previous studies by Yu et al. fusion protein via integrin c6/3 1 [381. The role of ADAMs in
1141 had shown that CD44 on the surface of murine mam- cancer metastasis is not well understood, but their ability to
mary carcinoma cells was still functionally active following affect cellular functions suggests that they may contribute
treatment with DMSO. In order to rule out the possibility to cancer cell invasion. MMPs, TIMPs, and ADAMs are
that permeabilization of the mesothelial cells had altered believed to regulate cancer cell invasion, but their particular
the CD44 in our model system, we performed immunohis- interactions are not fully understood. More comprehensive
tochemistry on the permeabilized cells. We found that the gene expression experiments are planned in the future in or-
mAb against CD44 bound to the permeabilized cells and der to determine those genes that are differentially expressed
stained positively by immunohistochemistry; thus, treatment among ovarian carcinoma cells that are adherent to plastic
with DMSO does not alter CD44 in these cells. Interestingly. vs. ECM vs. mesothelial cell monolayers. These gene ex-
high concentrations of exogenous hyaluronan inhibited the pression experiments may provide insight into the complex
invasive ability of the ovarian carcinoma cells, while chon- process of ovarian carcinoma cell invasion.
droitin sulfate A and heparin had no effect. This suggests In summary, in this study we report the development of
that ovarian carcinoma cell invasion through mesothelial cell an in vitro dye-based model system to study ovarian car-
monolayers may be partially mediated by hyaluronan, while cinoma cell invasion. The primary advantage this model
the role of CD44 in this process is not clear, system has over the commonly used Matrigel invasion assay

Because tumor cell invasion has been attributed to alter- lies in its similarity to in vivo conditions found in ovarian
ations in the net expression of MMPs, TIMPs, and ADAMs, carcinoma. The use of mesothelial cell monolayers as an
the expression of these gene transcripts was examined in invasive matrix enables one to study cell-cell interactions
ovarian carcinoma tumors, secondary metastases, normal that are not available in Matrigel assays. In addition, this
ovaries, and normal omenta. Several genes associated with model system uses only human ECM molecules and non-
cell invasion were differentially expressed. In primary ovar- radioactive means to quantitate cell invasion. Using this
ian carcinoma tumors and secondary omental metastases, the model system./3 1 integrin subunits, MMPs, and hyaluronan
level of expression of ADAM 8, ADAM 9, MMP 7 (also were found to be involved in mediating ovarian carcinoma
known as uterine matrilysin), MMP 9 (also known as gelati- cell invasion. Furthermore, our gene expression analysis
nase B, 92 kD gelatinase, and 92 kD type IV collagenase). supports the results we obtained with the model system; re-
and MMP II (also known as stromelysin 3) transcripts was vealing differential expression of MMP, TIMP, and ADAM
much greater than that of normal ovaries and omenta. High genes in ovarian carcinoma tumors. Taken together, the in-
levels of gene expression of TIMP 1, TIMP 2, MMP 2 (also vasion model system and the differential gene expression
known as gelatinase A, 72 kD gelatinase, and 72 kD type IV results may help elucidate the events that regulate ovarian
collagenase), and ADAMTS I were observed in samples carcinoma cell invasion and metastasis.
obtained from normal ovaries and omenta compared to ovar-
ian carcinoma samples. TIMPs complex with and inactivate
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Differential Gene Expression in Ovarian Carcinoma

Identification of Potential Biomarkers

Kathleen Hibbs,* Keith M. Skubitz,t distant metastasis has occurred. The 5-year survival rate
Stefan E. Pambuccian,* Rachael C. Casey,* for women diagnosed with late-stage disease is 25%,
Kathryn M. Burleson,* Theodore R. Oegema Jr.,* compared to more than 90% for women diagnosed with
Jeannine J. Thiele,5 Suzanne M. Grindle," stage I of the disease.'

Robin L. Bliss," and Amy P.N. Skubitz* In recent years, large-scale gene expression analyses
have been performed to identify differentially expressed

Ftom the Departments ojLaboratory Medicine and Pathologv,* genes in ovarian carcinoma. 4 -22 A common goal of these
Medicine,w and Orthopaedic Surgerl

t College of Biological studies was to identify potential tumor markers for the
Sciencess and the Cancer Center,' Ufniversity qf Minnesota, diagnosis of early-stage ovarian cancer, as well as to use
tMinneapnlh, Minnesota these markers as targets for improved therapy and treat-

ment of the disease during all stages. These earlier stud-
ies compared the gene expression profiles of tissues or

Ovarian cancer remains the fifth leading cause of cell lines derived from ovarian cancer samples, normal
cancer death for women in the United States. In this ovaries, other normal samples, and other types of tu-
study, the gene expression of 20 ovarian carcinomas, mors. 4

-
22 A major problem in identifying genes up-regu-

17 ovarian carcinomas metastatic to the omentum, lated in ovarian carcinoma is that normal ovary epithelial
and 50 normal ovaries was determined by Gene Logic cells are very difficult to obtain in large enough numbers
Inc. using Affymetrix GeneChip HU_95 arrays con- to perform gene microarray experiments. Although some
tamining -12,000 known genes. Differences in gene groups have analyzed gene expression of the cells that
expression were quantified as fold changes in gene are on the surface of normal ovaries, it is still controversial
expression in ovarian carcinomas compared to nor- whether these cells truly serve as the normal counterpart
mal ovaries and ovarian carcinoma metastases. Genes for ovarian epithelial tumors.23 The cumulative results of
up-regulated in ovarian carcinoma tissue samples com these gene expression studies reveal more than 150
pared to more than 300 other normal and diseased potentially up-regulated genes that are associated with
tissue samples were identified. Seven genes were se- ovarian cancer. However, only a small portion of the
lected for further screening by immunohistochemistry genes reported as up-regulated in ovarian carcinoma
to determine the presence and localization of the pro- were further validated by a second technique such as
teins. These seven genes were: the P8 integrin subunit, immunohistochemical analysis or reverse transcriptase-
bone morphogenetic protein-7, claudin-4, collagen polymerase chain reaction. A number of the genes that
type IX u2, cellular retinoic acid binding protein-i, show promise as biomarkers based on their secondary
forkhead box J1, and S100 calcium-binding protein Al. validation include: ApoJ, claudin-3, claudin-4, COL3A1,
Statistical analyses showed that the 118 integrin subunit,
claudin-4, and S100A1 provided the best distinction be-tween ovarian carcinoma and normal ovary tissues, Supported by grants from the Department of the Army (DA/DAMD17-99-and oaysrian asatheibestaandidormate tovary tuers 1-9564), the National Institutes of Health/National Cancer Institute
and may serve as the best candidate tumor markers (CA0913825). the Minnesota Medical Foundation, and the Minnesota
among the seven genes studied. These results suggest Ovarian Cancer Alliance.
that further exploration into other up-regulated genes Accepted for publication April 6, 2004,
may identify novel diagnostic, therapeutic, and/or Acetdfrpbiaonpil6204proidentifynoveldiagnostic, btomhersanpcarcioman r AThe content of the information presented in this manuscript does not
prognostic biomarkers in ovarian carcinoma. (Am J necessarily reflect the position of the United States Government.

Patbo1 2004, 165.397-414) This work was presented, in part, at the Marsha Rivkin Center for
Ovarian Cancer Research "Fourth Biennial Ovarian Carcinoma Research

Ovarian cancer is the leading cause of gynecological Symposium: Integration of Research and Treatment" held September 19
to 20, 2002, in Seattle, WA. Portions of this manuscript were submitted as

malignancy in North American women. Each year in the a thesis in partial fulfillment of the requirements for the degree of Master
United States, -24,000 new cases of ovarian cancer are of Science (K.H.) and a Master of Science joint degree in Law, Health, and
diagnosed and 14,000 deaths are attributed to this dis- the Life Sciences (J.J.T).
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HE4, CD24, LU, progesterone-binding protein, mucin 1, sets that encompassed 321 different tissue samples
ryudocan, E16, osteoblast-specific factor-2, prostatin, were: 12 normal adipose tissue, 4 normal breast (from
and secretory protein P1.B. 4 12 24 Finally, proteomics which adipose tissue was removed), 7 normal cervix, 24
and two-dimensional electrophoresis protein analysis are normal colon, 11 normal kidney, 12 normal liver, 24 nor-
also being used in an attempt to identify protein patterns mal lung, 43 normal myometrium, 7 normal omentum, 12
that are unique to ovarian cancer.25.26 normal skeletal muscle, 9 normal skin, 8 normal small

In this study we sought to improve on earlier studies by intestine, 55 normal thymus, 11 normal tonsil, 11 tonsils
comparing the gene expression of ovarian carcinoma with lymphoid hyperplasia, 3 endometrial hyperplasia, 3
tissue samples to more than 300 other tissue samples. By squamous cell carcinoma of the cervix, 7 colon adeno-
examining a large number of other types of tissues, it was carcinoma, 7 endometrial adenocarcinoma, 8 kidney cell
possible to identify genes relatively specific to ovarian carcinoma, 7 lung adenocarcinoma, 9 squamous carci-
carcinoma, without relying entirely on the gene expres- noma of the lung, 8 gall bladder with chronic inflamma-
sion profile of normal ovary epithelial cells. Seven known tion, and 19 leiomyoma. On receipt of the tissue samples
genes that were overexpressed in ovarian carcinoma at Gene Logic Inc., a third pathologist examined the
tissues were selected for further analysis: bone morpho- H&E-stained slides to verify the diagnosis.
genetic protein-7 (BMP-7), the 38 integrin subunit, clau- A portion of the ovarian tissues were embedded in
din-4, cellular retinoic acid-binding protein-1 (CRABP-1), O.C.T. by the Tissue Procurement Facility and provided
collagen type IX a2 (COL IX a2), forkhead box J1 (FOX to us for the purpose of immunohistochemical analysis;
J1), and S100A1. To verify the corresponding protein specifically, 10 normal ovaries, 10 serous papillary ovar-
expression of these seven genes, immunohistochemical ian carcinoma tissues, and 10 serous papillary ovarian
staining was performed on normal ovaries, ovarian car- tumors metastatic to the omentum. Fifteen additional tis-
cinoma tissues, and ovarian carcinoma tumors meta- sues (five each of normal ovaries, serous papillary ovar-
static to the omentum. Statistical analyses were con- ian carcinoma tumors, and serous papillary ovarian car-
ducted to determine how well the expression of each cinoma tumors metastatic to the omentum) were also
gene/protein distinguishes ovarian carcinoma from nor- embedded in O.C.T. by the Tissue Procurement Facility
mal ovarian tissues. and provided to us for the purpose of immunohistochem-

ical analysis. These 15 additional tissues were not among

the tissues analyzed by Gene Logic Inc.

Materials and Methods

Tissue Samples Gene Expression Analysis

Tissues were obtained from the University of Minnesota All tissue samples underwent stringent quality control
Cancer Center's Tissue Procurement Facility on approval measures to verify the integrity of the RNA before use in
by the University of Minnesota Institutional Review Board. gene array experiments. Namely, RNA was isolated, the
Tissue Procurement Facility employees obtained signed quantity was determined spectrophotometrically, and the
consent from each patient, allowing procurement of ex- quality was assessed on agarose gels. Tissue samples
cess waste tissue and access to medical records. Bulk were not used if the RNA yield was low or RNA degrada-
tumor and normal tissues were identified, dissected, and tion was evident. Gene expression was determined by
snap-frozen in liquid nitrogen within 15 to 30 minutes of Gene Logic Inc. using Affymetrix HU-95 arrays contain-
resection from the patient. Tissue sections were made ing -12,000 known genes and 48,000 expressed se-
from each sample, stained with hematoxylin and eosin quence tags as we have previously described.27 28

(H&E), and examined by a pathologist by light micros- Briefly, RNA was obtained from 20 serous ovarian carci-
copy to confirm the pathological state of each sample. noma tissues, 17 ovarian carcinoma tumors metastatic to
Later, a second pathologist confirmed the diagnosis of the omentum, 50 normal ovaries, and 321 other tissue
each sample, documented the percent tumor (typically samples. Gene expression analysis was performed with
100%), and documented any necrosis (typically none). the Gene Logic GeneExpress Software System using the

Tissue samples from 50 normal ovaries (women rang- Gene Logic normalization algorithm. Sample sets were
ing in age from 32 to 79 years with a mean age of 51.0 created in which each sample set contained gene ex-
years), 20 serous papillary ovarian carcinoma tumors pression data from all of the tissues of a particular organ
(age range of 29 to 79 years with a mean age of 57.6 or tissue type. Gene signature analyses were then per-
years), 17 metastases of serous papillary ovarian carci- formed, and genes were defined as being present in a
noma to the omentum (age range of 29 to 79 years with a sample set if more than 75% of the samples expressed
mean age of 59.7 years), and 24 other sets of tissue the gene above background levels.
samples were provided to Gene Logic Inc. (Gaithers- Fold change analyses were performed in which the
burg, MD) for microarray analysis as part of a collabora- ratio of the geometric means of the expression intensities
tion with the University of Minnesota. The majority of for each gene fragment was computed, and the ratio was
ovarian tumor samples were classified as stage 3 tumors, reported in terms of the fold change (up or down). Con-
whereas the tumor grade varied among the samples. fidence intervals and P values on the fold change were
None of the patients had been treated with chemotherapy also calculated using a two-sided Welch modified two-
before surgical resection of the tissue. The 24 other tissue sample t-test. Differences were considered significant if
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the P value was -0.05. Gene fragments that were most The slides were again rinsed in excess PBS, followed
discriminatory between sample sets were also identified by the addition of 250 Ail of 0.03% H2 02 in PBS for 10
by Contrast Analysis using the Gene Logic GeneExpress minutes at room temperature to quench endogenous per-
software system. A subset of gene fragments was then oxidase. After another rinse in excess PBS, the slides
further analyzed by performing e-Northerns using the were incubated for 1 hour at room temperature in 250 Al
Gene Logic GeneExpress software system. The e-North- of a 1:500 dilution of the anti-mouse or anti-rabbit biotin-
ems provide a visual display of the gene expression ylated secondary Ab to visualize the primary antibodies.
values for each of the 408 tissue samples belonging to a After rinsing in excess PBS, the slides were incubated
sample set. with 250 ,1 of Vectastain ABC solution (Vector Laborato-

Hierarchical cluster analyses were performed using ries) for 1 hour at room temperature. After another rinse in
Eisen cluster software.29 Data were normalized and the excess PBS, the slides were incubated in 250 pW of 3,3'-
genes were clustered using the complete linkage clus- diaminobenzidine solution (Vector Laboratories) for 5 to 8
tering algorithm. Graphical displays of the gene expres- minutes at room temperature. After rinsing with tap water,
sion data were obtained by using Tree View Software the slides were incubated in hematoxylin counterstain
(available at http://rana.lbLgov/EisenSoftware.htm). solution (Vector Laboratories) for -2 to 3 minutes. On

drying at room temperature for 20 minutes, glass coverslips
were applied to the slides using Cytoseal aqueous mount-

Antibodies ing media (Richard-Allan Scientific, Kalamazoo, MI).

Primary antibodies were used at the following concentra-
tions: 1 Ajg/ml of purified mouse IgG (mlgG) (Sigma, St. Quantitation of Tissue Staining Intensity
Louis, MO) was used as a negative control; 1 ,ug/ml of On completion of immunohistochemical staining of the
monoclonal antibody (mAb) P5D2 against the /31 integrin tissue samples, a pathologist examined the tissue slides
subunit (provided by Dr. Leo Furcht, University of Minne- in a blinded manner and documented the intensity and
sota, Minneapolis, MN) was used as a positive control; 5 localization of staining. The classifications of intensity
tzg/ml of purified mouse mAb against the )38 integrin were based on a five-point scale: +++, maximum pos-
subunit (provided by Dr. Stephen Nishimura, University of itive staining; + +, moderate positive staining; +, weak
California, San Francisco, CA); 5 /tg/ml of purified rabbit but positive staining; t, faint or questionable staining;
polyclonal antibody (Ab) against BMP-7 (Biotrend, Co- and -, a complete lack of staining. All staining was
logne, Germany); 1 jig/ml of purified mouse mAb against compared to the positive control, the /31 integrin subunit,
claudin-4 (Zymed Laboratories, San Francisco, CA); a which received a score of + + +.
dilution of 1:250 of mouse mAb against CRABP-1 (Affinity
BioReagents, Golden, CO); a dilution of 1:1000 of rabbit
polyclonal Ab against COL IX ar2 (Calbiochem, San Di- Statistical Analysis
ego, CA); a ready-to-use solution of unknown concentra- To determine which gene markers were best for distin-
tion of purified mouse mAb against hepatocyte nuclear
factor-3/FOX J1 (Lab Vision, Fremont, CA); and a dilution guishing ovarian carcinoma tissue from normal ovarianof 1:50 of purified rabbit polyclonal Ab against S100A1 tissue, the specificity, sensitivity, and Youden's misclas-
Do Ca50ofpurpintedrabbit, CA)econda aaintibodest uSed i sification index were calculated for each gene marker via(DAKO , Carpinteria, CA). Secondary antibodies used in p i w s i s e c m ai o s s o i to sb t e ng nthe immunohistochemical staining procedure were pr- pairwise tissue comparisons. Associations between gene

thed biotinatoem ani-ostrainting-procereb were (puni- frequency and staining classifications were analyzed us-
tied, biotinylated anti-mouse or anti-rabbit )gG (Vector ing the Wilcoxon-Mann-Whitney test. Linear and logistic
Laboratories, Burlingame, CA). regression analyses were used to evaluate associations

between patient demographic characteristics (age, alco-
hol use, smoking history, and tumor grade) and gene

Immunohistochemnical Staining frequencies or staining classification.

Immunohistochemistry was performed as we have previ-
ously described 30°3 1 with minor modifications. Glass Results
slides were incubated in a 0.01% poly-L-lysine solution
(Sigma) for 5 minutes at room temperature to enhance Gene Expression Analysis
stabilization of tissues onto the slides. O.C.T.-embedded
tissues were cut on a cryostat into 5-jim sections, affixed RNA was prepared and gene expression was performed
onto poly-L-lysine-coated glass slides, and submerged in on all samples using Affymetrix HU-95 arrays. Gene sig-
acetone for 10 minutes at room temperature to fix the nature analyses were performed to identify genes that
tissues onto the slides. Slides were then rinsed in an were expressed (present) in more than 75% of the sam-
excess of phosphate-buffered saline (PBS), pH 7.4, and pies in each sample set. Using a threshold of 75% 11,679
blocked for 1 hour in PBS containing 3% ovalbumin and gene fragments were present in the set of 50 normal
1% normal goat serum (Pierce, Rockford, IL). Slides were ovary samples, 12,651 gene fragments were present in
rinsed again in excess PBS and incubated with 250,jl of the sample set of 20 serous papillary ovarian carcinomas,
the primary Ab in PBS containing 3% ovalbumin and 1% and 15,294 gene fragments were present in the sample
normal goat serum for 1 hour at room temperature. set of 17 serous papillary ovarian carcinomas metastatic
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Normal Ovaries of normal ovaries (Table 1). An additional 427 gene frag-
ments were expressed at 2-5-fold to 10-fold different

8000 levels between the two sample sets, and a total of 4322
gene fragments were expressed at ->2-fold different lev-

r 0els between the two sample sets (Table 1).
"The relative intensity of gene expression in the ovarian

"400O carcinoma samples compared to the omental metastatic
Z samples was also determined (Table 1). Only three gene

2000 ufragments were expressed at Ž-10-fold different levels in

z the ovarian carcinoma set compared with the set of
a')000 Iomental metastases (Table 1). Also, a total of 624 gene

1 6 11 16 21 26 31 36 41 46 fragments were expressed at Ž-2-fold different levels be-
Number of Samples tween the two sample sets (Table 1). These results sug-

gest that the ovarian carcinoma samples are much more
Ovarian Carcinoma similar to each other than to the normal ovary samples.

12000

, 10000 Contrast Analysis and E-Northerns
~8000I IIo iThe 4322 gene fragments that were expressed greater¢"6000"600 than twofold more in ovarian carcinomas compared to

4000 normal ovaries were analyzed by Contrast Analysis using

Z 2000 the Gene Logic GeneExpress software system to identify
Z 0.those gene fragments that were the most discriminatory

1 4 7 10 13 16 19 between ovarian carcinoma and normal ovaries. The 400
gene fragments that were more highly expressed in the

Number of Samples ovarian carcinoma samples and most discriminatory be-

Ovarian Carcinoma Metastases to Omentum tween the two sample sets were then further analyzed by
performing e-Northerns using the Gene Logic GeneEx-

20000 press software system. The e-Northern analysis provides
,, a graphic representation of the level of gene expression

15000 values for each sample in the sets of normal ovaries, ovarianuncarcinomas, metastases of ovarian carcinoma to the omen-
10000 tum, and 321 other tissue samples from 24 different sites.

