
AD 

Award Number:  DAMD17-99-1-9564 

TITLE:  Role of Angiogenesis in the Etiology and Prevention of 
Ovarian Cancer 

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

PRINCIPAL INVESTIGATOR:  Sundaram Ramakrishnan, Ph.D. 

CONTRACTING ORGANIZATION: University of Minnesota 
Minneapolis, Minnesota  55455-2070 

REPORT DATE:  October 2002 

TYPE OF REPORT:  Annual 

PREPARED FOR:  U.S. Army Medical Research and Materiel Command 
Fort Detrick, Maryland 21702-5012 

DISTRIBUTION STATEMENT:  Approved for Public Release; 
Distribution Unlimited 

The views, opinions and/or findings contained in this report are 
those of the author(s) and should not be construed as an official 
Department of the Army position, policy or decision unless so 
designated by other documentation. 

20030S09 068 
J 



REPORT DOCUMENTATION PAGE Form Approved 
0MB No. 074-0188 

Public reporting burden for Hs collection of Information is estlfTBted to average 1 hour per response, including the time for reviewing Instructions, searching exlstlna date sources oatherino and mainlalnln 

SSuctaSblrtfntXSS^^^^^^ aataaafB"xygSmTdaoi^^^^ 
1. AGENCY USE ONLY (Leave blank) 2. REPORT DATE 

October 2002 
4. TITLE AND SUBTITLE 

Role of Angiogenesis in the Etiology and Prevention of 
Ovarian Cancer,  Project 1:  Effect of Angiogenesis 
Inhibitors in Preventing Ovarian Cancer Growth 

3. REPORT TYPE AND DATES COVERED 
Annual (1 Oct 01 - 30 Sep 02) 

6. AUTHORCS): 
Sundaram Ramakrishnan, Ph.D. 

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESSCES) 

University of Minnesota 
Minneapolis, Minnesota  55455-2070 

E-Mail: sunda001@tc.umn.edu 

9.  SPONSORING / MONITORING AGENCY NAMEJSI AND ADDRESS(ES) 

U.S. Army Medical Research and Materiel Command 
Fort Detrick, Maryland 21702-5012 

5.  FUNDING NUMBERS 

DAMD17-99-1-9564 

8. PERFORMING ORGANIZATION 
REPORT NUMBER 

10. SPONSORING / MONITORING 
AGENCY REPORT NUMBER 

11. SUPPLEMENTARY NOTES 
Original contains color plates; All DTIC reproductions will be in black and white. 

12a. DISTRIBUTION / AVAILABILITY STATEMENT 
Approved for Public Release; Distribution Unlimited 

12b. DISTRIBUTION CODE 

13. Abstract (Maximum 200 Words) (abstract should contain no omDrietarv or conMential informaOon) 

Primary growth of ovarian cancer and its spreading in the peritoneal cavity as 
micrometastases are dependent on angiogenesis. Therefore, angiogenesis inhibitors can be 
used in the prevention and treatment of ovarian cancers. One of the objectives of Project 
1 is the development of a genetically reengineered angiostatic protein, endostatin. During 
expression cloning of human endostatin, a single point mutation was identified. Mutation 
lead to the  substitution of Proline 125 to an Alanine residue. Mutant endostatin (P125A) 
was expressed in soluble form in large quantities to evaluate its effect against ovarian 
cancer growth. Native human endostatin was used in parallel studies to determine relative 
efficacy. P125A endostatin was more potent than native endostatin in inhibiting 
endothelial cell proliferation and migration in vitro. Mutant endostatin also bound 
endothelial cells better than the native protein. Furthermore, mutant endostatin inhibited 
ovarian cancer growth in athymic mice more effectively when compared to native endostatin. 

14. SUBJECT TERMS 
ovarian cancer, angiogenesis inhibitors 

17. SECURITY CLASSIFICATION 
OF REPORT 

Unclassified 
NSN 7540-01-280-5500 

18. SECURITY CLASSIFICATION 
OF THIS PAGE 

Unclassified 

19. SECURITY CLASSIFICATION 
OF ABSTRACT 

Unclassified 

15. NUMBER OF PAGES 
259 

16. PRICE CODE 

20. LIMITATION OF ABSTRACT 

Unlimited 
Standard Form 298 (Rev. 2-89) 
Prescribed by ANSI Std. 239-18 
298-102 



Table of Contents 

Cover.. 1. 

SF298............................................................................................... 2. 

Table of Contents................................................................................ 3, 

Introduction...................................................................................... 4. 

Body......................................................................................  4.-9. 

Key Research Accomplishments.......................................................... 9. 

Reportable Outcomes......................................................................... 9.-10. 

Conclusions...................................................................................... 10.-11, 

References....................................................................................... j^^ 

Appendices..............,.,,,.,,................,,,.,,............,,,,.,..............,..,,....., 12. 



(4) INTRODUCTION: 

Establishment of new blood supply (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 coagulation cascade. One 
of the well-studied antiangiogenic molecule is endostatin, which, is produced by the 
proteolysis of collagen type XVm that is selectively expressed on vascular basement 
membrane (5,6). We have earher 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 
accompUsh this goal. Endostatin binds to integrins and glypicans expressed on 
endothehal 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) . 
Proi25, is located immediately upstream to Asn-Gly-Arg (NGR) sequence. NGR 
containing peptides target tumor vasculature and inhibit endothehal 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 
unportant role in the development of malignant ascites. Therefore, inhibition 
angiogenesis will have a significant unpact 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 was largely completed. Fermentation conditions 
were optimized and production of recombinant protein was sfa-eamlined. Year 1 and 2 
were spent on Task 1 and experiments related to Task were initiated during the same 
period. During expression cloning of human endostatin, a novel mutant endostatin was 
generated (P125A). Mutant endostatin was found to be better in inhibiting endothelial 
cell proHferation, migration and angiogenesis ( Summarized earher in 2001 Annual 
report). Additional studies were carried out using this mutant protein. In a collaborative 
study we determined the efficacy of the mutant endostatin to inhibit tumor growth in a 
transgenic animal model (Int. J. Cancer, 2002, a copy attached).  Major findings fi-om 
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this study are that mutant endostatin is better in inhibiting ovarian and breast cancer 
growth, Endostatin treatment inhibits angiogenesis related gene expression at the tumor 
site. 

Results related to Task 1 completed in Year 3 : An immunocopetent mouse model for 
ovarian cancer was used to determine the biological efficacy of human endostatin, LM3, 
a mouse epithehal ovarian cancer cell line w^ obtained from Japan. This cell line 
produces aggressive growth of ovarian cancer (ascites and soHd tumors) in C3H/Balb c 
Fl mice (syngenic). Human endostatin treated significantly inhibited the subcutaneous 
growth of LM3 tumors (Fig, 1) . These preliminary studies are now extended to i.p. 
model. Intraperitoneal growth of ovarian cancer is difficult of follow. Transgenic 
expression of surrogate markers can be used to follow the growth during antiangiogenic 
therapy. For this purpose, we obtained an ovarian cancer cell line estabUshed in Dr. 
Hamilton's laboratory (Fox Chase Cancer Center), which secretes heat stable alkaline 
phosphatase enzyme. Serum levels of alkaline phosphatase had been used as a marker to 
follow the therapeutic efficacy. This model is currently used to determine the effect of 
endostatin treatment. 

Effect of Endostatin Treatment on Mouse Ovarian 
Cancer Growth 
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Fig,l : Effect of Human Endostatin on LM-3, ovarian cancer growth. Groups of 10 mice 
were implanted with 2 x 105 cells on day 0. Treatment with endostatin started on day 3. 
Once a week injection of 400 ug/mouse in alginate encapsulated beads. A total of two 
injections were given on day 3 and day 10. Values are mean +/- SE, 



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. 
Construction and preluninary characterization of these constructs began in year two 
instead of year three as originally proposed. A summary of these constructs was 
provided in the last annual report (Year 2001). 

Results Related to the Task # 2 completed in Year 3 : 

Carboplatin Differentially Up-regulates VEGF Expression in Endothelial Cells 

Preliminary studies showed that ovarian cancer cells were at least two orders in 
magnitude more sensitive to carboplatin when compared to endotheUal cells. The 
apparent differences in sensitivity are due to a number of factors. Tumor cells are more 
sensitive due to impaired DNA repair pathways and genetic instability. On the other 
hand, endotheUal cells are protected fi-om chemotherapeutic drugs by selective 
upregulation of survival factors such m VEGF. VEGF is known to protect endothehal 
cells from apoptosis induced by radiation. Therefore, we determined the effect of 
carboplatin on VEGF expression. Both ovarian and endotheUal cell cultures were treated 
with their respective TCID50 concentration of Carboplatin and VEGF levels in the 
conditioned media were measured by ELIS A. Carboplatin treatment did not alter the 
level of VEGF secreted by the tumor ceU line at both 24 and 48-hour time points. VEGF 
concentrations ranged between 47.8 and 58,4 pg/lxlO^ ceUs. However, tieatment of 
HUVEC with Carboplatin resulted in a five-fold increase of VEGF levels at 24 hours 
(22.8 pg/lxlO^ cells for control versus 129.4 pg/lxlO^ cells for Carboplatin treated 
cultures). An even more pronounced effect was seen at the 48 hour time point with a 
twelve-fold incre^e in VEGF levels in Carboplatin ti-eated HUVEC (17,9 pg/lxlO^ ceUs 
for control ceUs versus 224.2 p^lxlO^ cells for Carboplatin treated ceUs). These values 
were statistically significant as determined by the Student's t-test (p < 0.038). Our results 
indicate that Carboplatin induced expression of VEGF in endotheUal ceUs could act as an 
anti-apoptotic factor, which partially rescues these ceUs from the cytotoxic effects of this 
drug. 

Carboplatin Specifically Up-regulates VEGF Expression in Tumor Vessels In vivo 
To determine whether Carboplatin could induce VEGF expression in vivo, a nude 

mouse model was employed. MAMS tumor cells, the same carcinoma ceU line used for 
the in vitro experiments, were transplanted s.c. into the hind leg of athymic nude mice. 
After ten days, smaU palpable tumora were estabUshed and treatment was initiated. A low 
dose of Carboplatin (32,5 mg/kg/dose) was then administered every three days for five 
doses, at which point the animals were sacrificed and tumor tissues were harvested. 
Sections were prepared and immunochemically stained for VEGF and CD-31. As shown 
in Fig. 2 A, PBS treated control animals showed a consistent but low expression of VEGF 
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in the tumor tissue. In contr^t, Carboplatin treated animals displayed increased 
expression of VEGF in the VMculature (Fig. 2B). Staining of the tissues with specific 
antibodies to the endothelial cell marker CD-31 was used to identify vascular structures 
in the tumor tissue (Fig. 2 C and D). A subsequent overlay of the images showed a clear 
co-localization of VEGF in the tumor vasculature of Carboplatin treated animals (Fig. 2 
F). In contrast, no significant co-locaHzation was seen in the PBS treated control tissue 
(Fig. 2 E). These results provide evidence that Carboplatin treatment significantly 
incre^es the expression of the survival factor VEGF in tumor vessels in vivo. 

Antibody to VEGF Significantly Improves The Anti-Tumor Effects of Carboplatin 
Subsequently, experiments were carried out to determine the therapeutic benefit 

of anti-VEGF antibodies during Carboplatin chemotherapy. MAMS cells were inoculated 
s.c. into the hind leg of athymic, nude mice and tumors were allowed to establish for ten 
days. Animals were then randomized and divided into four treatment groups. Timior 
growth was then monitored by caliper measurements and the experiments were 
terminated once tumor volumes reached about 3,000 mm''. Data in Fig. 3 show the effect 
of antibodies to VEGF and carboplatin fi-om three mdependent experiments. Histogram in 
panel D shows the respective control where in nonspecific IgG was used as control. 
These studies clearly demonstrate that chemotherapy induces selective stress response in 
vascular endothehal cells by producing VEGF and that intervening the stress response 
with an antibody to VEGF produces synergistic inhibition of ovarian cancer growth. 
Details fi-om these experiments are given in a manuscript communicated for pubhcation 
(attached). 
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Fig.3 

Antibody to VEGF Significantly Improves The Anti-Tumor Effect of Carboplatin. 
Human epithelial ovarian carcinoma (MA148) tumors were established by injecting 
athymic nude mice s.c. in the right flank with 2 x 10^ tumor cells. Tumors were allowed 
to estabhsh for ten days and animals were subsequently randomized and divided into 
treatment groups. Solid tumor growth was then monitored by caliper measurements as 
described in "Materials and Methods". Open square symbol -   PBS control. Closed 
squares - Carboplatin, Closed Ckcle symbols - Carboplatin + anti-VEGF IgG, Open 
circle symbols - anti-VEGF IgG. A-C shows the results of three independent 
experiments (n = 4-6 animals per group per experiment). Data pomts show the mean 
tumor volume with respective standard error bars. D, summary of inhibition of tumor 
growth with the addition of anti-VEGF IgG or pre-immune control IgG to Carboplatin 
therapy. Results are expressed as mean tumor volumes relative to mean Carboplatin 
treated volumes (V/V''"''°P""). Two time points were chosen for analysis. Day 22 (end of 
Carboplatin treatment) and day 40 (end of antibody treatment). D Carboplatin, Solid bars 
- Carboplatin + anti-VEGF IgG, Grey bars represent Carboplatin + pre-iromune IgG. * 
statistical significance as determined by Student's t-test (p < 0.033 for both values 
compared to Carboplatin alone treatment). 



These studies will be extended to endostatin treatment in combination with carboplatin 
and or Taxol in year 4, 

Task # 3. hivestigate genetically engineered endostatin to inhibit ovarian cancer growth. 
Experiments were initiated in year 2 to make and characterize vascular targeting 
endostatin to improve bioavailability and efficacy. These constructs are currently being 
investigated for efficacy in inhibiting ovarian cancer growth in different model systems. 
These studies will be completed in Year 4. 

Major work related to Task # 3 completed : 
• NH2 and COOH terminal modification of endostatin with RGD sequence. 
• Characterization of biological activity ( Abstract presented at Keystone meeting 

2001- a copy attached) 
• NGR-endostatin was constructed, expressed in ye^t, 
• Biological activity and aminopeptidase inhibition was characterized (Abstract 

presented at the AACR meetmg, 2002 - a copy attached). 

We will continue to evaluate the efficacy of the mutated endostatin against ovarian 
cancer in the year 4. 