S I IForty known genes were preferentially up-regulated inI500 ovarian carcinomas compared to all of the other tissue
0 itypes examined (Table 2). The results of the e-Northern

analyses are listed in the last three columns of Table 2 as
S4 7 10 13 16 the percentage of ovarian carcinoma tissues (n = 20),

Number of Samples metastatic ovarian carcinoma tissues (n = 17), and nor-

Figure 1. Depende•tce of the number of'gene fragments present il all samples mal ovaries (n = 50) that express each of the 40 genes
on the number of samples analyztxl. The number of fragments present in ali (ie, scored as present using the Gene Logic GeneEx-
sanipl.s of< sa: .mniie. st is sho,,n as a function of the numLbr ofsapspies. Nomnpa
ovarties (top), serous papillary ovarian c•.ntrinona (middle), and serous papil- press software system). The majority of the ovarian car-
lary ovaritan carcinoma mretastatic to the omentutn (bottom). cinoma tissues and the metastatic ovarian carcinoma tis-

sues expressed the 40 genes listed in Table 2, whereas
only a few normal ovaries expressed these genes.

to the omentum. The dependence of the number of gene The gene products of these 40 genes spanned a large
fragments present in all of the samples of a sample set is spectrum of functional activity, including: nine enzymes,
shown as a function of the number of samples analyzed six cell adhesion molecules/receptors, six transcription
in Figure 1. The number of gene fragments defined as factors, five cell-signaling proteins, three ligand-binding
present in all of the samples in each sample set did not proteins, three cell cycle/cell proliferation proteins, three
vary greatly, provided that eight or more samples of the ion transport proteins, two cytokines, two tumor antigens,
set were included in the analysis (Figure 1). and one scavenger receptor (Table 2). As a testament to

the validity of our approach and selection criteria, 14 of

Fold Differences the 40 genes listed in Table 2 that we found to be spe-
cifically up-regulated in ovarian carcinoma had previ-

The relative intensity of gene expression in the ovarian ously been shown by others using gene array technology
carcinomas compared to the normal ovary samples was to be up-regulated in ovarian carcinoma,4-°0,13,22,32 To
determined (Table 1). One hundred thirty-seven gene date, only 6 of these 14 genes have been validated by a
fragments were expressed at _10-fold different levels in second technique. An additional 7 of the 40 genes listed
the ovarian carcinoma sample set compared with the set in Table 2 have been previously shown by other tech-
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Table 1. Fold Change Analysis of Gene Expression in Ovarian Carcinoma Tissues Compared to Normal Tissue Counterpart

Fold change of ovarian carcinoma versus
Fold change of ovarian carcinoma versus ovarian carcinoma metastases to the

normal ovary* omentumt

Up in Down in Total gene Up in Down in Total gene
ovarian ovarian fragments ovarian ovarian fragments

Fold change ranget carcinoma carcinoma changed carcinoma carcinoma changed

Over 100 1 0 1 0 0 0
10 to 100 90 46 136 0 3 3
5 to 10 210 217 427 1 10 11
4 to 5 155 170 325 3 14 17
3 to 4 401 347 748 19 45 64
2 to 3 1499 1186 2685 136 393 529
1 to 2 23,592 21,348 44,940 17,378 27,365 44,743
Unchanged - - 923 - - 1336

*A fold change analysis of gene expression in the set of 20 serous papillary ovarian carcinoma tissues compared with that in the set of 50 normal
ovary tissues.

'A ford change analysis of gene expression in the set of 20 serous papillary ovarian carcinoma tissues compared with that in the set of 17 serous
papillary ovarian carcinoma that had metastasized to the omentum.

t
The number of gene fragments in each indicated range of fold change

niques to be up-regulated in ovarian carcinoma. Further- ovarian carcinoma sample set (Table 2). By this tech-
more, 10 of the 40 genes have not been previously im- nique, the ovarian carcinoma samples had intensely pos-
plicated in ovarian carcinoma, but have been implicated itive gene expression values (shown in red in Figure 2).
in other types of cancer. Thus, 9 of the 40 genes listed in The gene expression values for the normal ovary samples
Table 2 have not previously been identified as being as well as all of the other tissue sample sets (shown in
up-regulated in ovarian carcinoma or any other type of green or black in Figure 2) were much less intense and
cancer. very distinct from the ovarian carcinoma samples, The

Another set of 26 known genes was up-regulated in the differences in intensity of the squares in Figure 2 are
ovarian carcinoma samples compared to normal ovaries indicative of the biological heterogeneity that exists
(Table 3). However, by e-Northern analysis, we found that among ovarian carcinomas,
these 26 genes were also expressed by one or more
other types of tissue. These 26 genes included a variety
of proteins, including: five cell adhesion molecules/re- Criteria for Selecting a Subset of Genes for
ceptors, four transcription factors, three cell cycle/cell
proliferation proteins, three accessory proteins, three ion Protein Analysis
transport proteins, two enzymes, two cell-signaling pro- To determine whether the differentially expressed gene
teins, one tumor antigen, one ligand-binding protein, one fragments that were unique to ovarian carcinoma corre-
histone, and one unknown. Again, as a testament to the sponded to protein expression, a subset of the genes listed
validity of our approach and selection criteria, 4 of the 26 in Tables 2 and 3 were selected for analysis of their protein
genes listed in Table 3 that we found to be up-regulated counterparts via immunohistochemistry. The following crite-
in ovarian carcinoma had previously been shown by oth- ria were used to select the genes. First, the genes must be
ers using gene array technology to be up-regulated in up-regulated at least twofold or greater in ovarian carci-
ovarian carcinoma.6e12.13,19.22 To date, only two of these noma tissues compared to normal ovary tissues. Second,
four genes have been validated by a second technique. the genes should either be completely absent or expressed
An additional 3 of the 26 genes listed in Table 3 have at significantly lower levels in normal ovarian tissues. Third,
been previously shown by other techniques to be up- increased expression of the genes should be solely char-
regulated in ovarian carcinoma. Furthermore, 9 of the 26 acteristic of ovarian carcinoma, and minimal expression
genes have not been previously implicated in ovarian should be detected in any other tissues in the body. Fourth,
carcinoma, but have been implicated in other types of the genes should be present in the vast majority of ovarian
cancer. Thus, 10 of the 26 genes have not previously carcinoma samples. Finally, genes were selected if anti-
been identified as being up-regulated in ovarian carci- bodies against their corresponding proteins were available.
noma or any other type of cancer. Although these 26 Based on these selection criteria, seven genes were cho-
genes may play important roles in the development of sen for further analysis: the 138 integrin subunit, BMP-7,
ovarian carcinoma, they are not as specific to ovarian CRABP-1, claudin-4, COL IX a2, FOX J1, and S100 calci-
carcinoma as the genes listed in Table 2. um-binding protein Al (S100A1). Only one of these seven

genes, claudin-4, has been previously characterized for

Clustering both gene and protein expression in ovarian cancer.e'
Although the other 59 genes listed in Tables 2 and 3 would

The Eisen clustering software, Cluster, was used as an- have been just as interesting to study and met our first four
other means of displaying the gene expression data for criteria, we did not select them at this time because anti-
the set of 40 known genes preferentially expressed by the bodies were not commercially available for many of them.
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Table 2. Genes Specifically Up-Regulated in Ovarian Carcinoma Tissue Samples Compared to More than 350 Other Tissue
Samples as I)etennined by Gene Microarrays

Known gene symbol Known gene name Function

ALDH3B2 Aldehyde dehydrogenase 3 family, member B2 Enzyme, metabolism
BHLHB3 Basic helix-loop-helix domain containing, class B, 3 Cell signaling, differentiation
BMP7 Bone morphogenetic protein 7 (osteogenic protein 1) Cytokine
CAPS Calcyphosine Ion transport, Ca2+
CCNA1 Cyclin Al Cell cycle
CCNE1 Cyclin El Cell cycle
CDH6 Cadherin 6, type 2, K-cadherin (fetal kidney) Cell-cell adhesion receptor
CDKN2A Cyclin-dependent kinase inhibitor 2A (melanoma, p16, Cell cycle

inhibits CDK4)
COL9A2 Collagen, type IX, alpha 2 Cell adhesion, ECM
CP Ceruloplasmin (ferroxidase) Ligand-binding protein, copper
DAG1 Dystroglycan 1 (dystrophin-associated glycoprotein 1) Cell-ECM adhesion receptor
EGFL6 EGF-like-domain, multiple 6 Cytokine
EYA2 Eyes absent homolog 2 (Drosophila) Transcriptional co-activator
FOLP1 Folate receptor 1 (adult) Cell signaling, receptor, transporter
FOXJ1 Forkhead box J1 Transcriptional activator
HOXD1 Homeo box D1 Transcription factor
HTR3A 5-hydroxytryptamine (serotonin) receptor 3A Ion transport, cations
ITGB8 Integrin, beta 8 subunit Cell-ECM adhesion receptor
KLK5 Kallikrein 5 Protease, serine
KLK6 Kallikrein 6 (neurosin, zyme) Protease, serine
KLK7 Kallikrein 7 (chymotryptic, stratum corneum) Protease, serine
KLK8 Kallikrein 8 (neuropsin/ovasin) Protease, serine
MSLN Mesothelin Cell adhesion receptor
MUCI Mucin 1, transmembrane Tumor antigen, epithelial cell antigen
NMU Neuromedin U Cell signaling, muscle contraction
PAX8 Paired box gene 8 Transcription factor
PNOC Prepronociceptin Cell signaling, neurotransmitter
PRAME Preferentially expressed antigen in melanoma Tumor antigen
PRKC1 Protein kinase C, iota Cell signaling
PRSS21 Protease, serine, 21 (testisin) Protease, serine
SIOOA1 S100 calcium binding protein Al Ligand-binding protein, divalent cations
SALL4 Sal-like 4 (Drosophila) Transcription factor
SCARA3 Scavenger receptor class A, member 3 Scavenger receptor
SCGB2A1 Secretoglobin, family 2A, member 1 Ligand-binding protein
SGPL1 Sphingosine-1-phosphate lyase 1 Enzyme, metabolism
SLC4A 11 Solute carrier family 4, sodium bicarbonate transporter-like, Ion transport

member 11
SOXi 1 SRY (sex determining region Y)-box 11 Transcription factor
SPONI Spondin 1, (f-spondin) extracellular matrix protein Cell adhesion, ECM
TMPRSS3 Transmembrane protease, serine 3 Protease, serine
UBE2H Ubiquitin-conjugating enzyme E2H (UBC8 homolog, yeast) Enzyme, ubiquitination

(Table continues)

The known gene fragments expressed as Ž-2-fold higher levels in the set of ovarian carcinoma than in the set of normal ovaries and other tissue
sets were analyzed by Contrast Analysis. Genes were ranked based on the degree of increase in expression, and e-Northern analysis was performed
on the top 400 genes. This table is an alphabetical listing of the 40 genes most specific to ovarian carcinoma, as well as the cellular function of their
gene products.

Tissue Distribution of the Differentially side and the intensity of gene expression in each sample
Expressed Genes by E-Northerns of the set is indicated on the right side of Figure 3.

A representative portion of an e-Northern of a 38 inte-

We compared the expression of the seven selected grin subunit gene fragment is shown in Figure 3. Sixty

genes in ovarian tissues and other tissues. E-Northerns percent of the ovarian carcinoma tissues and 82% of the
were generated using the Gene Logic GeneExpress soft- omental metastatic tissues expressed detectable levels
ware system to display the gene expression values for of this gene fragment, whereas none of the normal ova-
each sample in the sets of normal ovaries, ovarian car- ries expressed it. The 138 integrin gene fragment was not
cinomas, ovarian carcinomas metastatic to the omentum, significantly expressed in more than 90% of the 321 other
and 321 other tissue samples from 24 different sites. The tissues examined. Notably, three of the eight kidney cell
percentage of samples expressing detectable levels of carcinoma tissues, three of the nine squamous cell lung
each gene fragment is shown as a bar graph on the left carcinomas, and three of the seven endometrial adeno-
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Table 2. (continued)

Previously referenced as up-regulated in Previously
ovarian carcinoma referenced as Tissuesamplesexpressinggene_(%)

Determined Determined by another expressed in Ovarian Ovarian carcinoma Normal
by gene technique (e.g. IH, other types of carcinoma metastases ovaries
arrays PCR) cancers (n = 20) (n = 17) (n = 50)

- - 65 82 4
85 100 16
60 82 4

- - 95 88 38
85 94 14
60 82 2
80 88 2
75 88 0

30 41 0
70 76 0
10 29 0
80 100 8

- - 90 88 14
100 100 14
85 52 4
35 64 2

-- -70 94 14
•- -60 82 0

40 47 0
95 88 12
95 100 12

* 95 100 0
100 100 8
96 94 18

- - 75 100 2
90 100 2

- - 45 76 2
80 88 22
85 94 48

-*75 70 0
95 100 2

- 55 100 4
- - 80 58 20

95 100 16
- - 100 100 86
- - 35 29 0

30 100 0
" -- 100 100 96

95 76 0
- 75 82 12

carcinoma tissues expressed low levels of the 38 integrin than the ovarian carcinoma tissues. The intensity of gene
subunit; in most cases, the intensity of expression was expression in the majority of the other tissues was con-
less than that in the ovarian carcinoma tissue samples. siderably lower compared to the ovarian carcinoma tis-

A representative portion of an e-Northern of a BMP-7 sues. Exceptions to this finding included high BMP-7

gene fragment is shown in Figure 3. Sixty percent of the intensities in 2 of the 24 normal lungs and 3 of the 9
ovarian carcinoma tissues and 82% of the omental met- squamous cell lung carcinoma tissues.
astatic tissues expressed measurable levels of this gene An e-Northern of the claudin-4 gene fragment revealed
fragment, whereas only 4% of the normal ovary tissues that 100% of the ovarian carcinoma tissues and 94% of
expressed this BMP-7 gene fragment. Several other tis- the omental metastatic tissues expressed detectable lev-
sues also expressed this gene fragment, but in general, els of this gene fragment, whereas only 6% of the normal
fewer than 20% of the samples in each tissue type ex- ovary tissues expressed measurable levels (Figure 3).
pressed detectable levels. Exceptions to this finding The majority of other tissue types also expressed this
were that eight of the nine skin tissue samples, five of the gene fragment, and the intensity of expression varied
seven normal cervix samples, and three of the squamous across all tissue types.
cell carcinomas of the cervix samples expressed the An e-Northern of the COL IX a2 gene fragment shows
BMP-7 gene fragment, although at much lower intensities that 30% of ovarian carcinoma tissues and 41% of omen-
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Table 3. Genes Up-Regulated in Ovarian Carcinoma Tissue Samples with Limited Expression in Other Tissues as Determined hy
Gene Microan-ays

Previously referenced as Previously
upregulated in ovarian carcinoma referenced

Determined by as expressed
Known gene Determined by another technique in other types

symbol Known gene name Function gene arrays (e.g. IH, PCR) of cancers

ATP6V1B1 ATPase, H+ transporting, Ion transport, H+ -

lysosomal 56/58 kDa, V1
subunit B, isoform 1

C20orfl Chromosome 20 open reading Cell cycle -
frame 1

CD47 CD47 antigen (Rh-related Cell adhesion receptor -

antigen, integrin-associated
signal transducer)

CENPF Centromere protein F, 350/400 Cell cycle, mitosis -

ka (mitosin)
CLDN4 Claudin 4 Cell-cell adhesion

receptor
COL8A2 Collagen, type VIII, alpha 2 Cell adhesion, ECM
CRABP1 Cellular retinoic acid binding Accessory protein

protein 1
CRABP2 Cellular retinoic acid binding Accessory protein -

protein 2
DD96 Epithelial protein up-regulated Tumor antigen -

in carcinoma, membrane
associated protein 17

ETV4 Ets variant gene 4 (ElA Transcriptional activator -

enhancer binding protein,
ElAF)

FOXM1 Forkhead box Ml Transcriptional activator -
GPR49 G protein-coupled receptor 49 Cell signaling, receptor -

GRB7 Growth factor receptor-bound Accessory protein, -
protein 7 adaptor protein

H2BFB H2B histone family, member B Histone
IFRG28 28 kD interferon responsive Unknown

protein
ITGB4 Integrin, beta 4 Cell-cell/ECM adhesion -

receptor
KLK1O Kallikrein 10 Protease, serine
KNSL6 Kinesin-like 6 (mitotic Motor protein, mitosis - -

centromere-associated
kinesin)

LNIR Ig superfamily receptor LNIR Cell adhesion receptor - -
SCNN1A Sodium channel, nonvoltage- Ion transport, Na+ - -

gated 1 alpha
SIAHBP1 Fuse-binding protein- Ligand-binding protein, - -

interacting repressor Ro RNP
SLC34A2 Solute carrier family 34 Ion transport, phosphate - -

(sodium phosphate),
member 2

TFAP2A Transcription factor AP-2 alpha Transcriptional activator -
(activating enhancer binding
protein 2 alpha)

TFAP2C Transcription factor AP-2 Transcriptional activator -
gamma (activating enhancer
binding protein 2 gamma)

USP18 Ubiquitin specific protease 18 Protease
XPR1 Xenotropic and polytropic Cell signaling, receptor --

retrovirus receptor

The known gene fragments expressed as ->2-fold higher levels in the set of serous papillary ovarian cancer than in the set of normal ovaries were
analyzed by Contrast Analysis. Genes were ranked based on the degree of increase in expression, and e-Northern analysis was performed on the top
400 genes. The 26 genes listed alphabetically in this table were highly expressed in ovarian carcinoma samples, but were also expressed by one or
more other tissues. Thus. these genes may not be as specific to ovarian cancer as those in Table 2.

tal metastatic tissues expressed measurable levels of the ing 1 of the 7 colon adenocarcinomas, 3 of the 24 normal

gene fragment, whereas none of the normal ovaries ex- lungs, 1 of the 12 normal skeletal muscles, and 1 of the 43
pressed detectable levels of the COL IX as2 gene frag- normal myometrium. Notably, more than 95% of the other
ment (Figure 3). This COL IX a2 gene fragment was tissues did not express detectable levels of the COL IX
minimally expressed in a few of the other tissues, includ- a2 gene fragment.
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human tissues, "Ibc expression or each indicated gene fragment was exam-

Lmctastadc to t, omcntum, and 50 normal ovarlcs. The hat graph
on the ldt decplct the percentage of samples that express dctcctaW c levels

Liver ~~~of the idctdgene fragent.n Ibintensity ofgncxpressioninec
sample iL plved as average expression value on a lincar scale thc rkl

e Lung Ad m ± 2 SD of expression values ar shown.