(6) KEY RESEARCH ACCOMPLISHMENTS IN YEAR 3: 

•    Endostatin is effective in inhibiting ovarian cancer growth in immunocompetent 
mouse model 

• Mutant endostatin (P125A) is a potent inhibitor of angiogenesis 
• P125A-endostatin inhibit human ovarian cancer growth in athymic mice more 

efficiently than the native protein 
• PI25A-endostatin treatment inhibits expression of angiogenic growth factors and 

their respective receptors in the tumors. 
• Carboplatin treatment differentially induces the expression of survival factors 

(VEGF) in the endothehal cells in vitro and in vivo. 
• Mterfering with this pathway potentiates the efficacy of chemotherapy of ovarian 

cancer. 
• Addition of vascular targeting sequence to P125A endostatin improves tumor 

homing and enhances anti-tumor activity. 

(7) REPORTABLE OUTCOMES : 

Manuscripts : 

1. Calvo, A., Yokoyama, Y., Smith, L.E., Shih, S-C, Ramakrishnan, S., 

Feldman, A., Libuti, 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) 

2. Ruud P.M. Dings, Yumi Yolcoyama, S. Ramalirishnan, Arjan W. Griffioen, 

Kevin H. I^ayo.   The designed angiostatic peptide anginex synergistically 

improves chemotherapy and anti-angiogenesis therapy with angiostatin. 

Cancer Research, 2002 (in press). (Collaborative study with Project 3). 

3. Robert Wild, Ruud P.M. Dings and S. Ramakrishnan. Carboplatin 

selectively induces the VEGF stress response in endothelial cells : 

Synergistic inhibition of tumor growth by combination treatment with antibody 
to VEGF. (communicated). 

4. Yumi Yokoyama and S. Ramakrishnan. Substitution of a single amino acid 

residue in human endostatin potentiates inhibition of cancer growth, 
(communicated). 

Abstracts : 

1. Improved  Inhibition  of Tumor Growth  by Genetic  IVIodification  of 
Endostatin with an NGR-motif. Yumi Yokoyama^ and S. Ramakrishnan^-^'^ 
Abstract # 897, p117. Proc. Am. Assoc. Cancer Res., April 7, 2002. 

2. Substitution of A Single Amino Acid Residue in Human Endostatin 
Potentiates Inhibition of Ovarian Cancer Growth 
Yumi Yokovama^ and S. Ramakrishnan^'^-^ 
Keystone Meeting on Angiogenesis, Barniff, Alberta, CA 2002 

3. Transfection of ovarian cancer cells with mutated human endostatins 
suppresses tumor growth. Indira V. Subramanian, Yumi Yokoyama, Rahel 
Ghebre, Blair Harkness and 8. Ramakrisnnan. 

Abstract # 4574, p 308. Proc. Am. Assoc. Cancer Res., April 7, 2002. 

4. Isolation and in vitro characterization of human anti-VEGF scFV fragments. S. 
Wang, J. Hong, Y. Yokoyama, 8. Ramakrishnan and Soldano Ferrone. 

Abstract # 4801, p316. Proc. Am. Assoc. Cancer Res., April 7, 2002. 

(9) CONCLUSIONS: 
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We conclude from the studies carried out in Year 3 that human endostatin is able 
to inhibit ovarian cancer growth in inomunocompetent mouse model system. 
Antiangiogenic therapies can synergies with chemotherapy in inhibiting ovarian cancer 
growth. Chemotherapeutic drags such as carboplatin induces sfress response signals in 
endothelial cells leading to the expression of survival factor, VEGF. hiterfering with this 
pathway potentiates the efficacy of chemotherapy. Genetic modification of endostatin 
improves its activity and tumor homing. Finally, treatment of tumor bearing mice with 
endostatin down regulates expression of angiogenic growth factors and their receptors. 
These studies will help in developing antiangiogenic methods to prevent and /or treat 
ovarian cancer, 
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iNHrorrioN OF THE MAMMARY CARCINOMA ANGIOGENIC SWITCH IN 
C3(1)/SV40 TRANSGENIC MICE BY A MUTATED FORM OF HUMAN 
ENDOSTATDSr 
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^Division of Cancer Prevention and Center for Cancer Research, National Cancer Instttute, NIH, Bethesda, MD, USA 
^Surgery Branch, National Cancer Institute, NIH, Bethesda, MD, USA 

&ncer theni^KS based on the inhHtition of an^^nesis by 
cndostatin h»re racendy been developed. We demonstntte 
th^ a mutated foim of human endf»tatin (PI2SA) can in- 
htoit the an|^«nk swntth In Ae C3(l)frag mammary can- 
cer modrf. PI SA has a stoon^ growth-hhlbitoiy effect on 
Midothdiai cdl proliferatimi than wild-^pe endostatin. We 
characterize the angiogenic sMrftdi, vrfiidi ocoirs during the 
trm^ion from pr^mmshre lenons to imosive carcinoma In 
this modd, md wMdi Is «;companied by a «|piiflcant in- 
cr^»e in totad pratmn levels of vascular endothdid growth 
fsctor (VEGF) and an invasion of bloml yBsxt%. Expi^mon of 
the VEGF,^ mRNA noferm, howwvw, is su|^i«ssed In Inva- 
Mve carcinomas, the ^^GF recepton M;d liver idnase-l 
(Flk-I) and Fms-IHce tyrorine Idna^-I O^t-I) become hi^ly 
ejqir^sed in epthdM tumor and endotfariial cdls in the 
mammary carnnomas, wi^^^ng a potsntfai Mitocrine ef- 
fect for WGF on tamor cell ^owHt. An^potetfn-2 mRNA 
levels are dso inci^ised during tumor progre^ton. CD-31 
^^let-«idotfidlal cdl adhe«on molecide [PECAM]) irt^n- 
ing Kweded tfiat bktod vessds developed in tumors lar^r 
than I mm The aifanlnistnrtion of PI ISA hum»i endostatin 
In CmyTag fonaies r^ulted in a M^Mcant delstf in tumor 
cmset, decr^ised tumm- muMplici^ and tumor bunien smd 
INwIon^d sunm^ of the animals. Endoslalm treatmMit did 
not r^uce tfie numb«- of preinvanve l^ons, |M«liferation 
rates or apoptotic index, com|Mred wntit contnris. Ho«wv«-, 
mRNA levels of a i«riety of proanpogMric bximrs (VEGF, 
^^GF rM:e|K»rs Flk-I wid Fit-1, angiopoletin-2. Tie-1, cad- 
herin-S and PECAM) wei« n^ificantJy d^if^ased In the en- 
dost^n-tx^^tfed p«up com|»i^ wUh contools. Tliese li- 
mits d«nonslrate that PIUA Mid<»tatan inhbits the 
angic^enic swriteh during mammary ^and ^lenorardnoma 
tumor proff-^sion In the C3(l)rrag tran%eirfc modd. 
© 2002 Wiley-Uss, Inc. 

K«y w«ds: angiogenesis; endostatin; vascular endathelial growth 
factor; mammary cancer 

Tto growth and metostatic spread of solid tumors is critically 
depensfcnt on flie fonnation of new blood vessels through angio- 
genms,'-* During thb process, flie effects of proai^iogenic fectois 
dominate over the antian^o^nic fectore, resulting in the angio- 
genic switch.^ A lar^ variety of growth factors modulate tumor 
angiogenesis, inclnduig fhoMi fliat alter tiie extracellular mateix as 
well M those that promote endothelial cell proliferation and mi- 
gration.3 Among the proangiogenic factors Ascribed, vascular 
endotheliM growth factor (VKJF) has b»n shown to be frequently 
upiegulated in a variety of tiunors* and has l^en well character- 
ized.'*^ The 2 high-afBnity VKSF receptors fetal liver Mnase-l 
(Flk-1) ami Fms-like tyrcsine kinaw-1 (Flt-1), members of the 
tyrjBine Mnase receptor family, ttansduce the activity of this 
growth factor.* The activation of intra^llular signaling pathways 
by fliese lec^tors involve tiieir autophosphoiylation and, as a 
consequence, flie stimulation of endotheUal cell proliferation (es- 
preially in the c^e of the Hk-l receptw), migration, tubule 
formation, airi angiogeiKsis in vivo.'-'' Altiiough the expression of 
VKJF receptors was initiaUy localized to ei^flielial cells, recent 

studies have shown fliat epitheUal and tumor celb from various 
tissues also expKss VEGF receptors and respond to stimulation by 
VEGF.'-w 

Anotho- family of vascular growfli fectors, angit^ietins, has 
recently bren chai^terized." Angiopoietin-1 mediates cell-<»ll 
interactions between eatofljeHal cells and ofljer neighbojing cells, 
such m smooth nawcte cells.'*" In contrast to VKJF, angiopoi- 
etin-1 does not dira:tly stimulate emlothelial cell growth. Angio- 
poietin-2 is typically expresMd at sites of vascular remodeling in 
the adult'* and in tumore, where it stimulates endothelial cell 
growfliand angiogenesis."''* MoK»ver, angiq>oietin-2 aOs in a 
complementary ami coor<fina^ way with VK3F in onler to pro- 
mote tumor angiogenesis." 

Inhibition of angiogenesis has emergal as a promising strate^ 
to tteat both primary and metostatic tumore by shiftmg the balance 
from a proangiogenic to an antiangiogenic stote. Endostatin, a 20 
kDa flagment derive from the CXXJH-tetminal donwin of colla- 
gen XVni, has been shown to have a therapeutic e(f«rt on tumor 
growth and metostasis in several animal modeb,"-" The dose, 
schedule and spcies specificity in the administration of endostatin 
sam to be critical factors fliat detamine its in vivo eff«:t'*'» We 
have previously demoiKttated that recomlMnant mou«! emiostatin 
signiflcanlly inhibite mammary ttimor progression in C3(l)/Tag 
transgenic mice.^o HIB animal nmdel recapitulates many of flie 
histopathologic and molecular alterations feading to mali^iant 
transformation observed in human breart cancer.^'-^^ fteinvasive 
lesions pr^ctably develop m C3(iyTag mi<» at atout 12 weeto 
of age and progrcffi to invMive carcinoma over several weeks in 
100% of female mi<».2'» 

We characterize ho* the angiogenic switch in CSCl^Tag mam- 
mary gland a^nocarcinomas and evaluate the antiangiogenic 
propMtiM of P125 A, a mutated fonn of human eiriostatin in which 
an alanine residue is substitoted for proline at ptwition 125. We 
demonstrate fliat P125A has a stonger in vitro inhibitory effa;t on 

Qtam sponsor. VSh/OMC; Grant rninAen DAMD 17-99-19564; Grant 
sponson die Gynecologic Giinip; Gtant sponsor. NIH. 

ns irst two authois conbilwted equity to this paper. 

*ConBspon(tencc to: Lal>oratoty of Cfell Regulation airf Cincinogenesis, 
National Cancer histitute, NM, Building 41, Room C629, 41 Litany 
IMvc, B^icsda, MD a»92, USA. Fax: +301-4M-8395. 
E-mail; jegreen@nih.gov 

teceivKl 2 April 2002; Reviiied 5 June 2002; Accqjled 6 June 2002 

DOI 10.1002/ijc.lOS89 



ANCIOGENIC SWITCH AND ENDOSTATIN 225 

endoflielial MII giowfli ai^ in vivo tumor growth inhibition in a 
xenograft model than wiM-type human endostatin. 

Our results povide evidence fliat P125A endostatin inhibits the 
angiogenic switoh and mammaiy tumor pogression m a ttansgenic 
mammary cancar model and that human enAwtatin can be stnic- 
turally modified to improve ite eMcmy. 

MATERIAL AND METHODS 
Mice 

Heterozygous C^iyTag transgenic femalra in the FVB/N back- 
ground were bred as previously described.« The chronologic 
development of hist«^a(hotogic tesions in C3(l)/Tag mice has 
bren previously described ^"^ Virgin 12-WMik-old FVB/N female 
mic» were used as controk. 

All studies were carried out in aa;oiJdan<» with fte guidelines of 
the Animal Care aM Vm Committee and the pioc«iui^ outline 
in the Guide for the Care and Use of Laboratory Animals (Nffl 
publication No. 86-23,1985). 

Cloning, egression and purification <^ wild-type mid mutant 
human endostatin (pllSa) 

The following primere were mei to amplify human endostatin: 
GGGGAATTCCACAGCCACCGCGACTTCCAG (senre, 5'-3') 
and GGGGCGG CCGCCTACTTOGAGGCAGTCATGAAGCT 
(antisenre, 5'-3'). The KIR products were cloned into pPICZ-a 
v«:tor and sequem*d. After sequencing, clones containing wild- 
type endostatin and additional clonra coitfaining a spontaneous 
smgle-point mutation at a position 125 (P125A) were i«fentifled. 
Tlie wiM-type (P125) and flie mutated entostatin (P125A) wete 
subsopently cloned under the control of alcohol oxidase (AOX) 
promoter and expressed in Pichia pastoris. 

Laige-scale prodiu:tion of the modified endostatin was carri«l 
out in a 10 L bioreactor. Briefly, an overnight seed cutaire was 
inoculate into basal rait medhim with glycerol ^ the carbon 
smirce imtil the wet weight of the cultiires reiachrf about MO g/L. 
Glycerol feed was flien ^tricted, mA meflianol was introduced as 
flie sole carbon soui«». Expression was maintain^ for 100 hr 
under flie following ojnditions. Feed rate of methanol mrfium WM 
ai^usted to about 75 ml/hr blowing slow growth (mut+ strain) 
during the ii^uction phase. Temperature was maintained at 29°C, 
airf the diffiolv^ Oj levels varied between ^ and Wfo. The 
bioreactor (New Brunswick BioHow MW), Chicago, IL) was 
automatically conttolled to regulate O^ feed, agitation and temper- 
ature. Evay 24 hr, a small aliquot of the culture was ^pirated to 
detHtnine cell density, viability and protein induction (SDS-PAOE 
15% gel). After completion of (he incubation, «ailftires wo-e har- 
vested and centriflig^ at 15,(M% to remoVe cells. Citt-free su- 
pernatant wm then concentrate and «tesalted by buffer Mchange 
using a Millipore (Bedford, MA) ten^ntial flow membrane cas- 
sette (5,000 m.wt cutoff). Conc»ntrated medium from the bioi»- 
actor was then aliquoted and stored at -70''C until purification. 