I LA representative e-Northern of a CRABP-1 gene frag-
I Lung Sqcc ment indicates that 50% of the ovarian carcinoma tissues

Muscle and 41% of the omental metastatic tissues expressed
measurable levels of this gene fragment, whereas only 1
of the 50 normal ovary tissues expressed the CRABP-1
gene fragment (Figure 3). Five of the nine normal skin

Myometrium tissues, three of the four normal breast tissues, and three
of the seven endometrial adenocarcinoma tissues ex-
pressed the CRABP-1 gene fragment. Otherwise, only six
other tissue samples minimally expressed this gene frag-

I Skin ment, including one chronically inflamed gall bladder
Sm I tissue, one normal kidney, one normal tonsil, one endo-

m metrial hyperplasia, and two leiomyoma tissues. There-
fore, compared to the ovarian carcinoma tissues, more
than 90% of the other tissues did not express this

Thymus CRABP-1 gene fragment.
An e-Northern of the FOX J 1 gene fragment shows that

85% of ovarian tissues and 52% of omental metastatic
tissues expressed detectable levels of this gene frag-
ment, whereas only 4% of the normal ovary tissues ex-

Tonsil LH pressed measurable levels of the FOX J1 gene fragment
(Figure 3). Some of the other tissue types also expressed

Tonsil FOX J1; notably normal lung, lung adenocarcinoma, en-
dometrial hyperplasia, and normal cervix. However,

FIgur 2. Dliffcrentially expresscd genes in ovarian carcinoma, normal ova- fewer of the samples within these tissue sets expressed
ties, and 20 other tissues. Eiscn Clustcr software was used to graphically
display thc intnsity-i'gcnccxprnm values forcach ofthc 40 genes ed the gene, and the gene was expressed at a lower inten-
in •rable 2 for the 391 diffcrcnt tissuc sanpim. 1hc color of each square sity compared to the ovarian carcinoma tissues. Interest-
"reset theaoofthegenexpressioninthendicat•d•samplcrelatvcto ingly, six of the seven endometrial adenocarcinoma tis-
thc average signal of expression of all genes examined. Red Indicat" genc
expression ahove chc median; Iack, equal to the ncdiart; and grecn, hclow sues expressed this gene at levels comparable to the
the median. i•c intensity of the color rdflcts the magnitude of divergence omental metastases. Overall, 90% of the other tissue
from the median. Columns represent individual cDNAs for dhe 40 genes
listed in Table 2, and ram represent thc indicated tissue samples, as samples did not express detectable levels of the FOX J1
dcscrg)id in the Mateial and Methods section. gene fragment.
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An e-Northern of the S10OAl gene fragment revealed tumors studied. The protein was detected in the tumor
that 95% of the ovarian carcinoma tissues and 100% of cells in some ovarian carcinoma tissues and in the sur-
the omental metastatic tissues expressed this gene frag- rounding stroma in other ovarian carcinoma tissues. Fig-
ment, whereas only 1 of the 50 normal ovary tissues ure 4 shows BMP-7 expression in the stroma of one
expressed the S100A1 gene fragment (Figure 3). The ovarian tumor (Figure 4K) and BMP-7 expression in
S100A1 gene fragment was also expressed in 71% of patches of tumor cells in one omental metastatic tumor
adipose tissues, 80% of kidney carcinoma tissues, 68% (Figure 4L). In the majority of cases, normal ovaries did
of normal kidney tissues, 93% of skeletal muscle tissues, not express BMP-7 (Figure 4J).
all four of the normal breast tissues, 42% of the endome- The third protein of interest, claudin-4, is a tight junc-
trial adenocarcinoma tissues, and 44% of skin tissues. All tion protein located on the cell surface.35 Claudin-4 was
of these tissues, except the skeletal muscle tissues, ex- detected on the cell surface in all ovarian tumor tissues
pressed the gene fragment at much lower intensities examined. Figure 4 shows a strong membranous staining
compared to the ovarian carcinoma tissues, whereas pattern for claudin-4 in both the ovarian tumor (Figure 4N)
more than 80% of the other tissue samples did not ex- and the metastatic omental tumor (Figure 40). Claudin-4
press the S10OAl gene fragment at all. was not detected in normal ovaries (Figure 4M).

The fourth protein whose localization we examined,
COL IX a2, is an adhesion molecule found in the ECM.3 6

Immunohistochemical Staining of the The COL IX a2 protein was observed as an intercellular
epitope in most ovarian tumors (Figure 5, B and C), but

Differentially Expressed Gene Products was also detected in the cytoplasm in some cases. Also,

The protein expression of the seven differentially ex- COL IX a2 was frequently expressed in the stromal tissue

pressed genes was analyzed by immunohistochemistry surrounding the ovarian tumor nests, as well as in the

in 45 ovarian tissues. Gene expression data were avail- stroma of normal ovaries (Figure 5A). This high back-

able from Gene Logic Inc. for 30 of the 45 ovarian tissues ground-staining pattern may be attributable to nonspe-

screened, including: 10 normal ovaries, 10 serous pap- cific staining of the Ab against COL IX a2 used in the

illary ovarian carcinoma tissues, and 10 serous papillary immunohistochemical analyses.

ovarian carcinoma tumors metastatic to the omentum. The fifth protein we studied was CRABP-1, a transport

The remaining 15 tissues that were analyzed by immu- protein found in the cytoplasm. 37 CRABP-1 expression

nohistochemistry were: 5 normal ovaries, 5 serous pap- was variable across all tissues examined, and it was

illary ovarian carcinoma tumors, and 5 serous papillary localized to the cell membrane in some tissues and in the

ovarian carcinoma tumors metastatic to the omentum. cytoplasm in other tissues. Representative examples

Monoclonal and polyclonal antibodies against the show a membranous staining pattern for CRABP-1 in the

seven proteins were used, as well as normal mouse IgG ovarian tumor (Figure 5E), a cytoplasmic staining pattern

(negative control) and a mAb against the ,81 integrin for CRABP-1 in the omental metastatic tumor (Figure

subunit (positive control). The /31 integrin subunit was 5F), and no detection of CRABP-1 in the normal ovary

used as a positive control because it is a cell adhesion (Figure 5D).

molecule known to be ubiquitously expressed on the The sixth protein we selected was FOX J1, a transcrip-

surface of most cells except hematopoietic cells. The /31 tion factor with expected localization to the nucleus and
integrin subunit was expressed in normal ovary (Figure possibly the cytoplasm.38 Interestingly, only a few of the

4A), ovarian carcinoma (Figure 4B), and ovarian carci- ovarian tumor samples demonstrated a nuclear FOX J1
noma metastatic to the omentum (Figure 4C). All three staining pattern (Figure 5, H and I). Instead, most tumor

tissue types exhibited a strong, membranous staining samples examined exhibited cytoplasmic and membra-
pattern for P31 integrin. As expected, normal mouse IgG nous staining patterns for FOX J1. In addition, more than

did not stain normal ovary (Figure 4D), ovarian carcinoma half of the normal ovary samples exhibited some degree
(Figure 4E), or ovarian carcinoma metastatic to the omen- of FOX J1 expression, as shown in Figure 5G in which a
tum (Figure 4F). normal ovary exhibits slight nuclear staining of FOX J1 in

The /38 integrin subunit has been previously described the surface epithelium. This high background staining
as a cell surface molecule.33 In this study, the /38 integrin observed for FOX J1 may be in part attributable to non-
subunit exhibited a strong membranous staining pattern specific staining of the anti-FOX J1 antibody used in the
in the ovarian tumors (Figure 4, H and I), but was not immunohistochemical analyses.
detected in normal ovaries (Figure 4G). The vast majority Our final protein of interest was S100A1, a protein
of ovarian tumors examined exhibited a membranous involved in the cell cycle and localized to the cyto-
staining pattern for the /38 integrin subunit, whereas the plasm.39 Most of the ovarian tumor tissues examined
majority of normal ovaries did not express the /38 integrin exhibited either a cytoplasmic or membranous S100A1
protein, staining pattern. Figure 5K shows an ovarian tumor with

The second protein we studied was BMP-7, a cytokine both cytoplasmic and membranous staining for S100A1,
that was expected to be localized in the cytoplasm and in whereas Figure 5L shows an omental metastatic tumor
the extracellular matrix (ECM) on secretion. 34 Interest- with cytoplasmic staining for S100A1. The majority of
ingly, BMP-7 staining was variable across all ovarian normal ovaries examined did not express the S10OAl
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protein. An example of a normal ovary with S1OOAl ex- din-4, COL IX a2, FOX J1, and SIOOA1, and negative
pression in the cytoplasm of the surface epithelial cells is staining for BMP-7 and CRABP-1. The majority of the
shown in Figure 5J. normal ovary tissues exhibited negative staining for the

In summary, the majority of ovarian tumor tissues ex- 138 integrin subunit, BMP-7, claudin-4, CRABP-1, and
hibited positive staining for the j98 integrin subunit, clau- SIQOA1, and positive staining for COL IX a2 and FOX J1.
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StatISticaJ Analysis pose of these statistical measures, tissue staining inten-

Linear and logistic regression analyses were performed sities were classified as either positive (+, ++, +++) or

to assess whether associations exist between gene and negative (-, t). Youden's misclassification index (J),

protein expression of the seven genes and various pa- which is based on the specificity and sensitivity, indicates
tient characteristics such as age, alcohol use, smoking the overall probability that the protein classifications cor-
status, and tumor grade. The results of these analyses rectly distinguish each tissue being compared. Genes
indicated no evidence of such associations. with a J value of 0.5 or greater were considered to be

To determine which of the seven gene markers were predictive of disease state.
the strongest candidates for distinguishing normal ovar- The results of the comparison between normal ovary
ian tissue from ovarian carcinoma tissue, the specificity, and ovarian carcinoma tissues are shown in Table 4. The
sensitivity, and Youden's misclassification index were p8 integrin subunit, claudin-4, and S1OOAl all had a J
calculated via pairwise tissue comparisons. For the pur- value greater than 0.5 and are thus considered to be the
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Table 4. Specificity, Sensitivity, and Youden's Misclassification Index (/) for Seven Genes Selected from Gene Microarray Analysis
as Potential Candidates for Specific Biomarkers of Ovarian Carcinoma Tissues

Comparison I: normal ovary Comparison 11: normal ovary Comparison II: ovarian carcinoma
tissues versus ovarian carcinoma tissues versus metastatic ovarian tissues versus metastatic ovarian

tissues carcinoma tissues carcinoma tissues

Gene name Specificity* Sensitivityt J* Specificity* Sensitivityt J* Specificity§ Sensitivity§ J

A38 integrin 0.867 0.8 0.667 0.867 0.8 0.667 0.2 0.8 0
BMP-7 0,667 0M6 0.267 0.667 0.6 0.267 0.4 0.867 0.267
Claudin-4 0.933 0.993 0.867 0.933 1 0.933 0.067 1 0.067
COL IX ar2 1 0.2 0.2 1 0.2 0.2 0.067 1 0.067
CRABP-1 0.533 0.533 0.067 1 0.133 0.133 0.933 0.133 0.067
FOX J1 0.333 0.933 0.267 0.333 1 0,333 0.067 1 0.067
S10OAl 0.6 1 0.6 0.6 0,933 0.533 0.667 0.333 0

Seven genes were analyzed for their ability to distinguish the following: comparison I, 15 normal ovary tissues from 15 serous papillary ovarian
carcinoma tissues; comparison I1, 15 normal ovary tissues from 15 serous papillary ovarian carcinoma tissues metastatic to the omentum: and
comparison III. 15 serous papillary ovarian tumor tissues from 15 serous papillary ovarian tumor tissues metastatic to the omentum. All three statistical
measures were based on the protein staining intensities as determined by immunohistochemical analysis. For the purpose of these statistical
measures, tissue staining intensities were classified as positive if they had scored +, + +, or + + +, and they were classified as negative if they had
scored - or +/-.

*Specificity indicates the probability that a negative protein classification correctly identifies the tissue as normal ovary tissue lie, not as carcinoma).
'Sensitivity indicates the probability that a positive protein classification correctly identifies the tissue as ovarian carcinoma tissue (ie, tumor being

present).
rYouden's misclassification index (J) indicates the overall probability of correct classifications. Genes with a J value of 0.5 or greater (in bold) were

considered to be predictive of cancer.5ROC curves (plots of sensitivity versus specificity) were constructed to determine the optimal staining intensities for each gene at which the two
tissue types could be distinguished from each other. Specificity and sensitivity indicate the probability that the optimal staining intensities could
correctly distinguish ovarian carcinoma from ovarian carcinoma metastases to the omentum.

best markers for distinguishing ovarian tumor tissue from chemistry is semiquantitative, and thus an association with
normal ovary tissue. We then compared the immunohis- gene expression cannot be ruled out. In addition, different
tochemistry results obtained for normal ovary tissues and mAbs might provide a more accurate assay,
ovarian tumors metastatic to the omentum, Again, the 38
integrin subunit, claudin-4, and S100A1 all had a J value
greater than 0.5 in this comparison and were thus con- Discussion
sidered to be the best markers for distinguishing meta-
static ovarian tumor tissue from normal ovary tissue (Ta- In this study, 66 genes were identified by microarray
ble 4). Finally, a comparison was made between ovarian technology to be differentially expressed by ovarian car-
tumor tissues and metastatic ovarian tumor tissues; none cinoma tissue samples compared with normal ovarian
of the seven genes were able to distinguish between tissue samples. Nineteen of the 66 genes were reported
them (Table 4). This result is not surprising because both here for the first time to be up-regulated in cancerous
types of ovarian carcinoma tissues exhibited similar gene tissues. Twenty-eight of the 66 genes had been previ-
expression profiles, as evidenced by the fold-change ously reported to be up-regulated in ovarian carcinoma
analysis (Table 1). by gene array technology or other techniques, whereas

To determine the associations between gene expres- an additional 19 of the 66 genes had previously been
sion of the seven genes and protein staining classifica- reported to be up-regulated in other types of cancer, The
tions, Wilcoxon-Mann-Whitney statistical tests were per- 66 genes identified in this study represented a variety of
formed. Gene expression values were defined as being proteins, including 11 cell adhesion molecules/receptors,
present or absent by use of the Gene Logic GeneExpress 11 enzymes, 10 transcription factors, 7 cell-signaling
software system using the Gene Logic normalization al- proteins, 6 cell cycle/cell proliferation proteins, 6 ion
gorithm, For the purpose of this statistical test, protein transport proteins, 4 ligand-binding proteins, 3 accessory
staining intensities for the 30 tissues we stained by im- proteins, 3 tumor antigens, 2 cytokines, 1 scavenger
munohistochemistry were again classified as positive (+, receptor, 1 histone, and 1 unknown, Interestingly, the
++, +++) or negative (-, ±). Statistically significant P cellular localization of the gene products of these 66
values indicate the gene fragments whose expression val- genes was rather equally divided between the mem-
ues are higher in tissues that stained positive than in tissues brane, nucleus, and secretory (-30% in each group)
that stained negative, indicating that these gene fragments while fewer of the gene products were localized to the
are truly associated with the protein staining classifications, cytoplasm (-15%).
The 38 integrin subunit and claudin-4 gene fragments dem- The design of the current study has several advan-
onstrated a statistically significant (P < 0.001) association tages in identifying potential ovarian carcinoma tumor
with the protein staining classifications. Statistically signifi- markers compared to many of the earlier ovarian cancer
cant associations were not found between the presence of gene expression studies. First, a relatively large number
the five other genes by microarray techniques and the of ovarian tissues were used for the microarray analyses
presence of the protein by immunohistochemistry (data not (50 normal ovaries, 20 serous papillary ovarian tumors,
shown). However, protein expression by immunohisto- and 17 ovarian tumors metastatic to the omentum). By
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analyzing a large number of tissues, a more accurate ical staining of 45 ovarian tissues for the presence and
picture of ovarian carcinoma gene profiles can be ob- localization of the proteins corresponding to each of the
tained. Earlier studies used fewer ovarian carcinoma tis- genes, followed by statistical analysis, revealed that the
sues or cell lines in their large-scale analyses; the result- /38 integrin subunit, claudin-4, and S10OA1 are the most
ing gene expression profiles may have been skewed promising candidate ovarian carcinoma tumor markers.
because of the expression of genes that were altered The P38 integrin subunit is a member of the family of
during the perpetuation of the cell lines. 10,20° 21  integrins that mediates cell-cell and cell-ECM interac-

A second advantage of this study was that protein tions.45 The ,8 integrin subunit protein has been reported
expression was verified by using a relatively large num- in mice and rat neural synapses, suggesting its potential
ber of ovarian tissues samples (15 normal ovaries, 15 role in synaptic function.45 A recent study by Mu and
ovarian carcinoma tumors, and 15 ovarian carcinomas colleagues" revealed that the /38 integrin subunit binds
metastatic to the omentum). In one earlier study, valida- the cytokine transforming growth factor-J3, leading to
tion by immunohistochemistry was performed on 13 ovar- changes in cell growth and matrix production, and thus
ian tumors, but no normal ovary tissues were similarly regulating epithelial cell homeost~sis. Another study re-
screened,6 vealed that the aVP38 integrin may complex with the ECM

A third advantage of this study is that 321 tissue sam- components laminin and fibronectin, and that these inter-
pies from 24 other sites were analyzed, including: endo- actions may play a role in human glial cell invasion.47 Our
metrial adenocarcinoma, lung adenocarcinoma, kidney study is the first to report and validate the expression of
carcinoma, squamous cell carcinoma of the cervix, squa- the /38 integrin subunit mRNA and protein in ovarian
mous cell carcinoma of the lung, and colon adenocarci- carcinoma. Another study reported up-regulation of /38
noma. By comparison, in one earlier study, only seven integrin subunit mRNA in highly differentiated serous
tissue samples from other sites were included in the ovarian adenocarcinomas compared to benign serous
cDNA hybridization analysis. 9 However, the majority of adenocarcinomas, but this was not verified by a second
previously published ovarian carcinoma gene expression technique. 7 It is possible that overexpression of the /8
studies did not analyze any other type of tissue except for integrin subunit in ovarian carcinoma may enhance tumor
ovarian tissues and/or cell lines."4 -' 8 Others have noted cell adhesion and stabilize contacts between the epithe-
that a key step in determining the diagnostic potential of lial tumor cells, thus enabling further progression of the
gene expression profiling is to compare the gene expres- disease.
sion of a variety of tumors derived from many different Claudin-4, a member of the claudin family of tight
organs. 40  junction proteins,35 also showed promise as a candidate

One potential shortcoming of gene expression studies biomarker of ovarian carcinoma. Overexpression of clau-
on ovarian carcinoma, the present study included, is the din-4 mRNA has been demonstrated in several types of
limited quantity of normal ovarian surface epithelium cancer including pancreatic 48 and prostate cancer.49 In
available for microarray and immunohistochemical anal- addition, claudin-4 has recently been reported to be
ysis. Although controversial, it is widely accepted that overexpressed in ovarian carcinoma by two other
epithelial ovarian carcinomas arise from the thin layer of groups.6'13 Based on its role as a tight junction protein, it
epithelial cells surrounding the ovary. 23 Not surprisingly, is possible that overexpression of claudin-4 in ovarian
it is difficult to obtain sufficient quantities of surface epi- tumor cells may enhance and stabilize tumor cell con-
thelial cells for further analysis. Therefore, the surface nections, and could contribute to increased growth at
epithelial cells represented a very low percentage of the secondary sites.
total normal ovary cells that are included in the microar- S1OOAl is 1 of 19 members that make up the S100
ray analysis. Some groups have circumvented this prob- protein family.50 S100 proteins are localized in the cyto-
lem by enriching for the surface ovarian epithelial cells by plasm of a variety of cells, and are involved in cell cycle
creating a short-term ovarian surface epithelium cell cul- progression and differentiation. 50 Several studies have
ture. 6'` 1-" Others have immortalized normal ovarian sur- shown that the SIOOAl protein is highly expressed in the
face epithelial cells with SV40 large T-antigen 4l or telom- heart, and that the protein plays a key role in a variety of
erase.42 Zorn and colleagues 42 have recently shown that myocardial functions. 51 '52 S1OOAl proteins are also in-
the development and maintenance of normal ovarian sur- volved in the assembly and disassembly of microtubules
face epithelial cell lines alter the gene expression pattern and intermediate filaments. 53 Several members of the
when compared to whole normal ovaries or brushings S100 protein family have been shown to promote invasion
taken from the surface of fresh normal ovaries. For these and metastasis of many human cancers. 50 SlOOA1,
reasons, in this study we used more than 300 other $100A2, and SIOOB proteins have been detected in ep-
tissues to determine the specificity of the up-regulated ithelial skin tumors.5 4 Expression of $100A4 has been
genes to ovarian carcinoma, and we verified our findings demonstrated in many different human cancers, includ-
by immunohistochemistry. It should be noted that benign ing pancreatic cancer, gastric adenocarcinoma, breast
ovarian epithelial tumors 10 or laser capture microdissec- carcinomas, and colorectal cancer5,55.. A yeast two-hy-
tion followed by amplification may provide alternative brid system has demonstrated a strong interaction be-
sources of RNA for gene expression analysis.43.44 tween $100A4 and SIOOA1, suggesting that SIOOAl may