Initial purification of the wild-type and mutated endostatin was 
aa»mplishe by affinity chromatography on heparin linked to 
ca-amk; beals (Sigma, St Louis, MO). Samples were loaded at a 
rate of 1.0 ml/min, and the matrix was wasted with Tris-HCl 
buffer (0.01 M, pH 7.6) to remove unbound proteins. Absortance 
at 280 nm was continuously monitored. Bound protehte were 
ehited by a salt gtalient (0-1.0 M N^l). Typically, endostatin is 
ehited from fiie column at WO mM N^l. Eluted proteins were 
flien ftirfher purified by a Mono-S column iKing FPLC. Loading 
and washing were carrirf out in 0.01 M Tris-HCl, pH 7.6. Bound 
proteins were ehited by a NaQ grafient (0-1,0 M). Purified 
proteins were filter sterili^d and stored at —70''C. Protein purity 
WM confirmal by gel analysis. 

Endothelial cell prol^eration assay 
Bovine adrenal gland capillary endothelial cells (BCE) were 

obtainal from Clonetics (San Diego, CA). Tte endothelial cell 
proHferation assay was j»rfoniKd m previously described' to 

compare the functional activity between wild-lyi» and P125A 
(mutated) endostatin. Experiments were perfonned in tripUcMe. 

Tumor growth inhibition in xenograft model 
A xenograft model for ovarian carcinoma was usrf to compare 

the in vivo effica:y of both endostatin proteins. Rjr fliis puipoM;, 
wild-ty][» and P125A-endostatin diluted in alginic acid were 
diopi»d into 0.1 M C^Clj solution to encapsulate endostatin in 
alginate bea<k. This method was vaei to allow a slow release of 
endostatin and to prolong its effect in vivo. Ovarian carcinoma 
cells (10* MAMS) were injected subcutaneously in the flank of 
athymic mice (n = 5). Seven days after cell mjection, mice were 
randomly distributed and taated wifli the wild-type and P125A- 
endostatin (dose 20 mgflcg) encapsulated in alginate I»ads by 
subcutaneous injections, once a week, "nimor growth w^ mea- 
sured by calipras. 

Treatment tfC3(iyrag transgenic animab 

Femate C3(iyTag transgenic mice (B = 8) were treated at 12 
weeks of age by daily inttaperitoneal injection of P125A human 
endostatin (20 n^g weight). Control ammals (n = 10) received 
PBS over tto same period of time. 

Body weight (measuiai weddy) and tumor vohime (evahiated 
twice a week) were measured in transgenic animals after Ite onset 
of tumor fotmaticm. Mammary tumor si» was measured with a 
caliper, and tumor vohime was calculated using flie formula: 
largest dianffiter X (the smallest diameter)* X 0.4.» TTu^ animals 
of each group were euthanized at 15 w»ks of ^e upon teimina- 
tion of llie treatment. The remaining animals were followed after 
cessation of therapy up to 25 wedts of age. ibiimals were eutha- 
nizaJ wten tumore reached U cm^ or animals qjpearai sickly. 

Whole-mount preparations and histology 
Transgenic and control animals were euthaniz^ by COj as- 

phyxiation. Mattunary gland whole-mount preparation were 
sp^d onto a slide and fixed in 70% ethanol for 30 min. After 
rehyiatetion in distilW water, tissue were stainal by immereion 
in a solution consisting of 0.2% carmine and Q5% aluminium 
potMsium sulfete (in HjO) overnight Hie actions were dehy- 
drated through a progressive increase in ethanol concenbation to 
100%, cleared in xylene and numntrf in Peimount (Fisher Scien- 
tific, Fair Lawn, NJ). 

For histology, mammary glands were immrfiately fix^ in flesh 
4% paraformaldehyde overnight, embe<Ued in paraffin, cut (4 pm 
in thicloiMs) and stained with tematoxylin and ewin. Histopafho- 
logic teions were evaluated following tte criteria previously 
Ascribed.** For CD-31 immnnosteining, the dissa;ted ttesues 
were immediately immereed in O.C.T. (Tissne-Tek, Sataira, Japan) 
and frozen on a mixtore of dry ice and isqwntane (Hula, Mil- 
waukee, WI). 

Immunohistochemistry and TUNEL analysis 
Paraffin sectiom were rehydratal liirou^ deceasing concen- 

trations of ethanoL Tlie antigen rettieval technique was usal for all 
immunohistoctemistiy. Slides were immersed in citric mM (pH 6) 
and heated in a microwave oven twice for 5 min. Mouse mono- 
clonal (Neomarkers, Fremont, CA) and rabbit polyclonal (Santa 
Cruz Biotechnology, Santa Cruz, CA) anti-VKJF antibodies were 
UMd at a 1:200 dilution. Rabbit polyclonal antibodies, anti-Ht-l 
and anti-Hk-1 (Santa Cruz Biotechnolo^), were used at a 1:100 
dilittion, and mouse monoclonal anti-Ki-67 antibody (Dako, 
Glosttup, Denmaifc) was ditoted 1:10,0(K). Cryostat sections were 
stained with anti-CD-31 antibody (PharMingen, San Diego, CA) at 
a 1:100 dflution. Tte avidin-biotin compkx OKthod (Vectastatin 
ABC Elite kit, Ve«tor, BurUngame, CA) was used to visualize tte 
bound antibodira. Omission of the primary antibaiy and replace- 
ment of the primary antibody by nonimmnne IgG were used as a 
negative control for immunohistochemistry. 

Apoptotic cells w«e identified usii^ the TUNM. in situ end- 
lateling technique (Apoptag; Oncor, Gaifliereburgh, MD). Labeled 
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cells for Ki-<7 airf for TUNEL staimng were quantified using a 
Zeiss Amopim microscope and Optimas software (vereion 
6.51.199, Media Cybernetics). At least 1,000 cells/section of mam- 
mary gland were counted in randomly elected fields. Final date 
were expressed as a percent^e of positively stained epithelial cells 
with respat to the totol number of epithelial «»lls eiramined. 

Protein eiaraction and EUSA analysis 

Tissue woB homogaiized in RIPA buffer contoining pintein- 
ase inhibitors (1 X PBS, 1% NP^, 0.5% Mdium deoxycholate, 
0.1% SDS, 10 (Jt^mL ptenyhneAylsulfonyl fluoride PMSF|), 
maintained at 4°C for 45 min and cleared by centrifugation. 
ftntdn concenttation was nwasnied with the Bio-Ra! (Ifarailes, 
CA) Rfotein Assay aa»iding to Ae manufacturer's instructions. 

Murine VKSF ainrenttations in mammary gland and tumor 
lysatM were measured usmg a quantitative sandwich enzyme 
immunoMsay (Quantikine; R&D Systems, Miimeapolls, MN) ac- 
cording to the manufacturer's mstnictions. Briefly, each sample 
was incubated in duplicate wells of a micr^late coated wifli 
anti-VEOF polyclonal antibody. Unbouirf substancra were 
wadied from the plate, airf pra-ojddMe-litdced anti-VEGF poly- 
clonal antilKjdy was added. After incubation and further WMhing, 
HjOj and tetraiwthylbenzidine were added. The reaction was 
stopped wMi HCl, ami optical densities were read at 450 nm 
(conection wavelength, 540 nm) on a Multiskan plate teacter 
Critertei, Hnnteville, AL). VEGF a>ncenttalioiK were calculated 
by comprison with a steiriaid curve generated using a 4-pmam- 
eter logistic curve-fit and on-board software. VEOF concentrations 
were nonnalized to total protein concentrations. 