In our study, seven genes selected for further analysis mediate the metastatic capabilities of $100A4. 56 In addi-
were: the /38 integrin subunit, BMP-7, claudin-4, COL IX tion, the $100A2 gene was reported and confirmed to be
a2, CRABP-1, FOX J1, and S100A1. Immunohistochem- up-regulated in ovarian carcinoma tissues.' Our study
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confirms that of Su and colleagues 22 in reporting that firm this specificity by immunohistochemistry were not
S10OA1 mRNA is overexpressed in ovarian carcinoma possible because of a high degree of nonspecific stain-
tissues. However, our study is the first to show that ing. Because of a lack of additional commercially avail-
S10OA1 protein expression is up-regulated in ovarian able antibodies against COL IX a2 or COL IX, it was not
carcinoma tissues compared to normal ovaries. Our sta- possible to verify our gene expression data. Clearly, ad-
tistical analyses revealed that S10OAl protein expression ditional studies are necessary in assessing the role of
could be used to distinguish ovarian carcinoma tissues COL IX a2 in ovarian carcinoma.
from normal ovary tissues, CRABP-1, a carrier protein known to mediate the trans-

A fourth protein that we studied, BMP-7, is a member of port and biological activity of retinoic acid,37 also showed
the transforming growth factor-, cytokine family. 34 Bone some promise as an ovarian carcinoma marker. Recent
morphogenetic proteins are involved in tissue differenti- studies have revealed CRABP-1 mRNA expression in
ation, development, and remodeling.5 7 BMP-7 is ex- mouse cerebellum and rat lung, 76 -7 7 and CRAPB-1 pro-
pressed in articular cartilage, 58 where it induces cartilage tein expression in chick retina. 78 However, few studies
and bone formation.59 BMP-7 is also expressed in the have examined CRABP-1 expression in normal human
kidney and may induce kidney epithelial cell differentia- tissues. The expression of cellular retinoic acid-binding
tion.' 6 , Several bone morphogenetic proteins have proteins has been evaluated in several human cancers.
been implicated in various forms of cancer. BMP-4 mRNA One study reported that changes in CRABP-2 gene ex-
was overexpressed in poorly differentiated gastric can- pression affected retinoic acid-mediated target gene re-
cer cell lines,62 and BMP-4, -5, and -6 mRNA were over- sponse, resulting in phenotypic alterations in various
expressed in colon cancer cells.63 ,6 4 BMP-7 mRNA has squamous carcinoma cells.79 Other studies have de-
been shown to be up-regulated in osteosarcoma and in tected CRABP-1 protein in human cervical carcinoma
some breast and prostate tumors.65-67 However, the ex- tissues8 0 and large bowel cancer.8" Ono and col-
act role of bone morphogenetic proteins in various can- leagues1 2 reported the presence of the CRABP-1 gene in
cers has yet to be elucidated. This study is the first to ovarian carcinoma tissues, but this finding was not con-
report that BMP-7 mRNA is up-regulated in ovarian car- firmed by a second method. In our study, we only de-
cinoma tissue samples, but we were unable to verify the tected the CRABP-1 protein in a few of the ovarian car-
presence of the corresponding protein by immunohisto- cinoma tissues by immunohistochemistry. It is possible
chemistry. Among the few ovarian carcinoma tissues in that the CRABP-1 mRNA may not be translated into a
which the BMP-7 protein was detected, it was occasion- protein product. Alternatively, if the cells have a high
ally found in the stromal cells surrounding the tumor protein turnover rate, then the protein product may not be
nests. A possible explanation for this finding is that ovar- detected despite its continual production. Whether
ian carcinoma tumor cells may induce the expression of CRABP-1 plays a role in ovarian carcinoma remains to be
various factors in the surrounding stromal cells, thus forc- determined.
ing the stromal cells to participate in tumor invasion and We also studied FOX J1, a transcription factor that
metastasis.68  belongs to the winged helix/forkhead gene family. 38

Another protein that we observed to be up-regulated in Members of this family are thought to be involved in
ovarian carcinoma was COL IX a2, one of three different cell-specific differentiation. 38 FOX J1 is present in ciliated
a chains that combine to form the heterotrimer type IX cells of the human lung, oviduct, testis, and brain cortex,
collagen.3 6 Type IX collagen is an ECM protein and is a suggesting a possible role for FOX J1 in regulating ax-
major component of hyaline cartilage. Type IX collagen onemal structural proteins.36 FOX J1 may also play a role
forms cross-links between type II collagen and other type in the determination of left-right asymmetry, 82 ciliated cell
IX collagen molecules.69 Several studies have identified development,82 liver metabolism in humans,9 3 lung mor-
COL IX a2 mutations that give rise to multiple epiphyseal phogenesis,8 4 and lung epithelial cell differentiation in
dysplasia.70 Collagens type I, Ill, and IV have all been mice.9 4 Other studies have demonstrated the expression
implicated in ovarian cancer.71- 3 Interestingly, one of FOX J1 in lung epithelial cells 8 4 and hepatocellular
study postulated that type IV collagen and BMP-2 may carcinoma.83'a5 This study is the first to report the over-
play a role in ovarian cancer.74 The accelerated synthe- expression of FOX J1 mRNA in ovarian carcinoma com-
sis and breakdown of type I and type III collagen was pared with normal ovaries. Interestingly, FOX J1 was the
shown to be characteristic of ovarian cancer.7 2 Moser only gene of the seven we studied that was found to be
and colleagues7 5 reported that ovarian epithelial carci- significantly up-regulated (over threefold) in ovarian car-
noma cells exhibit, preferential adhesion to type I colla- cinoma compared to ovarian carcinoma metastatic to the
gen, and that this interaction may stimulate the produc- omentum. Contrary to the RNA expression data, immu-
tion of other factors that promote the dissemination of nohistochemical analysis revealed that the FOX J1 pro-
ovarian cancer. Perhaps in a similar manner, COL IX a2 tein was found in the majority of the ovarian tissues ex-
may interact with ovarian carcinoma cells in such a way amined, including a majority of the normal ovaries,
to promote ovarian tumorigenesis. Alternatively, changes suggesting nonspecific staining. Because of the lack of
in expression of the COL IX a2 protein may lead to the an additional commercially available Ab against FOX J1,
disruption of the ECM, enabling enhanced tumor cell we were not able to further test this finding.
migration and invasion. Although this study is the first to Further studies are needed to assess the ability to use
report the up-regulation of COL IX a2 mRNA in ovarian the P8 integrin subunit, claudin-4, and S1OOAl as tumor
carcinoma compared to normal ovaries, attempts to con- markers alone, or in combination with other markers such
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Cells were allowed to adhere for 10 minutes to the substrate. Unattached cells were a vasoomnstricror. As a consequence, specific M Skubitz
removed, and the remaining attached cells were labeled with 135S] and counted, to prevent cancer metastasis may be. at the is Appendix 15
These experiments show both HTC 116 and SW480, transfected to express high hypertension.
levels of Src activity, attach 2-fold more readily to lamini; (p<O.0 2 ) and fibronec-
tin and 3-fold more readily to collagen (p<0.03) when compared to cells trans- Multhceinular spheroids from ovarian carcinoma ascites samples ad-
fected with the empty vector. Furthermore, inhibition of Src with a dominant R matrix molecules and mesodielial cell monolayers. Kath-
negative Sre construct reduces the adhesion of the Cell to wild type levels yn M. Buleson, Rachal C. Casy, Stephan E. Pambuccian, Keith M. Skubitz,
(p<0.0001). Results ofscratch assays and migration assays on coated slides indicate Theodore R. Oegema, Jr., and Amy P.N. Skubitz. UPuiverni ofMinnesiah M.kinne
that cells with increased Src activity migrate 1.5 times more rapidly on collagen and ape/J" MN.
4 times mote rapidly on laminin than do mock transficted cells. Taken together, The peritoneal cavity of patients with late-stage ovarian carcinoma frequently fills
these data suggest that Ste may increase the metasttic potential of cells by enhc- with ascites fluid containing multicelular aggregates, or spheroids, of ovarian car-
ing cell- substrate adhesion and increasing the motility of cells across the ECM. cinoma cells. These spheroids tend to be overlooked in the progression of ovarian

carcinoma, and their propensity to adhere to the mesothelial cells and extracellular
molecules that line the peritoneal cavity has not been clearly defined. In this study,

#987 Aberrant promoter methylation of laminia-5 encoding genes distin- we isolated spheroids from the ascites fluid of eleven patients with ovarian carci-
guisles non-invasive and invasive bladder tumorS, Ubatadka G Sathyanarayana, noma and tested their ability to adhere to extracellular matrix molecules and me-
Riichiroh Maruyama, Makoto Suzuki, Asha Padar, Arthur Sagalowsky, John D. sothelial cell monolayers. Adhesion assays were performed in 8-well chamber slides
Minna, H Barton Grossman, Bogdan Czemiak, and Adi F. Gazdar. The University coated with fibronectin, type IV collagen, type I collagen, laminin, hyaluronan,
of Texas Sorakwearm Medical Center at DaJas Dalls, 7X and The Univeriay of hyaluronan fragments, orchondroitin sulfate A. Most of the ascites samples adhered
Tewas M.D.Andean Cancer Center, Houson, 7X moderately to fibronectin and type I collagen, with relatively lower levels of adhe-

Transitional cell carcinomas of the bladder are subdivided into non-invasive sion to type IV collagen and laminin. Monoclonal antibodies against the BI inte-
papillary and non-papillary invasive carcinoma types. We investigated the methyl- grin subunit partially inhibited spheroid adhesion to fibronectin, type IV collagen,
ation pattern of Laminin-5 (LN5) encoding genes in 114 bladder tumors and 59 and laminin, suggesting that BI integrins playa role in the adhesion ofspheroids to
bladder washes and voided urine with the aim of developing molecular markers to these extracellular matrix proteins. Most of the ascites samples also showed moder-
distinguish non-invasive and invasive cancer: that would be helpfil in the diagnosis ate adhesion to hyaluronan, hyaluronan fragmenu, and chondroitin sulfate A. This
and follow-up procedures. LN5, secreted by overlying epithelial cells, is a large finding implies that patient ascites spheroids may adhere to the mesothelium via the
heterotrimeric glycoprotein consisting of a3, P3 and y2 chains, which represents hyaluronan and extracellular matrix proteins present on the surface of the mesothe-
the products of three distinct genes (LAMA3, LAMB3 and LAMC2 respectively). ial cells. We subsequently conducted studies to determine the ability of spheroids
LN5 is a core component of hemidesomosomes, which are the specialized attach- to adhere to mesothelial cell monolayers. We found that patient ascites spheroids
ment sites on the basement membrane (BM) for epithelial cell anchoring. In order adhered to live, but not fixed, mesothelial monolayer:, often at higher levels than to
to metastasize and grow, cancer cells must invade and destroy BM. Inactivation of extracellular matrix proteins alone, suggesting possible cross-talk between the tns
LN5 encoding genes has been reported in several human cancers, however the mor and mesothelial cells. Interestingly, the eleven ascims samples segregated into
mechanisms have not been elucidated. We have shown that epigenetic inactivation three distinct adhesion groups, corresponding to their levels ofadhesion toward the
is one of the major mechanisms of silencing of LN5 genes in lung cancers (submit- various extracellular matrix proteins, proteoglycans, and mesothelial cells. The re.
ted). Here we extend our studies to resected bladder tumors, bladder washes and suits of this study suggest that adhesion of ascites spheroids to extracellular matrix
voided urine and correlate the data with clinicopathological findings. Non-malig- proteins is partially dependent on integrin-ligand and hyaluromnan-mediated inter-
nant urothelium of ureter samples from bladder cancer patients and cultured actions, and that the composition ofcell adhesion molecules on both the tumor cells
urothelial cells had uniform expression of LN5 genes and no methylation was and mesothelial monolayers may modulate adhesive ability. Based on this data, is
observed. Methylation frequencies of LN5 genes were 6-14% in non-invasive to- likely that spheroids pose a potential metastatic threat in ovarian carcinoma.
mors (n= 50) and 28-70% in invasive tumors (n=64)(P<0.0001 for LAMA3 and
LAMO3). The methylation frequencies in bladder washes and voided urine were #990 The mechanism of active versus passive role for collagen mairix sad
similar to tumors. Merhylation of LAMA3, LAMB3 and the methylation index were platelet-derived growth factor in the control of human dermal fibroblast ma-
significantly correlated with several parameters of poor prognosis and LAMC2 tility. Wei Li, Jianhua Fan, Mai Chen, and David T. Woodley. The University af
positive methylation status was independently associated with poor survival in Suthe, C44fornia. LsAngel CA.
multivariate analysis. Our results suggest that aberrant methylation of LN5 genes Cell migration plays a critical role in both physiological processes, such as inflam-
may be of biological and clinical importance. matory immune responses, and pathological processes, such as cancer invasion and

metastasis. Extracellular matrices (ECMs) and growth factors (GFs) are the two key
extra cellular cues that directly influence the decision of a cell to move or to stop

#988 Matrix metalloprotrease-2 deaves the tumor cell survival factor, ad- The migration of human dermal fibroblasts (HDFs) is controlled by collagen ma-
renmatedullin: Ibplications for cancer and cardiovascular disease. Alfredo trix and platelet-derived growth factor-BB (PDGF-BB), which bind to two distinct
Martinez, Hae-Ryong Oh, Edward J. Unsworth, Claudia Bregonzio, Juan M. types of cell surface receptors. While their importance in cell migration has been
Saavedra, William G. Steder-Stevenson, and Frank Cuttitta. NC, NIH, BedkW4 independently reported, the functional relationship of these two extra cellular sit-
MD and NIMH, NIH, e&e;4 M4 D. rnals remains undear. Using both colloidal- gold migration and in vitro wound

Matrix metalloproteinases (MMPs) play a major role in cancer and cardiovascular healing ("scratch*) assays, we report here that collagen matrix initiates and is -
diseases by altering the extracellular matrix, therefore allowing tumor cell dissemi- sponsible for the early phase of cell migration even in the absence of PDGF.
nation and cardiovascular remodeling. Adrenomedullin (AM) is also implicated in However, only immobilized, but not soluble, collagens are able to do so. PDGF
both diseases by being a tumor cell survival factor (induces growth, angiogenesis, alone is unable to jump-sta cell migration, rather it enhances and maximizes &ie
migration, and protects cells from apoptotic death) and an important vasodilator. migration. Using lentiviral in n to achieve aom 95% gene transduction efl1

Here we study the degradation of AM by MMPs and the pathophysiological inm- ciency in primauy HDFs, we delivered the dominant negative mutants ofagrouPf
plications of this process. In vitro experiments show that MMP-2 but not MMP-9 upstream and a group of downstream signaling genes into HDFs, and studied th10i'
cleaves AM, indicating enzyme-substrate specificity. Addition of the AM binding effects on cell migration. Results of these experiments demonstrate that the collAC
protein, complement factor H, prevents this cleavage providing a hitherto un- en's initiation signal and the PDGF's enhancement signal are composed of distins
known mechanism of action for this binding protein. Complement factor H was as well as common intracellular signaling molecules. Pak, Akt, p38 and JNK we
shown not to be a substrate for MMP2 nor did it block MMP-2 degradation of specific for the enhancement signal. FAK, ERKI/2 and ERK5 mediate both t
gelatin. We identify the signature fragments and find some of them in urine, initiation signal and the enhancement signal. Each of the upstream kinases, ?A'
demonstrating that MMP-2 processing of AM occurs in vivo. Synthetic AM frag- FAK and Akt, mediates PDGF-stimulated activation of a distinct MAPK 'a'

ments regulate blood pressure in rats. The larger peptides are vasodilators as is intact cade(s). Pak acts upstream of ERKI/2 and JNK; Ain activates p38. and FA0
AM, whereas intermediate fragments do not affect blood pressure. In contrast, negatively regulatesJNKduring HDFmigration. Among the seven genes, only A'
AM(11-22) elicits vasoconstriction. Studies ofAM receptor activation confirm that ERKI/2 and JNK also participate in proliferation of the same cells. Taken togetlSl"
the larger AM deavage peptides activate this receptor, whereas AM(l 1-22) does thisstudyshows that the dual signaling processes by collagen and PDGF detertiti.f
not. Clinical inhibitors of MMP-2 elicit a reduction in blood pressure in hyperten- the optimal cell motility, in which multiple parallel pathways are involved& Tit's
siae SHR rats. This study defines a new mechanism through which MMP-2 may the first report that elucidates the active versus passive function of an ex2ceilut
regulate blood pressure by simultaneously eliminating a vasodilator and generating matrix and 2 growth factor in the control of ccl I motility.
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Abstract

Objective. Ovarian carcinoma cells form multicellular aggregates, or spheroids, in the peritoneal cavity of patients with advanced disease.
The current paradigm that ascites spheroids are non-adhesive leaves their contribution to ovarian carcinoma dissemination undefined. Here,
spheroids obtained from ovarian carcinoma patients' ascites were characterized for their ability to adhere to molecules encountered in the
peritoneal cavity, with the goal of establishing their potential to contribute to ovarian cancer spread.

Methods. Spheroids were recovered from the ascites fluid of 11 patients with stage III or stage IV ovarian carcinoma. Adhesion assays to
extracellular matrix (ECM) proteins and human mesothelial cell monolayers were performed for each of the ascites spheroid samples.
Subsequently, inhibition assays were performed to identify the cell receptors involved.

Results. Most ascites samples adhered moderately to fibronectin and type I collagen, with reduced adhesion to type IV collagen and
laminin. Monoclonal antibodies against the 013 integrin subunit partially inhibited this adhesion. Ascites spheroids also adhered to
hyaluronan. Additionally, spheroids adhered to live, but not fixed, human mesothelial cell monolayers, and this adhesion was partially
mediated by 131 integrins.

Conclusions. The cellular content of the ascites fluid has often been considered non-adhesive, but our findings are the first to suggest that
patient-derived ascites spheroids can adhere to mesothelial extracellular matrix via 01 integrins, indicating that spheroids should not be
ignored in the dissemination of ovarian cancer.
© 2004 Elsevier Inc. All rights reserved.

Keywords: Cell adhesion molecules; Extracellular matrix; Integrins; Ovarian carcinoma; Spheroids

S Introduction the current model of ovarian cancer spread, tumor cells are
shed from the surface of the ovary into the ascites fluid and

Ovarian carcinoma remains the fifth leading cause of can subsequently attach to and invade through the meso-
cancer death for women in the United States [I]. Due to the thelial cell monolayers that line the organs of the peritoneal
lack of reliable tumor markers and vague or absent symp- cavity. However, because the cellular content of the ascites
toms in the early stages of the disease, 70% of patients fluid exists in suspension rather than attached to peritoneal
initially present with advanced disease, with tumor spread surfaces, ascites cells and spheroids are generally considered
beyond the ovary [2]. As ovarian cancer progresses, the a non-adhesive subset of the tumor cells. Furthermore, as
peritoneal cavity of the patients frequently accumulates ovarian cancer research has traditionally focused on the
malignant ascites fluid containing tumor cells, which exist metastatic behavior of single cells, little is known about the
both singly and as multicellular aggregates, or spheroids. In role of spheroids in ovarian carcinoma progression.