SNA extraction and KT-PCRfor VEGF isoforms 
Totol RNA was extracted from ftnzen tissues using the RNeasy 

mini kit (Qiagen, Valeiwia, CA) acKoiding to the manufecturer's 
piotocol. The qiulity of tiie RNA was as^Md by tunning aliquots 
on formaUehyde-agarose gels. Two micropams of total RNA 
were incubated wilh DNAsel (Life Technologies, Gaitherabuig, 
MD) for 20 min. Reveise ttanscription waa performed with the 
Superscript n kit (Life Technologies), according to the manufac- 
turer's protocol, lie cDNA was amplified with Taq polymei^ 
(Life Technologies) using a PTC-lOO MX Research thamocycler 
(Watertown, MA). Hie sequciKe of tiie prim^ for tiie detection of 
VJKJF,^,, VEGF,^ ami VKiF,g8 aM flie amditiora med for flie 
PCR were aigusled from those previously d^cribai.^* TTie fol- 
lowing primer sequence were used: 5'-ctg etc tct ^g gtg cac tg-3' 
(forward primer, located in Mon 1) and 5'H;ac cgc ctt ggc ttg tea 
ca-3' (revere primer, located in exon 8). The conditions used for 
tCR were as follows: m cycles at 94°C for 1 min, 56'=C for 2 min 
and 72''C for 3 min. Negative amtrols inchidal the omission of the 
revetse-transcrlptose. 

Quantitative real time RT-PCR analysis 
For cDNA preparation, 1 |ig total RNA was treated wifli DNaw 

I (Ambion, AtBtin, TX) to remove any wmtaminating genomlc 
DNA. The DNased RNA (100 ng) was then converted into cDNA 
by iwing murine leuksimia virus reva^ transcriptase (Ofe Tech- 
nologies). 

rcR primers targeting murine VEGF, Elt-1, Flk-1, angiopoi- 
etin-2, Tie-1, platelet-endothelial «»U adh«ion molecule (PE- 
CAM; CD-31), VBcadherin (cadherin-5) and cyclophilin were 
designed by using Primer Express software (Applied BioSystems, 
Foster City, CA) and are Usted in Table I (5' to 3').'nie sjwificity 
of eadi priuMT to tte sapience of choice was confinMd using flie 
NCBI Blast module (http://www.ncbi.nlm.mh.gov/). All the prim- 
ers were ^nthesized by Genemed Synttesis (South SM Frandsjo, 
CA). To va-ify each primer s^ amplicons generated from flie KM 
reaction w^ aoOyzed for their respective spoiific melting point 
temperatures using tto first derivative prhner melting curve soft- 
ware supplied by AppMed BioSystems. Quantitotive analysis of 
gene expiiMsion was ^formed using the SYBR Green master mix 
kit (Applied Bit^ystems) and the ABI ftjsm 7700 Sequent* 
Detection System (CaqMm). SYBR Green %e intercalation into 
the minor groove of double-strandoi DNA reaches an emission 
maximum at 5X nm. TTie level of gene expression was calcula^ 
after wmnalizuig to tl» cyclophilin level in each rample and is 
pBMented as relative unite. Sai^les were analyzed in Wplicate to 
assMS the accur^y of the measuremente. 

Statistical analysis 

TTie 2-sided Student's /-test was iwrf to evaluate wh^er sig- 
nificant differencM existed between flie mean vduM ot the groups 
analyzed. Tlie Mann-Whitney test was iwed to analyze tumor 
vohimra. Tlie log rank test was used to determii» differences m 
survival curves. 

RESULTC 

Wild-type endostotin and mutant P125A endostatin were ex- 
preffled in soluble form in Pichia pastoris. Both proteins were 
purified to near homogeneity. The wild-tyi» and P125A-endostatin 
contain 183 amino acid resiAies. Tlie expected motonilar weight 
of wild-type enAjstatin is 20,095 and that of tiie P125A mutant k 
20,068. MajVector protein analysis software was iKed to deto- 
mine the expected molecular weight from the primary sequent. 
P125A substitution does alter flie pi of flie protein (pi 9.91). \a 
SDS-PAGE, bofli wild-type and P125A-endostatin migrated to a 
relative position conespondmg to 21 kDa under nonreducing con- 
ditions $%. la). 

Biologic activities of wild-type (P12S) and mutant (P125A) 
endostatin 

Inhibition cf endothellal cell proliferation. To evaluate wtoto: 
the P125A mutetion affected flie biologic activity of endostrtin, an 
inhibition ^say of endottelial cell proliferation was performed. 
Serum.«tarved euiothelial cells were stimulate with human basic 
flbroblart giowfli fartor (TOP). Growth fector-indiKcd endoflielial 
cell proliferation was inhibited by Iwth wild-type and mutant 
endostatin. Dose-response curves demonstrated a better inhibitory 
effect of P125A-endMtetin compared with the wild-type protein 
(Fig. lb). A concentration of 1 M,g/ml wiU-type endostatin was 
requited to inhibit poliferation by 8.6%, wheaeM P125A-endoste- 
tin prodnted a similar level of inhibition at a concentration of 0.33 
(ig/ml. At a concentration of 3 (ig/ml, wild-type endostatin inhib- 
hed proliferation by 22.2%, and an ^uivalent inhibition was 

Gene 

TABLE 1-Ta#fan mMER SHjUENCES' 

BKwafrf 

Ang-2 1478--ITAGCACAAAGGATTCGGACAAT--1500 
Ht-l 2421--GAGGAGGATGAGGGTGTCTATAGGT-- 2445 
FLK-1 45 70--GCCCTGCTGTGCTCTCACTAC- -45 90 
Tie-l 742--CAAGGTCACACACACG6TGAA--762 
VECAM 1652 --GAGCCCAATCACGTTTCAGTTT--1673 
VE-cadheiin 1853 - -TCCTCTGCATCCTCACTATCACA- -1875 
VB3P 805 - -GGAGATCCTTCGAGGAGCACTT- - 826 

Reverse 

1598--TTTTGTGGGTAGTACTGTCCATTCA--1574 
2536--GTGATCAGCTCCAGGTTTGACTT--2514 
4632--CAAAGCATTGCCCATTCGAT--4666 
863 --GCCAGTCTAGGGTATTGAAGTAGGA--839 
1769--TCCTTCGTGCTTCTTGCTA6CT--1748 
1974 --GTAAGTGACCAACTGCTCGTGAAT--1951 
933 --GGCGATTTAGCAGCAGATATAAGAA--909 

, J^'2' Aiigiopoietfn-2; Ht-1, Fms-lifce tywwuie Mnase; KDR, VECfiM, ptaelrt-endothelial ceU ^hesion molecule; VB, vaiicular endottelial- 
VKJF, vascular endothelial growth factor. 
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FtamE 1-Caas^moa b&- 
fiv^ wild-^pe OKk^rin (P125) 
and P125A matitsd bumaii «i- 
dosialin. (a) SM-PACE (15%) 
ftir wiU-^pe Qm» 2) and P125A- 
ciriostatin (lame 3) shows a gin- 
^e hsmd of 21 klfcrnnder nontB- 
ducing conditions for hcA lypes 
of en^Ktatin. ftstein ma&rs 
(laiws I and 4). (h) MiiMtion of 
^Klc^ielial MU proliferation 
Crowflj txtat-Mmed (BOF^ 
endodieiial cell proUfer^on is 
inhibited t^ bcNfa mid-lype and 
mutant endostatln. However, 
P125A-en<k>«ain has a sigmf- 
icandy increased inhibitoiy ef- 
fort on BCB cell growth com- 
paied with wild^ype endmtatin 
(p < 0.05). C^n drclcs, wild- 
type endostatin; closed circte, 
P125A-endostatin. Tlie expeii- 
maite Wffle done in triplicate, 
(c) Mean hunor growth of 
MA148 cells in nude mice 
treated with wild-type emlosta- 
tin, P125A-eiKlostatiii or PBS. 
Tumor growth is significantly 
inhibits by both wild-type and 
P125A-«Kteain, onnpatal wMi 
PBS-H^twl (contool) nmc. No 
rtatirfcal ^txeac^ WMB found 
b«WMn wUd-type and P125A- 
«Mtoi*atin poups. Open dicte, 
wild-type emtosiatiii; cloMri cir- 
cles, P125A-«riostatin; scpiaies, 
FBS. Bats indicate SEM. Five 
animals per psmp were used. 
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obsCTved by P125A-eiidostatin at a concentration of 1.23 iig/ml. 
Based on flie» data, P125A enAjstatin appears to be about 2- to 
3-fold more potent in inhibiting endothelial cell piolifer^on com- 
pared with HK wiU-tyjK protein. Experimente were performoi in 
ttiplicate. 