Most spheroid research studies have focused on response
to cancer therapy since Sutherland et al. [3,4] showed that

* Corresponding author. Department of Laboratory Medicine and
Pathology, MMC 609, 420 Delaware Street S.E., University of Minnesota, spheroids are a more accurate model system than monolayers
Minneapolis, MN 55455. Fax: +1-612-625-1121. for the study of tumor biology. Spheroids can be created from

E-mail address: skubi002@umn.edu (A.P.N. Skubitz). many different cell lines and types, and their successful
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manipulation has led to the discovery of a multicellular- hyaluronan was incubated for 18 h at 37°C, followed by
associated resistance of spheroids to treatment [5,6]. As boiling at I 00°C for 10 min to inactivate the hyaluronidase.
tumor models, ovarian carcinoma spheroids have been shown
to be protected from apoptosis induced by radiation or Taxol Antibodies
[7- 10], but the potential of ascites spheroids to implant on
peritoneal surfaces remains unexplored. Purified immunoglobulin (IgG) of mouse mAb P5D2,

The mesothelial cell monolayer that lines the peritoneal which blocks the adhesive activity of the human 0 I integrin
cavity and its organs is the major site of ovarian carcinoma subunit, was provided by Dr. Leo Furcht (University of
dissemination [2]. Mesothelial cells express several extracel- Minnesota). Affinity-purified IgG of mAb IM7, which blocks
lular matrix (ECM) proteins and adhesion molecules, includ- the hyaluronan-binding site of CD44, was purchased from
ing integrins and CD44, which promote ovarian carcinoma Pharmigen (San Diego, CA). Normal mouse lgG (mIgG) was
cell adhesion [11 - 13]. Additionally, mesothelial cells secrete purchased from Sigma Co. CD 15 mAb MMA, CA-125 mAb
factors that induce ovarian carcinoma cell migration [14]. A OV185:1, and CD45 mAb LCA were purchased from Ven-
variety of adhesion molecules, including integrins, ECM tana Medical Systems (Tucson, AZ). B72.3 mAb was pur-
proteins, glycosaminoglycans, and proteoglycans have been chased from Signet Laboratories, Inc. (Dedham, MA).
detected in spheroids [15-18). We have previously demon- Polyclonal antibodies against CEA and a mAb against Ber-
strated that spheroids generated from the human ovarian EP4 were purchased from DakoCytomation (Carpinteria,
carcinoma cell line, NIH:OVCAR5, adhere to fibronectin, CA). A polyclonal antibody against calretinin was purchased
type IV collagen, and laminin, although at a slower rate than from Zymed Laboratories (South San Francisco, CA).
single cell suspensions of NIH:OVCAR5 cells, and that this
adhesion is mediated by the a2, a5, a6, and 01 integrin Cell culture
subunits [15]. Taken together, our findings are the first to
suggest that primary patient ascites spheroids may also The human ovarian carcinoma cell line NIH:OVCAR5
possess the ability to adhere to secondary tumor sites, rather was obtained from Dr. Judah Folkman (Harvard Medical
than comprise a non-adherent population of tumor cells. School, Boston, MA) [20], and was chosen for its ability to

In the present study, we examined the ability of 11 mimic ovarian carcinoma progression in vivo when injected
ovarian carcinoma patient-derived ascites spheroid samples into mice [21]. This cell line was maintained in RPMI 1640
to adhere to a variety of components frequently found in the media with 10% fetal bovine serum (FBS, from Nova-Tech,
ECM of mesothelial cells. We also determined whether a Inc, Grand Island, NE), 2 mM L-glutamine, 0.2 U/ml
monoclonal antibody (mAb) against the 3l1 integrin subunit insulin, and 50 U/ml penicillin G/streptomycin. The human
or CD44 could block this adhesion. Furthermore, we peritoneal mesothelial cell line LP9 was purchased from the
assessed the ability of patients' ascites spheroids to adhere Coriell Cell Repository (Camden, NJ), and maintained in a
to live or paraformaldehyde-fixed human mesothelial cell 1: 1 ratio of M 199 and MCDB 110 media, supplemented with
monolayers and whether this adhesion was partially depen- 15% FBS, 2 mM glutamine, 5 ng/ml EGF, 0.4 gtg/ml
dent upon [ I integrin or CD44 interactions. Given the hydrocortisone, and 50 U/ml penicillin/streptomycin. Both
propensity of spheroids to exhibit a multicellular resistance cell lines were cultured in 75 cm2 tissue culture flasks in a
to therapy [4-9], our findings suggest that ovarian carcino- 5% CO2 humidified incubator at 37°C.
ma ascites spheroids should be considered as a potential
source of secondary tumor growth in ovarian cancer patients. Purification of primary ovarian carcinoma cells

Ascites fluid samples from 11 patients diagnosed with
Materials and methods stage III or stage IV ovarian carcinoma were obtained

, through the University of Minnesota Cancer Center Tissue
ECM components, Procurement Facility with approval of the University of

Minnesota Institutional Review Board. Ascites tumor cells
Type IV collagen from mouse Engelbreth Holm-Swarm and spheroids were collected by centrifugation at 100 x g

(EHS) tumor was purchased from Trevigen (Gaithersburg, for 10 min. Erythrocytes were lysed by resuspending the
MD). Type I collagen from human placenta was purchased cells in lysis buffer (10 nM potassium bicarbonate, 155 mM
from Southern Biotech (Birmingham, AL). Mouse EHS ammonium chloride, 0.1 mM EDTA, pH 7.4) for 5 min. The
laminin was purchased from Invitrogen (Carlsbad, CA). remaining cells were collected by centrifugation at 100 x g
Human plasma fibronectin, purified as described [19], was for 10 min, then layered upon Ficoll-Paque Plus (Pharmacia
provided by Dr. James McCarthy, University of Minnesota. Biotech, Uppsala, Sweden) and centrifuged again at 400 x
Human umbilical cord hyaluronan and ovalbumin were g for 15 min. The tumor cells were removed from the top of
purchased from Sigma Co. (St. Louis, MO). Hyaluronan the Ficoll layer and washed in RPMI 1640 media. Aliquots
oligomers were prepared as previously described. Briefly, of ascites (I X 107 cells/ml) were suspended in 10% DMSO
175 U of bovine testicular hyaluronidase per milligram and 90% FBS, and stored in liquid nitrogen.
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Immunohistochemisthy per well remaining after fixation divided by the number of
spheroids originally added per well, multiplied by 100.

For immunohistochemical analysis, paraffin blocks were For inhibition assays, patient ascites spheroids were incu-
made from thrombin clots of purified ovarian carcinoma bated in RPMI media with 10 ig/ml of a blocking inAb
patient ascites fluid. Thrombin clots were prepared by adding against the 0l integrin subunit, a mAb that blocks the
2-3 plI of ascites cell pellet to 100-pl human plasma and 50 hyaluronan-binding site of CD44, or mIgG for 30 min at
pl thrombin (Sigma Co.). The thrombin clots were fixed with 37°C before addition to the chamber slides. The spheroids
10% formaldehyde in PBS, and were paraffin-embedded in were then transferred to the slides in the presence of the
the Fairview University Medical Center Pathology Labora- antibodies, in which they remained for the duration of the
tory. Four to five micron thick sections were stained with a 1 h adhesion assay. Inhibition was determined as: (% adhe-
panel of antibodies against ovarian carcinoma (CA-125), sion in mIgG - % adhesion in test mAb)/(% adhesion in
epithelial cells (Ber-Ep4, CDI5, B72.3, CEA), mesothelial mlgG), multiplied by 100. To block adhesion to hyaluronan,
cells (calretinin), and inflammatory cells (CD45) on an spheroids were incubated with 100-1000 pg/mI of soluble
automated immunostainer (Benchmark, Ventana Medical hyaluronan, or 80-500 [tg/ml hyaluronan fragments, for 30
Systems). A pathologist evaluated each sample and verified min. The spheroids were then transferred to the slides in the
the presence of 90% ovarian carcinoma cells in all cases. presence of the soluble inhibitor for 2 h. Inhibition was

determined as: (% adhesion in no hyaluronan - % adhesion
Spheroid culture in test hyaluronan)/(% adhesion in no hyaluronan), multiplied

by 100. The experiments were performed at least three times
Spheroids were generated using a liquid overlay tech- in quadruplicate.

nique as previously described [15]. Twenty-four-well tissue
culture plates were coated with 500 pl of 0.5% SeaKem LE Spheroid adhesion to mesothelial cell monolavers
agarose in serum-free media, and allowed to solidify for 30
min at room temperature. NIH:OVCAR5 cells were released To quantitate the adhesion of patient ascites spheroids to
from monolayer cultures with 0.5% trypsin/2 mM ethyl- mesothelial cell monolayers, LP9 human mesothelial cells
enediaminetetraacetic acid (EDTA), resuspended in corn- were grown to confluence in glass Falcon 8-well chamber
plete media, transferred to agarose-coated wells at 50,000 slides (BD Biosciences, Bedford, MA). For some assays,
cells/well, and incubated for 48 h at 37°C. monolayers were fixed with 4% paraformaldehyde in PBS at

Archived patient ascites samples, consisting of heteroge- room temperature for 10 min, then rinsed three times with 50
neous populations of single cells and spheroids, were mM ammonium chloride in PBS, and blocked with 1% BSA
rapidly thawed, washed with complete media, and centri- in RPMI for 30 min to quench excess aldehyde from the
fuged at 100 x g for 5 min. The cells were resuspended in fixation step [22]. Patient ascites spheroids were labeled with
complete media, and cultured in suspension on top of 5-chloromethylfluorescein diacetate (CMFDA) (Molecular
solidified agarose overnight to equilibrate. Before use in Probes, Eugene, OR) by incubating the spheroids in a sol-
assays, both NIH:OVCAR5 and patient ascites spheroids ution of 0.01 ptg/ml CMFDA in RPMI for 45 min at 37°C.
were centrifuged at 10 x g for 3 min to remove single cells. Spheroids were rinsed twice and incubated for 30 min in

RPMI. Following a final rinse, spheroids were added in
Spheroid adhesion assays RPMI to the wells of either live or fixed inesothelial cell

monolayers. The number of spheroids/well was counted
Glass 8-well chamber slides (Nalge Nunc International, under a fluorescent microscope, and the spheroids were

Naperville. IL) were coated with 50 pg/ml of laminin, allowed to adhere for 1-4 h at 37'C. Non-adherent spheroids
fibronectin, type I collagen, type IV collagen, ovalbumin, were gently rinsed away with PBS, and the remaining
or I mg/mi of hyaluronan, or hyaluronan fragments (6 and spheroids were fixed with Diff-Quik fixative. The percent
8 oligomers), in phosphate buffered saline (PBS) overnight of adherent spheroids was determined by dividing the number
in a humidified incubator at 37°C. The slides were blocked of spheroids remaining after fixation by the number of
with 2 mg/ml ovalbumin in PBS for at least I h, and then spheroids added to each well originally, multiplied by 100.
gently washed with PBS. Patient ascites spheroids were These experiments were performed at least three times in
resuspended in RPMI media, and 200 l1 aliquots of the quadruplicate.
suspension were transferred to each well, to yield 50-100 For inhibition assays, CMFDA-labeled patient ascites
spheroids/well. The number of spheroids per well was spheroids were incubated in RPMI in the presence of 10
counted manually under a light microscope, and the slides pg/ml of a blocking mAb against the lJl integrin subunit, a
were incubated for 1-4 h at 37°C. The slides were rinsed in mAb that blocks the hyaluronan-binding site of CD44, or
PBS, fixed and stained with Diff-Quik (Dade Behring, Inc., mouse IgG for 30 min at 37°C before their addition to the
Newark, DE) according to manufacturer's instructions, and chamber slides. The spheroids were then transferred in the
the number of adherent spheroids in each well was counted, presence of the antibody to wells containing live, confluent
Percent adhesion was determined as the number of spheroids monolayers of mesothelial cells for the duration of the
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2 h adhesion assay. Inhibition was determined as: (% ovarian carcinoma. Immunohistochemical analysis also
adhesion in mlgG - % adhesion in test mAb)/(% adhesion revealed that some spheroids incorporated up to 10%
in mlgG), multiplied by 100. The experiments were per- mesothelial cells and inflammatory cells into the aggre-
formed at least three times in quadruplicate. gates along with the tumor cells. All samples were viable

as determined by trypan blue stain exclusion (data not
shown). The 11 ascites samples were relatively similar in

Results composition, containing a mix of single cells and spher-
oid aggregates ranging in size from 30 to 200 pm in

Characterization of ovarian carcinoma spheroids from the diameter (Fig. 1, nos. 1-11). Spheroids generated in vitro
peritoneal cavity of patients from NIH:OVCAR5 cells (Fig. 1, OVCAR5) resembled

spheroids recovered from patient ascites samples in terms
Ovarian carcinoma spheroids were isolated from asci- of size and general appearance.

tes samples obtained from I I patients with ovarian
carcinoma. The isolated spheroids were stained with a Adhesion of ascites spheroids to ECM proteins
panel of immunohistochemical markers to verify that the
spheroids consisted of over 90% epithelial ovarian carci- We have previously shown that spheroids generated in
noma cells that expressed CA-125, the clinical marker of vitro from the ovarian carcinoma cell line NIH:OVCAR5

Fig. I. Morphologic appearance of ovarian carcinoma spheroids. Spheroids were obtained from the ascites fluid of I I patients (designated nos. I - 11,
respectively) diagnosed with stage III or IV serous ovarian carcinoma. Photographs of the ascites spheroids were taken before adhesion assays while still in
agarose-coated plates. The NIH:OVCAR5 cells were cultured in agarose-coated 24-well plates to form multicellular spheroids (OVCAR5), and photographed
at 48 h. The size of the NIH:OVCAR5 and patient ascites spheroids ranged from 30 to 200 [tm in diameter. Scale bar, 100 gim.
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have the ability to adhere to ECM components [15]. To was selected for the remainder of the experiments.
establish the relevance of this adhesion to ovarian carci- Patient ascites spheroids segregated into three groups
noma patients, spheroids obtained from the ascites fluid based on their levels of adhesion to ECM proteins at 2
of 11 patients were tested for their ability to adhere to h (Fig. 2B). Patient sample nos. 1 and 2 showed high
ECM proteins (Fig. 2A). To quantitate adhesion, ovarian levels of adhesion, with 35-70% of the spheroids ad-
carcinoma ascites spheroids were allowed to adhere for hering to the ECM proteins. Patient samples nos. 3-7
up to 4 h to glass chamber slides coated with 50 .tg/ml displayed moderate levels of adhesion, with 10-20% of
fibronectin, type I collagen, type IV collagen, laminin, or the spheroids adhering. Patient samples nos. 8-I1 con-
ovalbumin. In most cases, maximal adhesion was ob- sisted of low or non-adherent spheroids, with < 10%
served by 2 h, with a decrease in adhesion observed at 4 adhesion (Fig. 2B). Overall, the samples showed greater
h in serum-free conditions. Therefore, the 2 h time-point levels of adhesion to fibronectin and type I collagen than
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Fig. 2. Adhesion of ovarian carcinoma patient ascites spheroids to extracellular matrix proteins. Patient ascites spheroids were incubated in serum-lic media
for 2 hi on glass chamber slides coated with 50 gtg/ml laminin, fibronectin, type IV collagen, or type I collagen. Non-adherent spheroids were rinsed away, and
the remaining adherent spheroids were fixed and stained. Panel A: patient sample no. I adhering to: (a) laminin, (b) fibronectin, (c) type IV collagen, and (d)
type I collagen. Panel B3: Patient samples adhering to laminin (black bars), fibronectin (white), type IV collagen (striped), and type I collagen (gray). Values arc
expressed as a percentage of the total number of spheroids that adhered to each substrate. Data of a representative experiment are expressed as mean±
standard deviation for quadruplicate wells.
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100 Ascites spheroid adhesion to ECM proteins is partially

80- mediated by /11 integrin subunits

'•* 0 We have previously shown that NIH:OVCAR5 spheroids

.2 have the ability to adhere to ECM components via multiple
a40- - Tintegrin receptors [15]. Therefore, the contribution of integ-

E rin subunits in mediating patients' ascites spheroid adhesion
20 to ECM components was evaluated (Fig. 3). The four most

k I adhesive ascites spheroid samples overall (patient sample
1 2 3 4 nos. I -4) were selected to ensure detection of significant

Patient Sample # levels of inhibition. Ascites spheroids were allowed to
adhere to ECM proteins or ovalbumin for 1 h in the

Fig. 3. Adhesion of ovarian carcinoma patient ascites spheroids to presence of a blocking mAb against the [fl integrin subunit
extracellular matrix is dependent upon the [f, integrin subunit. The four pr a blo cing m hb ai he1integrin s
most adhesive patient spheroids samples (nos. 1 -4) were incubated for 30 g
min with 10 pg/ml blocking antibody against the l)l integrin subunit or decreased by >80% for all four patient samples when
normal mouse lgG before being added to glass chamber slides coated with incubated with the mAb against the fl integrin subunit
50 pgiml laminin (black bars), fibronectin (white), type IV collagen when compared to mIgG. Adhesion to fibronectin and type
(striped), type I collagen (gray), or ovalbumin (stippled). Assays were IV collagen was inhibited by 40-60% for patient sample
performed in the continued presence of the antibody for I h. Non-adherent
spheroids were rinsed away, and the remaining adherent spheroids were
fixed and stained. Values are expressed as the percent inhibition. Data of a to type I collagen was decreased by 65-85% in the presence
representative experiment are shown as mean + standard deviation for of the mAb against the [ll integrin subunit. These results
quadruplicate wells. suggest that patients' ascites spheroid adhesion to laminin,

fibronectin, type I collagen, and type IV collagen is medi-
to laminin or type IV collagen. In many cases, spheroid ated partially by F01 integrins. Spheroid adhesion to oval-
adhesion to ovalbumin was almost as high as that to bumin remained unchanged in the presence of the blocking
laminin. mAb against the 0 1 integrin subunit, demonstrating that
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Fig. 4. Patient ascites spheroids adhere to hyaluronan. Patient ascites spheroids (nos. I - 11) and NIH:OVCAR5 spheroids (OVCAR5) were added to glass
chamber slides coated with I mg/ml hyaluronan (black) or hyaluronan fragments (white) and allowed to adhere for 2 h. Non-adherent spheroids were rinsed
away, and the remaining spheroids were fixed and stained. Values are expressed as a percentage of the total number of spheroids that adhered to each substrate.
Data of a representative experiment are expressed as mean t standard deviation for quadruplicate wells.
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patients' ascites spheroid adhesion to ovalbumin is not readily as they did to intact hyaluronan. Interestingly,
mediated by [fl integrins and is most likely non-specific. NIH:OVCAR5 spheroids typically exhibited very low levels

of adhesion (Fig. 4, OVCAR5).
Adhesion of patients' ascites spheroids to hyahuronan To determine the specificity of hyaluronan adhesion, we

performed a competition assay of ascites spheroid adhesion
Ovarian carcinoma cells have been shown to express to hyaluronan by adding either soluble hyaluronan or

CD44, which can mediate their adhesion to hyaluronan in hyaluronan fragments. Adhesion to hyaluronan decreased
the pericellular matrix of mesothelial cells [12,13]. To in a dose-dependent manner (Fig. 5). Addition of 100 pg/iml
examine the role of hyaluronan in the adhesion of ascites of soluble hyaluronan reduced adhesion of patient sample
spheroids, glass chamber slides were coated with 1 mg/ml no. 1 to hyaluronan by 30%, and reduced adhesion of
hyaluronan or hyaluronan oligomers. The oligomers were patient sample nos. 2-4 by 20% (Fig. 5A). Both 500 and
chosen since they are the shortest hyaluronan fragments that 1000 jtg/ml of soluble hyaluronan eliminated adhesion for
will bind to CD44. Ascites spheroids (sample nos. I -11) all four patient ascites samples. Addition of 80 pg/mI of
and NIH:OVCAR5 spheroids (OVCAR5) were allowed to hyaluronan fragments had no effect on patient sample nos. I
adhere for 1-4 h. Similar to the results seen in the ECM and 3, but reduced hyaluronan adhesion of patient sample
protein adhesion assays (Fig. 2), maximum spheroid adhe- no. 2 by 20% and patient sample no. 4 by 40% (Fig. 513).
sion occurred at 2 h (Fig. 4). For the ascites spheroids Increasing the concentration to 500 [tg/ml of hyaluronan
(patient sample nos. I - 11), adhesion to hyaluronan sur- fragments completely blocked adhesion of patient sample
passed that of adhesion to ECM glycoproteins, with few nos. 1-3 to hyaluronan, and adhesion of patient sample no.
exceptions (Fig. 4., sample nos. 1, 5, and 6). Ascites 4 was inhibited by approximately 90%.
spheroids generally adhered to hyaluronan oligomers as We next wished to determine the contribution of the cell

surface receptor CD44 in ascites spheroid adhesion to
A hyaluronan. The most adhesive patient ascites spheroid

1007 sample nos. 1-4 were allowed to adhere to hyaluronan

80 for I h in the presence of a mAb against the CD44 receptor.
The mAb failed to inhibit hyaluronan adhesion, and in

60 several experiments increased the adhesion of the spheroids
by as much as 20% (data not shown). These data suggest

S40 that hyaluronan may play a role in ascites spheroid adhe-
sion, but the involvement of CD44 in mediating this

20 adhesion remains to be determined.

0
0 200 400 800 800 1000 Adhesion of NIH:OVCAR5 and patient ascites spheroids to

Hyaluronan (ug/mil human mesothelial cell monolayers

B
100 We examined the ability of patient ascites spheroids to

80 adhere to mesothelial cell monolayers, the primary site of
secondary tumor growth in ovarian cancer. LP9 human

T 60 mesothelial cells were grown to confluence on glass cham-
ber slides. NIH:OVCAR5 or patient ascites spheroids were

40 labeled with CMFDA, resuspended in RPMI, and allowed to
adhere to live mesothelial cell monolayers for 1-4 h (Fig.
6A, a-d). For all 11 patient ascites samples, adhesion at 2

0 100 .200 h to live mesothelial cell monolayers was comparable or
3 000 200 300 400 500 greater than adhesion to individual ECM glycoproteins (Fig.