Inhibition of tumor growth in a xenograft model of ovarian 
cancer. The ability of wild-type and P125A-«ndostatin to inhibit 
tomor powth in vivo was assessed using the MA148 ovarian 
carcinoma model xenografted into nude mice. Tumois in the 
contiol mice grew exponentiaUy, rraching a mean volimie of 1,747 

mm on day 50. Animals treated with wild-type or P125A-endosta- 
tin exhibited a significant reduction in tmnor giowth (p < 0.05) 
compared with untreated animals. On day 50, mice tteatoi with 
wild-type endostatin had a mean tumor volimie of 564 mm,^, an 
inhibition of 67.8% compared witii controls. Ttooughout flie ob- 
servation period, mice treats! with P125A-endostatin exhibited flie 
slowest tumor growth. At the termination of the experiment on day 
50, P125A-<ndostatin-tteated mic« exhibited a mean tomor vol- 
ume of 351 mm,', a reduction of 80% in tomor volume (statisti- 
cally significant, p < 0.05) compared with controls, althou^ this 
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was not statisticaUy different ftom mii» teat«d with the wiM-type 
emlostatin <Fig. Ic). Five animak per group were used. 

The angiogenic switch in C3(l)/Tag mammary gland tumors 
To det€amiiB alterations in fl» expiBKion of several major 

legulatois of angiogenesis during mammary tumor progression in 
C3(l)/Tag traMgenic mic«, we studied flie expression patterns of 
flie angiopsnic fartore VHIF and angioi»ietin-2. 

Bnmnnohistocliemical analyses of VEGF iweptors FUc-l and 
Ht-l, and the endofhelial marter CD-31 (PTCAM) were also 
examiMd during tumor pogression. As previously dracribed .^'M 
C3(l)/Tag traragcnic females develop preinvasive iKions in the 
mammaiy glands (mammary intt^pithelial neoplasia [MDJ]) at 
about 12 weeks of age, followed by the development of invasive 
carcinomas at about 16 weeks of age. Total VEGF protein levels 
were dramatically iaa^sed (p < 0.001) during flie transition ftom 
preinvasive mammary intr^flielial neoplasia to invasive carci- 
noma, as evaluated by ELISA (Fig. 2a).Twelve-week-old FVB/N 
nontransgenic femal« and 12- or IS-week-oU transgenic C3(l)/ 
Tag females esdiibited similar levels of VEGF protein (less than 

1(X) pg/mg totel protein). During tiie ttansition from prcnec^lastic 
tesions to invasive tumois in transgenic animals, an 8-fold incre^e 
in VEGF levels was found (Fig. 2a). Three mice per group were 
used for thKe experiments. 

ImmunohistoclKmical analysis reveated relatively weak VEGF 
stoining in the epithelial cells airf in most endothelial cells of the 
blood vessels in the mammary glands of 12-week-old nonfrans- 
genic FVB/N. MIN tesioM in 12-week-old C3(l)/rag mice ato 
stainal positively for VEGF (Fig. 2b). However, tnmore ftom 
18-20-week-old animals stained strongly positive for VH3F 
(Fig. 2c). Both tte tumor cells and the endoflielial cells stoined 
strongly positive. Tlie substitution of nonimmune serum for the 
primary antibody pnjdu<«d no Gaining (iwuh not stown). Tlie 2 
different antibodiK used for VHIF staming gave i^ntical staining 
patteriK. 

Evaluation of tte VEGF isoforms by RT-PCR revraled that 
noimal mammary glands and mammaiy glands wifli preinvasive 
tesions expressed the 3 VEGF isofomis, VEGF,a^ VEGF,S4 aai 
VEGFjgg. Tumors, however, expreraed VEGF,^ aiKi VEGF,^ 
but not VlGFjgg (Fig. 3). 
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^^, C^Tf^ eattothelial growth fcctor (VEGF) protein expression in mammary glands and ftunois torn C3(iyTag females or control 
animals (a) aiSA analysis. Mammary ^mds ftom control FVBM femsdes have a mean value of 82 ± 12.1 pg/mg totol protein m. 12 wcAs 
ol age. Mammaiy glandis torn 12- and 15-wcck-old C3(l)/rag females with preinvasive lesions have simUar values (93 ± 15 and 70 ± 8 9 
p^mg 1^ protein, iBsp««ively). However, tumors from 18-week-old C3(l)Tag females cxhibitan 8-foU mciease (p < 0 001) to VEGF protein 
values. Tto mm per group were used in ttose experiments, (ft) Immunohistochenucal analysis of mammary glands of 12-week-old CSm/Tae 
females with pmnvasive tosions shows VEGF stoining in the epithelium of the ducts and end buds. Normal mammaiy glands of control animafi 
^ the same age athibit the same pattern of staining, (c) Mammaiy tumor of a 20-wcek-old C3(l)/rag mouse with stronger staintog for VK3F 
than cpiflielial cells in premvMive lesions. (Magnific^on X400.) e e. 
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VEGFIM 
VEGF164 

VEGF120 

ncDKE 3-RT-re;R for vascular endrthelial growth factor (VEOF) isofonns in maminaiy glands and tumois ftom C3(l)/Tag females or 
ccmtrol animals. Mammaiy glands fcom transgenic animals with preneoplasdc lesions (12- and l5-weefc-old) and ftom FVB/N control mice 
express the 3 VKJF isofmms. 1*6 expoaed size for VEOF,^ (431 bp), VKIF,^ (563 bp) and VEGF^^ (635 bp) bands tm found in thrae 
animals. Tiimots from 18- or M-week-old females only express VEOF,2o and VB0F,g4, but not VEGF,gg. 

ImnMinohBtocheinistiy for the VEGF-MceptOT Hk-l revealed 
that mammaiy epithelium from 12-week-old control FVB/N mice 
exhibited barely &;tw;lable staming in Urn epithelium (Fig. 4a), 
whei»as the endothelial cells of some blood vessels stained posi- 
tively for FBc-l, In mammary glands from 12-week-oM tiansgenic 
animab, Flk-1 staining was detorted in the cellular apex and basal 
compartment of the premalignaitt epithelial cells (Fig. 46,c). Inva- 
sive catcmomas were characteriMd by strong Flk-1 stoining in 
both tumor (Fig. 4d) and endothelial cells. Hie VEGF receptor 
Flt-1, however, was undetectable by immnnohistochemistry in 
epifljelial and raidothelial cells, in both 12-wesfc-old FVBfl* con- 
trol mammary glands and MIN tesions in C3(l)/Tag mammary 
glands (Fig. 4c). However, both tumor cells aiKl blood vessels 
stein»l positively for Ht-l in invasive carcinomas (Kg. 4J). 