Hyaluronan Fragments (uglml) 6B). The two patient samples (nos. I and 2) that adhered at
highest levels to ECM proteins (Fig. 2) also adhered well to

Fig. 5. Adhesion of patient ascites spheroids to hyaluronan can be inhibited mesothelial cells (Fig. 63). Interestingly, the two ascites

by soluble hyaluronan and hyaluronan fragments. The four most adhesive

patient spheroids samples, patient no. I (diamonds), no. 2 (squares), no. 3 spheroid samples that exhibited the least adhesion to ECM
(circles), or no. 4 (triangles), were incubated for 30 min with 0, 100, 500, or glycoproteins (patient sample nos. 10 and 11) were among
1000 ptg/ml hyaluronan (panel A), or 0, 80, or 500 pg/ml hyaluronan the most adhesive to mesothelial cells (Fig. 613). Adhesion
fragments (panel B) before being added to glass chamber slides coated with typically increased from I to 2 h, and then remained constant
I mg/ml hyaluronan. Assays were performed in the continued presence of up to 4 h. NIH:OVCAR5 spheroids also adhered to live
the soluble inhibitor for 2 h. Non-adherent spheroids were rinsed away, and mesothelial cell monolayers, although to a lesser degree than
the remaining adherent spheroids were fixed and stained. Values are
expressed as the percent inhibition. Data of a representative experiment are to individual ECM glycoproteins at 2 h [ 15]. To determine if
shown as mean + standard deviation for quadruplicate wells, the presence of mesothelial ECM or cell receptors alone was
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Fig. 6. Adhesion of spheroids to live or fixed human mesothelial cell monolayers. Patient ascites spheroids and NIH:OVCAR5 spheroids were labeled with
CMFDA and added to LP9 human mesothelial cell monolayers grown to confluence on glass chamber slides. Spheroids were incubated in the wells for 2 h,
then non-adherent spheroids were rinsed away and remaining spheroids were fixed with Diff-Quik fixative. Panel A: Brightfield (a, b) and fluorescence
microscopy (c, d) of patient ascites spheroids adhering to live mesothelial monolayers at 2 h; patient sample no. I (a, c) and patient sample no. 2 (b, d).
Magnification at 200x, Panel B: Adhesion assay of patient ascites spheroids (nos. I- 11) and NIH:OVCAR5 spheroids (OVCAR5) to live (black bars) and
fixed (grey) mesothelial cell monolayers. Values are expressed as a percentage of the total number of spheroids that adhered. Data of a representative
experiment are expressed as mean ± standard deviation for quadruplicate wells.
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100- the peritoneal effusions of ovarian carcinoma patients

[25,26]. Despite these difficulties, several ovarian carcino-
ma cell lines have successfully been established and utilized

o in extensive studies focusing on monolayer culture and

S60single cell suspensions, while largely overlooking the role.2
S40 of spheroids in ovarian cancer progression. However, estab-

lished cell lines do not necessarily reflect the most accurate

20 approximation of in vivo conditions since they represent
only a limited outgrowth of select tumor cells and not the

0 heterogeneity seen in vivo. Additionally, monolayers and
1 2 10 11 spheroids display altered properties [27,28], indicating a

Patient Sample # need for further investigation into the differences between
these two morphologies. In this study, we characterized the

Fig. 7. Inhibition of patient ascites spheroid adhesion to mesothelial cell adhesive ability of ascites spheroids from I I ovarian carci-
monolayers. The four most adhesive patient ascites spheroid samples (nos.

-2, nos. 10-11) were labeled with CMFDA and incubated for 30 min noma patients, and investigated the adhesion molecules
with 10 ptg/ml blocking antibody against the [il integrin subunit or mlgG. involved in mediating ascites spheroid adhesion to both
The spheroids were then added in the presence of the antibody for I h to ECM components and mesothelial cells.
live confluent LP9 human mesothelial cell monolayers on glass chamber Here, we report that spheroids recovered from the ascites
slides. Non-adherent spheroids were rinsed away, and the remaining fluid of I I ovarian carcinoma patients demonstrate the
adherent spheroids were fixed and stained. Values are expressed as the ability to adhere to ECM roteins. Patient ascites spheroids
percent inhibition. Data of a representative experiment are expressed as p
mean + standard deviation for quadruplicate wells. adhered preferentially to type I collagen and fibronectin, and

exhibited lower levels of adhesion to type IV collagen and
laminin. In ECM protein adhesion assays, the patient

necessary to facilitate adhesion, ascites spheroids were also samples segregated into three groups at 2 h; a highly
added to paraformaldehyde-fixed mesothelial cell mono- adhesive group with 35-70% adhesion, a moderately ad-
layers for 1-4 h. For all samples, spheroid adhesion to hesive group showing 10-20% adhesion, and a low- or
fixed mesothelial cells was less than 10% (Fig. 6B). non-adhesive group with less than 10% adhesion to ECM

proteins. Since the ascites spheroids are similar in morphol-
f1l integrin subunits partially mediate ascites spheroid ogy from one sample to the next, shear forces likely do not
adhesion to mesothelial cell monolayers contribute to the differences in adhesion between groups.

The ability of single agarian carcinoma cells to adhere to
To investigate the role of [ýl integrins in mediating the ECM proteins has been studied by several groups. A number

adhesion of ascites spheroids to mesothelial cells, the four of ovarian cancer cells lines [29] and cultured ovarian cancer
highest adhering patient spheroid samples (nos. 1, 2, 10, and cells recovered from ascites fluid have demonstrated pref-
11) were allowed to adhere for 2 h in the presence of a erential adhesion to type I collagen [30]. Ovarian cancer cell
blocking mAb against the fil integrin subunit (Fig. 7). The lines and primary cultures have also been shown to adhere to
mAb against the 1I, integrin subunit reduced adhesion of laminin, fibronectin, vitronectin, and type IV collagen [29-
sample nos. 1, 10, and 11 by over 60%, while approximately 31 ]. Our previous studies have shown that spheroids created
40% inhibition was observed for sample no. 2. Addition of a from the ovarian carcinoma cell line NIH:OVCAR5 can
mAb against CD44 had no effect on adhesion (data not adhere to type IV collagen, fibronectin, and laminin in a
shown). These data indicate that while IA1 integrins play a time-dependent manner. In this study, adhesion levels of
significant role in mediating adhesion of ascites spheroids to ascites spheroids were somewhat lower than those reported
mesothelial cells, it is likely that other cell receptors are also for single ovarian carcinoma cells [10,27,29-31], which
involved. possibly reflects a change in cell adhesive ability upon

acquisition of the spheroid morphology. It is plausible that
cells in spheroids prefer to maintain their homotypic inter-

Discussion actions, rather than disseminating and establishing hetero-
typic interactions with a matrix. It has also been observed

In advanced stages of ovarian carcinoma, a malignant that ovarian cancer cells form distinctly different adhesion
ascites fluid accumulates in the peritoneal cavity, populated complexes when grown on laminin versus fibronectin [32].
by tumor cells that exist singly or as multicellular spheroids, It is thus possible that low adhesion levels by spheroids to
with mesothelial and inflammatory cells. Cultures derived some ECM glycoproteins may be due to formation of more
from ovarian carcinomas have been difficult to establish, as structurally weak adhesion complexes that are more sensi-
the tumor cells will often fail to attach to a tissue-culture tive to shear forces than single cells, resulting in decreased
substrata [11,23,24]. Often, the free-floating tumor cells attachment to substrata. The spheroid geometry may also
form spheroid aggregates, mimicking those observed in result in smaller surface area for attachment. Using patient
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samples versus established cell lines also presents the can actually activate binding to hyaluronan through cross-
opportunity for alterations in the type and levels of adhesion linking of CD44 receptors [401. Thus, a role for CD44 in
molecules expressed, or cell receptors already bound with mediating ascites spheroid adhesion cannot be ruled out.
matrix ligand. Furthermore, the ascites spheroids used here Ovarian carcinoma spreads by tumor cell attachment to
were not passaged before adhesion assays, which avoided the peritoneal mesothelium. A number of groups have
select outgrowth of adhesive tumor cells, shown that both ovarian cancer cell lines and some

In this study, we show that 0•1 integrins partially mediate primary cultures are capable of adhering to a monolayer
the adhesion of ovarian carcinoma ascites spheroids to ECM of mesothelial cells, via both lA, integrin-ligand interac-
proteins. Ascites spheroid adhesion to laminin was nearly tions and CD44-hyaluronan interactions [12,13,41]. We
eliminated by blocking the ýI1 integrin subunit, while report here that ascites spheroids from II ovarian carcino-
adhesion to fibronectin, type IV collagen, and type I ma patients adhere to monolayers of living, but not fixed,
collagen was reduced by approximately 60% in the presence mesothelial cells. These data imply that ascites spheroid
of the same mAb. While this suggests the importance of ý, adhesion may require feedback from the mesothelial cells.
integrins in mediating ascites spheroid attachment to ECM Paraformaldehyde treatment gently fixes the cells, preserv-
glycoproteins, the incomplete inhibition of adhesion indi- ing surface epitopes. Quenching excess aldehyde helps
cates that other cell adhesion molecules likely play a role, guarantee that the spheroids will not be accidentally fixed
albeit minor, in spheroid adhesion. Ovarian carcinoma cells when added to the assays. The low levels of spheroid
have been shown to produce chondroitin sulfate and hep- adhesion we observed to fixed cells suggests the presence
aran sulfate proteoglycans, which they use to facilitate their of mesothelial cell receptors and matrix components alone
adhesion to interstitial matrix components [33]. It is possible are not sufficient to achieve significant adhesion. Further
that proteoglycans present on the patient ascites' spheroids study will be needed to identify factors that can contribute
may be responsible for mediating some adhesion to the to this apparent cross-talk.
ECM glycoproteins used in our assays. Our previous studies Surprisingly, while those patient ascites spheroid samples
with NIH:OVCAR5 spheroids demonstrated that blocking that exhibited high levels of adhesion to ECM proteins also
the IA,1 integrin subunit function with a mAb completely adhered to mesothelial cells, the patients' samples that were
inhibited adhesion to laminin, fibronectin, and type IV the least adhesive on individual ECM proteins were also
collagen [15]. Similarly, Kawano et al. [34] showed that among the most adhesive samples to mesothelial cell
squamous cell carcinoma spheroids adhere to type I colla- monolayers. This may reflect variability in the expression
gen, laminin 1, laminin 5, and fibronectin, and that this of cell receptors between patient samples. On the other
adhesion is mediated by multiple integrin-ligand interac- hand, because it is difficult to do an exhaustive study of all
tions. These data indicate a significant role for integrins in of the cell adhesion molecules tumor cells might encounter
spheroid adhesion, although identifying the contribution of in vivo, live mesothelial cells may present unique epitopes
other cell receptors will also be relevant, that have a greater avidity for these patients' samples than

A number of ovarian cancer cell lines have been shown the ECM proteins tested in this study. Mesothelial cells
to adhere to hyaluronan via the cell surface molecule CD44 synthesize a variety of ECM proteins, including laminin,
[35,36]. Based on their levels of adhesion to ECM glyco- fibronectin, type I collagen, and hyaluronan that tumor cells
proteins, we investigated the ability of ascites spheroids to can use to support their attachment [12,42]. Additionally,
adhere to hyaluronan. In general, the 11 patient ascites mesothelial cells have been shown to induce the migration
spheroid samples adhered at higher levels to hyaluronan of ovarian carcinoma cells [14]. Taken together, the data
than to ECM glycoproteins. Ascites spheroids adhered at presented here suggest that ascites spheroids present the
comparable levels to fragmented as well as intact hyalur- potential to contribute to ovarian carcinoma dissemination
onan. Interestingly, NIH:OVCAR5 spheroids did not signif- by their ability to attach to mesothelial cell monolayers.
icantly adhere to hyaluronan, which may indicate altered To address the role of integrins in mediating ascites
CD44 expression between the NIH:OVCAR5 cell line and spheroid adhesion to mesothelial cells, we incubated the
patient cells. Soluble hyaluronan and hyaluronan fragments spheroids with a mAb against ,il integrin subunits before
were able to compete with the ability of patient ascites their addition to the adhesion assays. Blocking the lA,
spheroids to adhere to hyaluronan in a dose-dependent integrin subunit reduced adhesion by 60% for three of the
manner. A blocking mAb against CD44 did not significantly ascites spheroid samples tested, and reduced adhesion to the
inhibit adhesion to hyaluronan, and often had the effect of fourth sample by 40%. Again, due to variation between
increasing adhesion of the patients spheroids to hyaluronan. patient samples, the composition of cell receptors capable of
Other cell adhesion molecules besides CD44 are known to facilitating mesothelial cell attachment may differ between
mediate cellular adhesion to hyaluronan [37-39]. It is patients. A mAb that blocks the hyaluronan-binding site of
possible that the lack of inhibition seen here by a blocking CD44 failed to inhibit adhesion of ascites spheroids to
antibody against CD44 may be due to expression of mesothelial cells. In light of the difficulty in obtaining an
alternate receptors that mediate hyaluronan adhesion. How- effective anti-CD44 antibody, the contribution of CD44 in
ever, it has been reported that some anti-CD44 antibodies mediating ascites spheroid adhesion cannot be ruled out.
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These data specify a role for [ý, integrins in mediating of the Dean of the Graduate School of the University of
ascites spheroid adhesion to mesothelium, though the role of Minnesota, the Minnesota Ovarian Cancer Alliance, and the
other cell receptors will require further exploration. Department of the Army (DA/DAMD17-99-1-9564). The

While the levels of ascites spheroid adhesion shown here content of the information presented in this manuscript does
may not be 100%, the fact that these experiments were not necessarily reflect the position of the government.
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Ovarian carcinoma spheroids demonstrate an invasive potential
Kathryn M. Burleson and Amy P.N. Skubitz

Ovarian carcinoma patients frequently develop a malignant peritoneal ascites
fluid containing single and aggregated tumor cells, or spheroids. Spheroids have been
used as models of tumor microenvironments, and have been shown to be resistant to
many therapies, but their potential to contribute to ovarian cancer dissemination has not
been determined. We have previously shown that spheroids recovered from eleven stage
III ovarian carcinoma patients could adhere to laminin, fibronectin, type I collagen, and
type IV collagen, partially through 011 integrin subunit interactions. Patient ascites

spheroids also adhered to live mesothelial cell monolayers via the PI3 integrin subunit. In

the present study, we assessed the ability of spheroids to disseminate and invade in vitro.
To determine their ability to disaggregate, spheroids generated from the human ovarian
carcinoma cell line NIH:OVCAR5 were placed on a variety of extracellular matrix
components for 24 hours. While laminin, fibronectin, and type IV collagen stimulated
minor cell migration out of the spheroid, type I collagen caused complete spheroid
disaggregation. A blocking antibody against the P1I integrin subunit significantly
inhibited outgrowth on all extracellular matrix components. We next tested the ability of
NIH:OVCAR5 spheroids to invade human mesothelial cells monolayers. NIH:OVCAR5
spheroids were added to confluent monolayers of live or methanol-fixed human LP9
mesothelial cells. Within 24 hours, the NIH:OVCAR5 spheroids adhered and
disseminated on the mesothelial cell monolayers, and rapidly established foci of invasion,
resulting in a 200-fold change in surface area within a week. Addition of a blocking
antibody against the 131 integrin subunit almost completely inhibited NIH:OVCAR5
spheroid invasion into live and fixed mesothelial monolayers. To assess the contribution
of proteases to this invasion, GM 6001, a broad-scale matrix metalloproteinase inhibitor,
was added to the assays. The addition of GM 6001 caused nearly complete inhibition of
spheroid invasion into live mesothelial monolayers, and reduced invasion into fixed
mesothelial cell monolayers by about 70%. Addition of c-amino-N-caproic acid, a serine
protease inhibitor, reduced NIH:OVCAR5 spheroid invasion into live monolayers by
about 30%, and reduced invasion into fixed monolayers by about 50%. Interestingly,
while both of the protease inhibitors significantly blocked spheroid cell invasion into the
monolayers, considerable cell attachment and migration on top of the fixed monolayers
still occurred. In summary, ovarian carcinoma spheroids demonstrate the ability to attach
to and invade mesothelial cell monolayers via 131 integrin subunit interactions and by the
production of proteases. Thus, spheroids should be regarded as a potential source of
dissemination in ovarian cancer.
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Abstract

Ovarian carcinoma patients frequently develop malignant ascites containing single and

aggregated tumor cells, or spheroids. Spheroids have been shown to be resistant to many

therapies, but their contribution to ovarian cancer dissemination remains undetermined. We have

previously shown that ascites spheroids adhere to extracellular matrix proteins and live human

mesothelial cells via P31 integrin subunits. Here, we assessed the ability of spheroids generated

from the human ovarian carcinoma cell line NIH:OVCAR5 to disseminate and invade in vitro.

Spheroids were seeded on extracellular matrix proteins for 24 hours. While laminin and type IV

collagen stimulated some cell migration, spheroids completely disaggregated on type I collagen

substrates. A monoclonal antibody against the P31 integrin subunit significantly inhibited

disaggregation on all proteins tested. To test their invasive ability, spheroids were added to

monolayers of live human LP9 mesothelial cells. Within 24 hours, the spheroids adhered and

disaggregated on top of the monolayers, and within a week had established foci of invasion

encompassing a 200-fold larger surface area. Addition of a monoclonal antibody against the 131

integrin subunit drastically reduced spheroid invasion into the mesothelial cell monolayers. GM

6001, a broad-scale matrix metalloproteinase inhibitor, also significantly blocked spheroid

invasion into the mesothelial cell monolayers. E-amino-N-caproic acid, a serine protease

inhibitor, partially inhibited spheroid invasion. Based on their ability to attach to, disaggregate

on, and invade into live human mesothelial cell monolayers, spheroids should thus be regarded

as potential contributors to the dissemination of ovarian cancer.
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Introduction

Ovarian carcinoma is the most common cause of death from gynecologic malignancy for

women in the United States. In seventy percent of the patients, extensive intraperitoneal

dissemination has occurred by the time of initial diagnosis, leading to poor long-term survival.'

In the current model of ovarian cancer metastasis, tumor cells are shed into the peritoneal cavity,

where they seed the mesothelial surfaces and establish secondary tumors. Secretion of vascular

permeability factors and lymphatic obstruction by tumor cells leads to an accumulation of

ascites, which further facilitates tumor cell transport throughout the peritoneal cavity.2 5 The

mesothelial cells composing the serosal surfaces of the peritoneum normally provide a non-

adhesive surface. In the ascites of ovarian cancer patients, tumor cells that do not adhere to the

mesothelium often aggregate, forming spheroids. While spheroids have been used as models for

tumor microenvironments and have been found to be resistant to some forms chemotherapy and

radiation, their adhesive and invasive properties have not been established, and their contribution

to the dissemination of ovarian cancer remains undetermined.6 13

Cancer metastasis occurs by a multi-step process involving alterations in tumor cell

adhesion, migration, and invasion. It has been shown that ovarian carcinoma cells adhere to

human mesothelial cells via P31 integrin interactions with extracellular matrix (ECM) proteins,

and CD44 interactions with its ligand hyaluronan.14- 9 Our previous studies have shown that

spheroids, either obtained from ascites of ovarian carcinoma patients or generated from the

NIH:OVCAR5 cell line, are capable of P31 integrin-mediated adhesion to ECM proteins and to

live human mesothelial cell monolayers. 20 ' 21 These results, demonstrating that spheroids are

capable of the initial steps of metastasis, necessitate further study into their invasive potential.
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A critical component of tumor invasion involves enzymatic degradation of the ECM,

allowing penetration of the basement membrane and access to the vasculature. A complex

balance of proteolytic enzymes mediates this process, including matrix metalloproteinases

(MMPs) and serine proteases, among others. MMPs are zinc-dependent peptidases capable of

degrading collagen, proteoglycans, gelatin, and fibronectin. MMP-2, MMP-9, and MTI-MMP

have been implicated in the pathogenesis of ovarian cancer, and a variety of MMPs have been

found to be expressed by tumor cells obtained from the ascites fluid.22' 23 Plasminogen activators,

which aid in the conversion of plasminogen to plasmin, allow further amplification of ECM

degradation, and have also been observed in ovarian carcinoma.24'25

In the present study, we determined the invasiveness of ovarian carcinoma spheroids

generated from the NIH:OVCAR5 cell line by establishing their ability to disaggregate and

invade into live mesothelial cell monolayers. Furthermore, we identified cell adhesion molecules

and proteases thought to play a role in facilitating spheroid invasion. Our results suggest that

ascites spheroids may present a previously unrecognized and untargeted source of secondary

spread in ovarian carcinoma.

Materials and Methods

Materials

Type IV collagen from mouse Engelbreth Holm-Swarm (EHS) tumor was purchased from

Trevigen (Gaithersburg, MD). Type I collagen from human placenta was purchased from

Southern Biotech (Birmingham, AL). Vitrogen 100 (bovine type I collagen) was purchased from

Collagen Biomaterials (Palo Alto, CA). Mouse EHS laminin was purchased from Invitrogen
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(Carlsbad, CA). Human plasma fibronectin, purified as described, was provided by Dr. James

McCarthy, University of Minnesota.26 Bovine serum albumin was purchased from Pierce

Biotechnology (Rockford, IL).

Antibodies and Inhibitors

Purified immunoglobulin of mouse monoclonal antibody (mAb) P5D2, which blocks the

adhesive activity of the human P 1 integrin subunit, was provided by Dr. Leo Furcht (University

of Minnesota). Normal mouse immunoglobulin (mlgG) was purchased from Sigma. GM 6001

was purchased from Calbiochem (San Diego, CA). c-amino-n-caproic acid (cACA) was

purchased from Sigma.

Cell Culture

The ovarian carcinoma cell line NIH:OVCAR5 was obtained from Dr. Judah Folkman (Harvard

Medical School, Boston, MA), and was chosen for its ability to mimic ovarian carcinoma

progression in vivo when injected into mice. 27, 28 This cell line was maintained in RPMI 1640

media with 10% FBS, 2 mM L-glutamine, 0.2 U/ml insulin, and 50 U/ml penicillin

G/streptomycin. The human peritoneal mesothelial cell line LP9 was purchased from the Coriell

Cell Repository (Camden, NJ), and maintained in a 1:1 ratio of M199 and MCDB 110 media,

supplemented with 15% FBS, 2 mM glutamine, 5 ng/ml EGF, 0.4 ptg/ml hydrocortisone, and 50

U/ml penicillin/streptomycin. Both cell lines were cultured in 75 mm2 tissue culture flasks in a

5% CO2 humidified incubator at 37°C.
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Spheroid Culture

Spheroids were generated using a liquid overlay technique as we have previously described.2 0

24-well tissue culture plates were coated with 500 p1 of 0.5% SeaKem LE agarose in complete

media, and allowed to solidify for 30 minutes at room temperature. NIH:OVCAR5 cells were

released from monolayer cultures with 0.5% trypsin/2 mM EDTA, and resuspended in complete

media at 50,000 cells/ml. NIH:OVCAR5 cell suspensions were transferred on top of the

agarose-coated wells at a volume of I ml/well, and incubated for 48 hours at 37°C. Prior to use

in assays, NIH:OVCAR5 spheroids were centrifuged at 10 x g for 3 minutes to remove single

cells.

Spheroid Disaggregation Assays

96-well plates were coated overnight at 37°C with 5 pg/ml laminin, fibronectin, monomeric

human type I collagen, type IV collagen, and BSA. The wells were then blocked for 1 hour with

2 mg/ml BSA and then rinsed twice with PBS. NIH:OVCAR5 spheroids were suspended in

RPMI media and approximately 5 spheroids were added to each of the coated wells. Spheroids

were digitally photographed at the time of plating, incubated at 37°C for 24 hours, and then re-

photographed. The pixel area of the cells at both time points was determined using Adobe

Photoshop by outlining the entire area of the spheroids or the dispersed cells with the lasso tool.

The total area included the area of the disaggregated spheroid plus the area of any dispersed

single cells in the near vicinity that were most likely to have come from the disaggregated

spheroid. Spheroid disaggregation was determined as the fold change in pixel area of the

spheroids from 0 to 24 hours.
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For inhibition assays, 50 pl suspensions of spheroids in RPMI were added to the coated

wells and allowed to attach for 1 hour at 37°C. 50 ptI solutions of 20 Pig/ml mIgG or a mAb

against the P31 integrin subunit in RPMI were then added to the wells, to obtain a final diluted

concentration of 10 pig/ml in each well. Assays were then performed as described above.

Values shown represent the average fold change in area of 30-50 spheroids ± standard error.

Collagen Substrate Disaggregation Assays

Spheroid disaggregation was compared on polymerized bovine type I collagen gels versus

monomeric human type I collagen film using the method described by Fassett et al. 29 To make

the polymerized type I collagen gels, 0.5 ml of 0.1 M NaOH was added to 4 ml of Vitrogen 100

to neutralize the acid in the collagen solution according to manufacturer's instructions. 0.5 ml of

5X RPMI media was mixed with the neutralized Vitrogen 100 to yield a gel solution of -2.4

mg/ml. Subsequent serial dilutions with IX RPMI yielded 1.2, 0.6, and 0.3 mg/ml type I

collagen solutions. The type I collagen gel solutions were added to the wells of a 24-well plate,

and incubated at 37°C in a drying oven for an hour to polymerize. After polymerizing, the gels

were rinsed twice with PBS, and blocked with 1% BSA for 20 minutes. To make the monomeric

type I collagen films, wells were coated overnight at 37°C with 5 Ptg/ml human type I collagen.

The wells were then blocked for 1 hour with 2 mg/ml BSA and then rinsed twice with PBS.

Spheroids suspended in RPMI were added atop the polymerized gels or monomeric film at a

density of 5-10 spheroids per well. 10 ptg/ml of a mAb against the 031 integrin subunit or mIgG

was added for the inhibition assays. Spheroids were digitally photographed at the time of plating,

incubated at 37°C for 24 hours, and then re-photographed. The pixel area of the spheroids at

both time points was determined using Adobe Photoshop. Spheroid disaggregation was
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determined as the fold change in pixel area of the spheroid from 0 to 24 hours. Values shown

represent the average fold change in area of 50-90 spheroids ± standard error.

Mesothelial Monolayer Invasion

To assess invasion, LP9 human mesothelial cells at 70,000 cells/well were added to 48-well

plates and allowed to grow to confluence for 96 hours, then were gently rinsed with RPMI.

Spheroids were re-suspended in complete media to obtain approximately 5-10 spheroids/ml, and

1 ml of the suspension was added to each well atop the mesothelial cell monolayers. Spheroids

were digitally photographed at the time of plating, and then were incubated at 37°C. At time-

points of 1, 4, and 7 days from the initial plating, spheroids were re-photographed. Invasion was

quantified by calculating the fold change in area of the spheroids, determined by dividing the

pixel area of invading foci at each time-point by the spheroid pixel area on the initial day of

plating. The pixel area of the cells at all time points were determined using Adobe Photoshop by

outlining the entire area of the spheroids or the dispersed cells with the lasso tool. Values shown

represent the average fold change in area of 150-200 spheroids ± standard error.

Due to the size Of the spheroids, they were readily distinguishable from the mesothelial

cell monolayers. Spheroid invasion was defined as the disaggregation of the spheroid and its

lateral growth within the same plane as the mesothelial cell monolayer. This involved

mesothelial cell retraction and/or displacement by the cells of the spheroid, such that there were

no mesothelial cells beneath the ovarian cancer cells. Visualization of invasion was achieved

without the need for separate labeling of the cells, as the invading ovarian cancer cells were

within the same plane of focus as the mesothelial cell monolayers, while cells overlying but not

invading the monolayer appeared as a dense cell layer that was slightly out of focus.
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For inhibition of invasion, 5-10 spheroids in 500 [d of complete media were added to

each well and incubated at 37TC for 1 hour. 500 gl of a 2X inhibitor solution was then added to

each well, for a final diluted concentration of IX. Final concentrations of mIgG and the mAb

against the P31 integrin subunit were 1 pag/ml; concentrations of GM 6001 ranged from 1-10 pM;

and concentrations of &ACA ranged from 1-10 mM. 10 pM DMSO (Sigma) was used as a

control for 10 pM GM 6001. Assays were then performed as described above. On each day of

the assay, 500 pl of supernatant was removed from each well and was replenished with 500 [lI of

the appropriate fresh inhibitor solution. Values shown represent the average fold change in area

of 30-100 spheroids ± standard error.

Statistical Analysis

Student's t-test was performed as a test of significance with the use of Microsoft Excel 2000

(Microsoft Co., Redmond, WA). P values of < 0.01 were considered to indicate statistically

significant differences.
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Results

Spheroids disaggregate on ECM molecules by use of ll integrin subunits

Tumor cells can be stimulated to migrate in response to environmental cues such as ECM

components and other chemotactic factors.3°' 31 Typically, quantification of tumor cell migration

relies on assays that determine the ability of single tumor cells to migrate through a membrane

toward a chemoattractant. Because such assays are designed for single cells, they do not

sufficiently measure cell migration out of a more complex aggregate. Therefore, to assess

spheroid cell migration, NIH:OVCAR5 spheroids were seeded into wells coated with 5 Pig/ml of

ECM components and migration was determined by measuring the fold change in surface area of

the spheroid over time. On type IV collagen and laminin, tumor cells migrated outward from the

spheroid, resulting in a 2-fold change in area over 24 hours when incubated with mIgG (Fig. 1 a).

Little change was seen on fibronectin. However, on type I collagen the spheroid totally

disaggregated. The cells migrated outward and spread to form a monolayer at the site of initial

spheroid attachment, resulting in a 9-fold change in area compared to a BSA control, when

incubated with mIgG (Fig. 1 a).

Integrins are key mediators of cell-matrix-adhesion and contribute to ovarian cancer cell

migration.19 To determine the role that integrins play in spheroid disaggregation, NIH:OVCAR5

spheroids were allowed to adhere to ECM-coated wells for 30 minutes before the addition of a

mAb against the P31 integrin subunit (Fig. I b). 10 ýtg/ml of the P31 integrin mAb almost

completely eliminated cell migration out of the spheroids on laminin, fibronectin, and type IV

collagen, and reduced spheroid disaggregation area on type I collagen by 50% compared to

mIgG (Fig. I b, c). These data imply that the PI integrin subunit is a key player in ovarian

carcinoma spheroid disaggregation and tumor cell migration.
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Spheroids disaggregate on polymerized type I collagen gels

Previous studies have shown that tumor cell adhesion, spreading, and signaling differ on

29, 32, 33monomeric type I collagen films versus polymerized type I collagen gels. To determine

whether ovarian carcinoma spheroids could be stimulated to disaggregate when placed on

polymerized type I collagen gels, NIH:OVCAR5 spheroids were seeded on 0.3, 0.6, 1.2, and 2.4

mg/ml polymerized type I collagen gels for 24 hours (Fig. 2 a). On the less dense gels, the ability

of cells to migrate outward from the spheroid was restricted, although spreading was still able to

occur. For example, on 0.3 mg/ml gels, there was a 2-fold change in area, and a 3-fold change in

area on the 0.6 mg/ml gels (Fig. 2 a, c). As the density of the gels increased, spheroids began to

disaggregate and spread, resulting in a 4-fold change in area on 1.2 mg/ml gels and a 5-fold

change on 2.4 mg/ml gels over 24 hours (Fig. 2 a, c). To determine the contribution of P31

integrins to disaggregation, 10 ug/ml of a mAb against the 131 integrin subunit was added to the

wells (Fig. 2 b). The P31 integrin mAb inhibited disaggregation of the spheroids by approximately

50% on all concentrations of type I collagen gels compared to mIgG (Fig. 2 c).

Spheroids invade human mesothelial cell monolayers

The mechanism of ovarian carcinoma dissemination relies on ovarian tumor cell adhesion to and

invasion of the peritoneal mesothelium, followed by proliferation at the site of invasion. The

conventional invasion assays that quantitate single tumor cell migration through a cell monolayer

grown on a filter fail to allow quantitation of invasion by spheroids. We have previously shown

that both NIH:OVCAR5 and patient ascites spheroids can adhere to live monolayers of human

mesothelial cells via 131 integrin interactions. 2,2 1 Here, we use a novel assay to assess the ability
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of spheroids to invade by measuring their disaggregation and proliferation within a live

monolayer of human mesothelial cells. NIH:OVCAR5 spheroids were placed on confluent

monolayers of human LP9 mesothelial cells for 7 days. The spheroid area was determined at the

time of the initial plating and again at days 1, 4, and 7 to calculate the fold change in area over

time. After 24 hours, the spheroids appeared to disaggregate and spread across the top of the

mesothelial cell monolayers (Fig. 3 a). However, by day 4, the spheroid cells had invaded the

mesothelial cell monolayer and had rapidly established foci of invasion (Fig. 3 a). Spheroid

invasion resulted in the establishment of a monolayer of ovarian cancer cells that replaced the

mesothelial cell monolayer as the spheroid cells invaded. As the mesothelial cells retracted, it

was clear that invading NIH:OVCAR5 cells were in the same plane as the mesothelial cell

monolayers, while NIH:OVCAR5 cells that were unable to invade were slightly out of focus on

top of the mesothelial cell monolayers. By day 7, the change in area of the original spheroids

was nearly 200-fold, as the mesothelial cells receded and the ovarian tumor cells proliferated on

the exposed tissue culture surface (Fig. 3 a, b). In some instances when an excess of spheroids

was added, the multiple invading foci merged and were able to completely overtake the well,

leaving little of the mesothelial cell monolayer intact. In most cases, the foci appeared to grow

laterally as the cells proliferated, rather than dispersing as individual cells throughout the

monolayers. Similar experiments performed using methanol-fixed or irradiated mesothelial cell

monolayers yielded comparable results (data not shown), indicating that proliferation of, or

signaling from, the mesothelial cells did not hamper the invasive ability of the tumor cells. From

experiments with fixed monolayers, the border between the invading ovarian cancer cells and the

mesothelial cells was markedly clear, as the foci of invasion grew and dispersed the mesothelial

cells.
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Spheroid invasion is partially mediated by /31 integrin subunits

To determine the role of P1 integrins in the invasion process, a mAb against the P1 integrin

subunit or mIgG was added to wells containing spheroids and mesothelial cell monolayers (Fig.

3 a). Media was replenished daily to maintain the concentration of mIgG and 3 1 integrin mAb

throughout the assay. After 24 hours in the presence of the mAb against the P1I integrin subunit,

there was a slight decrease in area compared to mIgG as the spheroids disaggregated and spread

across the top of the mesothelial cell monolayers (Fig. 3 a, p<0.0001). By day 4, a marked

inhibition was seen in the presence of the PI integrin mAb, with a 70% reduction in the area of

invasion compared to the mIgG control (Fig. 3 b, p<0.0001). Significantly, by day 7, spheroid

invasion into the mesothelial cell monolayer was blocked approximately 90% by the P1I integrin

mAb compared to the mIgG control (Fig. 3 b, p<0.0001). While a constant concentration of the

P1 integrin mAb slightly altered the confluence of the mesothelial monolayer by day 7, both the

mesothelial cells and tumor cells present in the assay were alive as determined by trypan blue

staining. These data suggest a major role for the PI integrin subunit in mediating the invasion

process of ovarian carcinoma spheroids.

Spheroid invasion is mediated by MMPs

Many studies have demonstrated the importance of proteases in the invasion process of a variety

of tumors.34 In ovarian cancer, matrix metalloproteinases have been shown to be involved in

facilitating tumor cell invasion 23, 35,36. However, no study has yet addressed the contribution of

proteases to ovarian carcinoma spheroid invasion. Therefore, a broad-scale MMP inhibitor, GM

6001, was added to wells containing spheroids and mesothelial cell monolayers to determine the
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effect that blocking proteases has on the invasion process (Fig. 4 a). At 24 hours, 10 PM GM

6001 (Fig. 4 b, squares) had no significant effect on the initial spheroid disaggregation and

spreading on top of the mesothelial cell monolayers compared to a DMSO control (Fig. 4 b,

diamonds). Increasing the concentration of GM 6001 up to 25 pM had no additional effect (Fig.

4 b, circles.) By day 4, however, 10 jtM GM 6001 inhibited spheroid invasion into the

monolayers by 50%, while increasing the concentration of GM 6001 up to 25 gM resulted in a

60% reduction in invasion (Fig. 4 b, p<0.0001). By day 7, 10 jtM GM 6001 blocked mesothelial

cell monolayer invasion by 50% and 25 piM GM 6001 inhibited invasion by 70% (Fig. 4 b,

p<0.0001). Use of DMSO as a control did not affect mesothelial monolayer viability as indicated

by trypan blue staining, although there was a slight inhibitory effect on invasion compared to

mIgG. These results suggest that MMPs contribute substantially to spheroid invasion.

Spheroid invasion is partially mediated by serine proteases

Serine proteases have previously been implicated in the pathogenesis of ovarian cancer. 24' 25 To

determine whether serine proteases contribute to spheroid invasion, s-amino-n-caproic acid

(&ACA), a serine protease inhibitor which also inhibits plasmin, was added to wells containing

spheroids and mesothelial cell monolayers (Fig. 5 a). By 24 hours, 1 mM EACA (Fig. 5 b,

squares, p<0.0001) inhibited spheroid invasion into the mesothelial cell monolayers by 15%

compared to mIgG (Fig. 5 b, triangles). By 4 days, invasion in the presence of 1mM &ACA was

decreased by 30% compared to mIgG (Fig. 5 b, p<0.0001). At day 7, spheroid invasion into the

mesothelial cell monolayers was reduced by about 55% in the presence of 1 mM CACA

compared to a mIgG control (Fig. 5 b, p<0.0001). Increasing the concentration of cACA up to
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10 mM did not further inhibit invasion. These data suggest a partial role for plasmin or other

serine proteases in facilitating ovarian carcinoma spheroid invasion.

Discussion

In ovarian carcinoma, dissemination occurs as tumor cells are shed into the peritoneal cavity and

follow the natural flow of the ascites, establishing secondary tumors often without the need to

enter the vasculature.37 This atypical method of metastasis necessitates an understanding of the

role that ascites and its cellular contents play in secondary tumor growth.

Ovarian cancer research has mostly focused on single tumor cells. However, many

studies have demonstrated that spheroids are more resistant to chemotherapy and radiation than

their single cell counterparts. 8' 9, II, 38, 39 Still, studies regarding the adhesive or invasive

properties of spheroids are scarce, as spheroids are largely considered to be non-adhesive. Recent

studies by our group have refuted this paradigm by demonstrating that spheroids isolated from

the ascites of ovarian carcinoma patients or generated from the NIH:OVCAR5 cell line can

adhere to ECM components and mesothelial cells.2 ' 201 The logical extension of these studies was

to investigate the invasive properties of ovarian carcinoma spheroids.

Tumor cell migration has classically been measured in Boyden chambers by counting the

number of tumor cells that migrate through a filter toward a chemoattractant.19 While this

method is suitable for single cells, it is not sufficient for quantitating cell migration out of a

spheroid. Studies in glioma spheroid models have addressed this problem by determining

spheroid migration on ECM-coated substrates as the change in the orthogonal diameter of the

spheroids over time, and have found these data consistent with results from single cells in
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Boyden chambers.40-44 Kawano et al made this method more amenable for irregularly shaped

spheroids by calculating the change in pixel area.45 Our study is the first to introduce this system

of quantitating spheroid migration in ovarian carcinoma. We report here that spheroids generated

from the NIH:OVCAR5 cell line can be stimulated to spread on type IV collagen and laminin,

and can completely disaggregate on monomeric films of type I collagen. Blocking the 031

integrin subunit reduced spheroid disaggregation on type I collagen by 50%, and almost

completely inhibited this migration on all other ECM proteins. These data suggest that

interactions between 131 integrin subunits and type I collagen play a key role in stimulating

ovarian carcinoma spheroid dissemination.

Because of its abundance in the interstitial matrix, type I collagen is a substrate ovarian

cancer cells inevitably encounter upon exposure of the submesothelial ECM during invasion.

Ovarian carcinoma cells have shown preferential adhesion to and migration on type I collagen-

coated surfaces.21, 32, 33, 46 However, while type I collagen in its monomeric form permits

adhesion and migration, the interaction of ovarian cancer cells with polymerized collagen gels

can result in striking increases in protease activation and production. 32 ' 33 In this study, we

examined ovarian carcinoma spheroids on a variety of type I collagen substrates. We found that

on low density polymerized type I collagen gels, spheroids were restricted in their ability to

spread. As the density of the gels increased, the spheroids were able to more fully spread and

disaggregate. However, tissue culture plates coated with a monomeric film of type I collagen

typically resulted in the most dramatic spheroid cell dispersal, suggesting that spheroids need a

rigid type I collagen surface for significant disaggregation. One reason for this may be

differences in engagement and clustering of cell receptors, depending upon the denseness or
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rigidity of the substrates. Further studies into the mechanisms of spheroid disaggregation are

warranted.

The mesothelial surface of the peritoneal cavity is the most frequent site of secondary

tumor development in ovarian carcinoma. Based on our previous data that showed spheroids

isolated from patients' ascites or generated from the NIH:OVCAR5 cell line could adhere to live

monolayers of mesothelial cells, we next asked whether spheroids were capable of invasion. 21

While single tumor cell invasion is often determined by quantitating the number of tumor cells

that migrate through a cell monolayer grown on a filter, this assay is not suitable for quantitative

measurement of spheroid invasion. Therefore, we designed a novel invasion assay based on our

spheroid migration assays, as described above. Spheroid invasion was defined as the ability of

ovarian carcinoma cells from a spheroid to disaggregate and displace a live mesothelial cell

monolayer, replacing them with a rapidly proliferating monolayer of ovarian cancer cells. Here,

we show that within 24 hours, NIH:OVCAR5 spheroids disaggregated and spread across the top

of a mesothelial cell monolayer. By day 4, the ECM molecules underlying the monolayer

became exposed as the mesothelial cells retracted, possibly due to proteases secreted by the

spheroids and/or the mesothelial cells. The spheroids then invaded the monolayer, where they

rapidly proliferated, and formed large, confluent foci of ovarian cancer cells by day 7. We also

performed these assays using methanol-fixed or irradiated mesothelial cell monolayers to

determine whether mesothelial cell proliferation or signaling affected invasion. We found that

the spheroids invaded live, fixed, or irradiated mesothelial cell monolayers to the same extent. In

contrast to earlier studies whereby single NIH:OVCAR5 cells invaded fixed mesothelial cell

monolayers within a week, the NIH:OVCAR5 spheroids in this study formed invading foci much

more rapidly and to a much greater extent. 47 Most notably, the area of invasion of the spheroids
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at day 4 was comparable to the area of the invading single cells at 7 days. The speed of the

invasion is likely due to the large number of tumor cells present in the spheroid that can

proliferate at the site of attachment, rather than a change in the proliferative rate of the cells

comprising the spheroids. It is interesting to speculate that a similar event might occur in vivo,

whereby a spheroid may attach, disaggregate, and rapidly invade the mesothelial lining of the

peritoneal cavity. In contrast, a single tumor cell may take a much longer period of time to

proliferate and invade to the same extent.

Considering the major role that 131 integrins play in mediating spheroid adhesion, we

investigated its contribution to the invasion process. 20 , 21 Blocking the P31 integrin subunit

inhibited spheroid invasion of mesothelial cell monolayers by 90%. The inhibitory effect of the

mAb did not appear to be due to prevention of initial spheroid attachment, since the ability of

spheroids to disaggregate and spread across the monolayers remained unaffected at 24 hours.

Initial invasion appeared to occur, although by day 4 there was a clear decrease in the area of the

invading foci. By day 7, the area of invasion was dramatically reduced in the presence of the

mAb. Frequently, the areas of invasion shrank, as some of the tumor cells detached from the

monolayers and underlying ECM. The remaining invading ovarian cancer cells were somewhat

rounded in appearance and not fully spread. While the presence of the 131 integrin mAb

sometimes altered the confluence of the mesothelial cell monolayers by day 7, both the

mesothelial cells and the invading cancer cells were alive as indicated by trypan blue staining.

These observations suggest that 131 integrins play a significant role in mediating a sustained

invasion of mesothelial cells by ovarian carcinoma spheroids.

A number of studies have addressed the importance of proteases in the invasion process.

In particular, ovarian cancer cells have been shown to express MMP- 1, -2, 3, and -9, MT 1 -MMP
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and MT-2-MMP.22, 23, 35, 48 To investigate the role of MMPs in ovarian carcinoma spheroid

invasion, we used the broad-scale MMP inhibitor GM 6001, which blocks MMP- 1, 2, 3, 8, and

9. Within one week, spheroid invasion of live mesothelial cell monolayers was inhibited 50%

with 10 pM GM 6001 and inhibited 70% with 25 pM GM 6001. In fixed mesothelial cell

monolayers, the inhibitory effect of GM 6001 on spheroid invasion was not as great (data not

shown). These data suggest that the mesothelial cells themselves may produce low levels of

MMPs, such that the addition of GM 6001 blocks proteases secreted by both spheroids and

mesothelial cells. Indeed, mesothelial cells have been shown to produce MMPs, and cultured

media from mesothelial cells can induce MMP expression by ovarian cancer cells. 49-5! Future

studies are planned to identify the individual MMPs involved in ovarian carcinoma spheroid

invasion.

Serine proteases have also been implicated in the pathogenesis of ovarian cancer. Several

studies have shown that ovarian tumor cells secrete plasminogen activator, with urinary-type

plasminogen (uPA) more common than the heterogeneously expressed tissue-type

plasminogen. 24, 25,1. 48 Here, we inhibited serine proteases with &ACA to study the effect on

spheroid invasion. Invasion was reduced in the presence of 10 mM FACA by approximately

55% by day 7. Increasing the concentration of eACA up to 10 mM or using CACA in

combination with 10 pM GM 6001 failed to elicit further inhibition (data not shown.) These data

suggest that plasmin or other serine proteases may play a lesser role than MMPs in facilitating

spheroid invasion.

The ascites fluid itself may enhance ovarian carcinoma spheroid invasion. Rieppi et al

showed that cell free supematant from cultured mesothelial cells could induce ovarian cancer

cells to migrate.5 2 uPA, MMP-2, MMP-9, and MMP-13 have been detected in the ascites fluid
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from ovarian carcinoma patients.2435 Ascites fluid has also been shown to contain a variety of

factors that increase ovarian carcinoma cell adhesion and invasion, including lysophosphatidic

acid, colony-stimulating factor, tumor necrosis factor cx, interleukin-113, interleukin-6, and

vascular endothelial growth factor.54-57 Considering the abundance of stimulatory factors in the

ovarian carcinoma spheroid milieu, in vivo dissemination and invasion may be further enhanced

compared to our in vitro model system.

The 131 integrin subunit has been found to be associated with a number of signaling

molecules in ovarian cancer cells, including serine protein kinases.58 Ellerbroek et al

demonstrated that the stimulation and aggregation of 131 integrins on ovarian carcinoma cells

upon binding to type I collagen matrices results in the activation of both MMP-2 and MT-1

MMP. 59 Furthermore, Davidson et al showed that ovarian carcinoma cells isolated from ascites

fluid express 131 integrin subunits and MMPs, and also demonstrated a significant co-localization

between integrins and MMPs in ovarian cancer tissues.22' 60-62 Taking these data into

consideration, we can thus construct an in vivo model in which spheroids adhere to the peritoneal

mesothelium, activating 131 integrin subunits and subsequently, downstream proteases. Protease

production exposes the underlying type I collagen matrix, upon which the spheroids attach,

disaggregate, proliferate, and further invade the mesothelial cell monolayers, leading to

secondary tumor formation.

Based on the data presented here, ovarian carcinoma spheroids are capable of adhering

to, disaggregating on, and invading into a live human mesothelial cell monolayer, indicating they

present a metastatic potential. As the current treatments for ovarian cancer often fail to target

tumor cell aggregates, it is clear that a better understanding of their contribution to the spread of

the disease is necessary. We further suggest that the migration and invasion assays presented in
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this study have applications for analyzing cell aggregates in other diseases and systems, with the

hopes of advancing knowledge of the biology of spheroids.
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Figure Legends

Figure 1. Spheroids spread on laminin and type IV collagen, and disaggregate on type I

collagen. Spheroids were added to ECM protein-coated wells with 10 pig/ml of either mIgG or a

blocking mAb against the 01 integrin subunit. Photographs of spheroids on ECM proteins at 0

hours and 24 hours with mIgG (a) or a mAb against the D1 integrin subunit (b), on laminin

(LMN), fibronectin (FN), type I collagen (CI), type IV collagen (CIV) or bovine serum albumin

(BSA). Spheroid disaggregation on ECM proteins was quantitated with mIgG (c, black bars) or a

mAb against the P1 integrin subunit (c, gray bars). Values shown represent the average fold

change in pixel area of 30-50 spheroids over 24 hours from quadruplicate experiments, +

standard error. Significance: *p=0.001, **p=0.002, ***p=0.00004 Magnification IOOX.

Figure 2. Spheroids disaggregate on polymerized type I collagen. Spheroids were plated on

polymerized type I collagen gels with 10 jig/ml of either mIgG or a mAb against the P3I integrin

subunit. Photographs of spheroids at 0 hours and 24 hours with mIgG (a) or a mAb against the

31 integrin subunit (b) on 0.3 mg/ml, 0.6 mg/ml, 1.2 mg/ml, and 2.4 mg/ml polymerized type I

collagen gels. Arrows delineate the perimeter of the disseminating spheroids. The fold change

in spheroid area was determined with mIgG (c, triangles) or a mAb against the P1 integrin

subunit (c, circles.) Results are expressed as the average fold change in pixel area of 50-100

spheroids over 24 hours from quadruplicate experiments, + standard error. Magnification I OOX.

Significance: *p<0.0001 for all data points.

Figure 3. A mAb against the 031 integrin subunit inhibits spheroid invasion into live human

mesothelial cell monolayers. Spheroids were added to monolayers of mesothelial cells with 10
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[tg/ml of mIgG (b, triangles) or a mAb against the P31 integrin subunit (b, circles), and were

incubated for 7 days. Digital photography was used to capture images of the spheroids at the day

of plating (t=O) and again at 1 day, 4 days, and 7 days (a). Arrows delineate the perimeter of the

disseminating spheroids. The fold change in pixel area of the spheroid and subsequent invading

foci was calculated for each time-point (b). Data points represent an average fold change in area

for 150-200 spheroids from quadruplicate experiments, + standard error. Magnification 40X.

Significance: *p<0.0001 for all data points.

Figure 4. GM 6001 inhibits spheroid invasion into live human mesothelial cell monolayers.

Spheroids were added to monolayers of mesothelial cells with DMSO (b, diamonds), 10 PiM GM

6001 (b, squares), or 25 pM GM6001 (b, circles), and were incubated for 7 days. Digital

photography was used to capture images of the spheroids at the day of plating (t=0) and again at

1 day, 4 days, and 7 days. (The photos in panel (a) represent spheroids in the presence of 25 PiM

GM 6001.) Arrows delineate the perimeter of the disseminating spheroids. The fold change in

pixel area of the spheroid and subsequent invading foci was calculated for each time-point (b).

Data points represent an average fold change in area for 50-100 spheroids from quadruplicate

experiments, + standard error. Magnification 40X. Significance: *p<0.0001 for days 4 and 7.

Figure 5. eACA partially inhibits spheroid invasion into live human mesothelial cell

monolayers. Spheroids were added to monolayers of mesothelial cells with 10 jig/ml of either

mIgG (b, triangles) or 1 mM cACA (b, squares) and were incubated for 7 days. Digital

photography was used to capture images of the spheroids (a) at the day of plating (t=0) and again

at I day, 4 days, and 7 days. Arrows delineate the perimeter of the disseminating spheroids. The
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fold change in pixel area of the spheroid and subsequent invading foci was calculated for each

time-point (b). Data points represent an average fold change in area for 30-50 spheroids from

quadruplicate experiments, + standard error. Magnification 40X. Significance: *p<0.0001 for all

data points.
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Ovarian carcinoma spheroids demonstrate an invasive potential. Kathryn M Burleson and Amy P. N.
Skubitz

Ovarian carcinoma patients frequently develop a malignant peritoneal ascites fluid containing single and
aggregated tumor cells, or spheroids. Spheroids have been used as models of tumor microenvironments
and have been shown to be resistant to many therapies, but their contribution to the dissemination of
ovarian carcinoma has not been determined. We have previously shown that ovarian carcinoma
spheroids can adhere to extracellular matrix proteins and live mesothelial cell monolayers. In the present
study, we assessed the ability of spheroids to disseminate and invade in vitro. To determine their ability
to disaggregate, ovarian carcinoma spheroids were placed on a variety of extracellular matrix
components for 24 hours. While laminin, fibronectin, and type IV collagen stimulated minor cell migration
out of the spheroid, type I collagen caused complete spheroid disaggregation, which could be inhibited by
blocking the beta-1 integrin subunit. We next tested whether spheroids could invade human mesothelial
cell monolayers. Spheroids were added to confluent monolayers of live or methanol-fixed human
mesothelial cells. Within 24 hours, the spheroids disseminated on the monolayers, and rapidly
established foci of invasion, resulting in a 200-fold change in surface area within seven days. While
blocking serine proteases caused a slight reduction in invasion, inhibition of both the beta-1 integrin
subunit and matrix metalloproteinases significantly reduced the ability of the spheroids to invade into both
live and fixed monolayers. Therefore, considering their ability to adhere to and invade components of the
peritoneal environment, spheroids should be regarded as a potential source of dissemination in ovarian
cancer.

A combinational method to identify HLA-DRBI*0401 individuals for immunotherapeutic studies.
Xin Huang, Lei Bao, John A. Gebe, Bruce Blazar and Xianzheng Zhou

HLA-DR4 is present at high frequencies in human populations and presents many well-characterized
peptide antigens to T cells. So far, there is no quick and cheap method available for research laboratories
to identify HLA-DRBI*0401+ individuals. We have established a simple method to rapidly type HLA-
DRBI*0401 in our laboratory. The first step was to screen peripheral blood mononuclear cells (PBMC)
with anti-HLA-DR4 antibody (0222HA). PBMC from 4 out of 33 blood donors were stained to be positive
for HLA-DR4 by FACS analysis. The second step was to test whether HLA-DR4+ PBMC identified by the
antibody could present Influenza HA peptide to T cell hybridoma generated in HLA-DR4 transgenic mice.
Using this assay we demonstrated that 3 out of 4 HLA-DR4+ PBMC could present HA peptide to T cell as
efficiently as the HLA-DRB1 *0401 + EBV-B cells, whereas the HLA-DRB1 *0431 + EBV-B cells or PBMC
from 5 randomly chosen donors that were HLA-DR4- were unable to present HA antigen to T cells. The
third step was to subtype HLA-DR4 at a high resolution using PCR-based sequence-specific primers. This
assay confirmed that these 3 donors whose PBMC could present HA peptide to T cells were HLA-
DRB*0401, and 1 donor whose PBMC were unable to present HA antigen was HLA-DRB1*0436.
Furthermore, human HA-specific CD4 T cell line and clones were successfully generated using
lymphocytes from identified donors. We conclude that this combinational method was specific, rapid,
relatively cheap and suitable for research laboratories. Our future studies will test if antigen-specific CD4
T cells generated from HLA-DRB1*0401 individuals can be used to identify therapeutic antigens.

Identification of male-specific human minor histocompatibility antigens for immunotherapy or
Immunoprevention. Lei Bao, Xin Huang, Bruce Blazar, Stanley R. Riddell and Xianzheng Zhou

Five genes (SMCY, DFFRY, UTY, DBY and PSR4Y) on human Y-chromosome have implicated in
encoding minor histocompatibility antigens (H-Y) as targets of graft-versus-host disease (GVHD) and graft
rejection in sex-mismatched female to male stem cell transplant. So far, most of identified H-Y antigens
are MHC class I restricted and are recognized by CD8+ cytotoxic T cells (CTL). However, little is known
about the role of CD4+ T helper cells in H-Y antigen-mediated GVHD and graft rejection. We hypothesize
that efficient priming, expansion and long-term maintenance of these CTL generally require the
participation of CD4+ T helper cells. To test our hypothesis, we chose to identify HLA-DR4 restricted UTY
antigen because in contrast to other H-Y antigens that are considered to be GVHD targets, UTY seems
differentially associated with graft-versus-leukemia (GVL) but not GVHD (Warren et al., J. Immunol. 164,
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Molecular Markers for Ovarian Carcinoma Identified by Gene Expression and Verified by
Immunohistochemistry
Amy PN. Skubitz, Ph.D., Kathleen Hibbs, Keith M. Skubitz, M.D., Stefan E. Pambuccian, M.D., Suzanne
M. Grindle, Robin L. Bliss, Kathryn M. Burleson, Rachael C. Casey, Theodore R. Oegema Jr., University
of Minnesota

Molecular markers for ovarian carcinoma are needed for early detection, as well as for detection of recur-
rence of this cancer. Furthermore, molecular markers may prove to be essential in the development of new
means of therapeutic intervention and in the identification of prognostic indicators for this disease. In this
study, we examined the gene expression of primary ovarian carcinomas, ovarian carcinoma metastatic to
the omentum, and normal ovaries. RNA was prepared and gene expression was determined at Gene
Logic Inc. (Gaithersburg, MD) using Affymetrix GeneChip® U_95 arrays containing approximately 12,000
known genes and 48,000 ESTs. Gene expression analysis was performed with Gene Logic GeneExpress®
Software System. Differences in gene expression were quantified as the fold change in gene expression in
20 primary papillary serous ovarian cancers compared with 50 normal ovaries and 17 papillary serous
ovarian cancers metastatic to the omentum. More than 40(R) gene fragments were differentially expressed
over two-fold between the ovarian carcinoma samples and the normal ovaries. Genes up-regulated in
ovarian carcinoma tissue samples were then compared to 24 other tissue sets which encompassed 321
different normal and diseased tissue samples. Forty known genes were specifically over-expressed in the
ovarian carcinoma tissues compared to the other 400 tissues examined. Twenty-six additional known genes
were found to be up-regulated in the ovarian carcinoma tissue samples, but were also expressed to a lesser
degree in less than 10% of the other 4(0) tissues. Proteins corresponding to seven of the up-regulated
known genes were selected for further study, including the beta8 integrin subunit, bone morphogenetic
protein-7, claudin-4, collagen type IX alpha2, cellular retinoic acid binding protein-I, forkhead box JI,
and S100 calcium-binding protein Al. These proteins corresponded to adhesion molecules, growth factors,
transcription factors, transporter molecules, and regulators of the cell cycle. By immunohistochemistry, we
screened 45 patients' tissues with antibodies against these proteins and found that the majority of the
proteins were expressed exclusively in the ovarian carcinoma tissue samples, and not in the normal ovaries.
Statistical analysis showed that the beta8 integrin subunit, claudin-4, and S100)Al provided the best distinc-
tion between ovarian carcinoma and normal ovary tissues, and may serve as the best candidate tumor
markers among the seven genes studies. Current studies are focused on determining whether these
proteins are detectable in the sera of patients with ovarian carcinoma for use as novel diagnostic, therapeu-
tic, and/or prognostic biomarkers.

Presented at the 5th Biennial Ovarian Cancer Research Symposium
September 9-10, 2004, Seattle, Washington
Sponsored by the Marsha Rivkin Center for Ovarian Cancer Research

"Emerging Controversies in Ovarian Cancer Research and Treatment"

Amy Skubitz, PhD
University of Minnesota
MMC 609,420 Delaware St. S.E., Minneapolis, MN, 55455
(612) 625-5920 skubiO02@,umn.edu
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New Biomarkers for Ovarian Carcinoma Identified by Gene Expression Analysis

Ovarian cancer is the fourth leading cause of death in women in the U.S., with 23,000 new cases
diagnosed per year and 14,000 deaths per year. The purpose of this study was to identify new
molecular markers for ovarian carcinoma for use in early detection and recurrence of this cancer. We
examined the gene expression of over 400 tumors and normal tissues in collaboration with Gene Logic
Inc. (Gaithersburg, MD). Sixty-six genes were specifically over-expressed in the ovarian carcinoma
tissues compared to the other tissues. Proteins corresponding to 7 of these 66 genes were selected for
immunohistochemical validation. Statistical analysis showed that the P38 integrin subunit, claudin-4,
and SIOAl provided the best distinction between ovarian carcinoma and normal ovary tissues. In
future studies, we will determine whether these proteins are detectable in the sera of patients with
ovarian carcinoma for use as novel diagnostic, therapeutic, and/or prognostic biomarkers.

Presentation by Amy P.N. Skubitz, Ph.D.
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