Hie angiogenic switeh in C3(iyTag mammaiy tiunoiB was also 
characterized by an increase in angiopoietin-2 mRNA levels dur- 
ing the hansition from MIN to adenocarcinoma. Ttanors from 
18-weck-old ttansgenic animals exhibited a 2.5-fold increase (p < 
0.01) in angiopjietin-2 mRNA levels cornered with that olwerved 
in traisgenic mice with preinvasive Imiom or nontiansgenic mice 
(data not diown). 

Tumor vascularization was studied using CD-31 immun«Ktoin- 
ing. In mammary glands of C3(l)/Tag ini<» with pirainv^ive 
lesions, endotlKlial cells of flie capillary netwoA surrounding the 
adipocytes ^ig. 5a^) and larger vessels within the mammary 
glands stoned positively for CD-31. No seining was oteerved in 
flie epithelial c»lls, m expected, Nonnal mammary glancte from 
nonttansgenic conttol mice exhibited a similar staining pattern for 
CD-31 (data not diown). No CD-31 staining was observed in more 
advancxd lesions, such m high-giade MIN and early invasive 
carcinomas (micioMopic), which were found in most aninuls after 
15 weels of age, iixiicating that blood vessel recruitment had not 
yet occurred (Fig. 5c). Intratumoral VMsels were observe by 
CD-31 steining when tamois r^ted an approximate volume of 1 

mm in sire (Fig, 5d), Latg«- palpable tumoi« were highly vaaai- 
larized (Fig. 5efi. 

P12SA-endostatin inhibits mammary adenocarcinoma 
development and growth, decreases tumor number and prolongs 
the survival cfCSfiyTag mice 

To evaluate whether P125A-endostatin is able to inhibit tunuw 
angiogenesis in C3(l)/Tag mice, we tiea^ 12-week-old animals 
(« = 8) with the hi^ly artive form of endostatin, P125A, daily for 
3 weeks. The administration of P125A-endostatin for this 3-wedc 
period significantly delayed tumor oiKet (p = 0.011, Fig. 6fl).In 
flje control group, tto earh^t ttunor onset <x;ciirrcd at 16 weeks of 
age, wha^s in the endostatin-ttealed group, tumm- onset oamrwd 
at 18 weeks of age. By Ms age all the anin^ in the control group 
had developed tumore, whereas only 1 emtostatin-t^ted animal 
had palpable tumors. However, despite tiK delay in flunor appear- 
ance, 100% of the treated mice developed palpable tomois by 21 
weeks rf age. Three mice per group were iisal in diese experi- 
mente. 

Tumor burden in the group of animals tteated with endostatin 
was very sipiiflcantly decreased, oimpaied with controls, from 
week 16 to week 21 {p< 0,01, Fig, 66), In tl» control group, flie 
mean ciunulative ttimor burden was 1,481 ± 510 nun' at 19 weeto 
of age (1 month after tte CMsation of treahnent), HowevCT, in the 
group of animals treated with enttostatin, the mean value was 70 ± 
32 mm'* at flie same age (an ^proximate 20-foM ^crease). At 22 
weete of a^ (the end point of siffvivd for the control animals), the 
mean cumulative tumor burden for control animals was 2,420 ± 
820 mm,*, wheiBas tto group of animals treated with end<»tetin 
exhibited an approximately 2-fold doaease, wifli a mean value of 
1,230 ± 331 mm* (p < 0.05). 

A significant daxeam in the utean number of bimoiB per animal 
(MNT) was oteerved in mice treated with end(»tatin compared 
with controls, from 16 weels to 19 weeks of age. At 18 weeto of 
age, tte MNT for controls was 1.2 ± 0.3, whaseas for tteatol 
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ncoKE 4-Iinmuiiohiaiochenii- 
cal analysis of VEOF receptors 
(Hk-l and FU;-1) in maimnMy 
glands and ftimois fcom C3(l)/rag 
female or cnnbrol animals, (c) In 
control animals, no staining for 
Flk-1 is cAseivcd in the qtiitelium, 
and faint Gaining is seen in blood 
VMsels. (fr) Flk-1 staia<i positively 
in MIN lesions in 12-week-old 
Iransgcnic animals, mainly in die 
apex (anow) and basal zone of the 
epithelium, (c) An increase in 
rtk-l immunoMiiung is observed 
in moie advance lesions, (d) 
Strong Hk-l gaining is observrf 
in tumors. («) Lack of Ht-l immu- 
no^aining in a preinvasive mam- 
mary lesion ftom a l2-week-dd 
C3(iyrag mou». The same result 
is observed in normal mammaiy 
glands fcom contart females (not 
shown), (^ "nimOT cells ftom 
C3(l)/Tag animals exhibit strong 
staining for Ht-l, (Magnification, 
a, c, d, X200; b, e, f, X400.) 

animals it was significantly lower, 0.2 ± 0.2 (p < 0.05). At 19 
weAs of age, the MNT leniained significantly different (p < 
0.05): 1.8 ± 0.2 for controls, and 0.8 ± 0.3 for teated animals. 
However, due to fte prolonged surwval of endostatin-treated an- 
imals after Ms age and the ladt of continued treatment with 
endostatin, the MNT te;anie simlkr for both groups by 20 wreks 
of age (2.2 ± 0.2 for controls and 2.6 ± 0.6 for treated mi(«). 

Survival curv« (temonatated flat endcKtetin-tieated animals 
liv^ significanfly longer than PBS-treatoi mice (3-4-week in- 
oease in survival, p = 0.(X)86, Fig. 6c). No signs of toxicity or 
weight loss weie obsearai as a result of the endostatin treatment. 

P125A-endostatin downregulates the exprmsion ofangiogenic 
factors in preinvasive mammary glands but does not inhibit MIN 
formation 

To fctermine the preventive effect of endostatin on flie angio- 
genic switch and tumor development in C3(l)/Tag mice, analpes 
were perform«J on mammaiy glands at 15 weelB of age (afEer 
cMsation of treatment) to identify changes in flie histopathology, 
rates of poliferation and apoptosis, as well as mRNA levels of a 
battery of angiogenic factore. 

Histopalhologic evahiation showed no remarkable diffa-encK in 
lesion formation at 15 weeto of age Iwtween Ito conttol arni 

erulostatin-freated animals. Mammary glai^ whole mounte and 
histologic analysis revealed (hat bolh groui« of anhnals had the 
typical pafliologic lesions found in C3(iyTag mice at this age, 
with multiple MIN lesions and some high-grade MIN. Control 
mice had 22.1 ± 7 MIN lesions per mammary gland, whereas 
P125A-endostatin-treated mice had 27.2 ± 8.2 MIN lesions, which 
was not statistically diff«»nt. Cellular proliferation, as evaluated 
by Ki-67 staining, was observai only in epithelial cells in tolh 
treated and untreated mice. No endothelial proliferation was ever 
observed at this stoge of tumor progression. Quantification of 
Ki-67-positive cells was similar between both grou^ of mice 
(82 ± 12.7 in controls and 79 ± 10.9 in treated mice). Similarly, 
TUNEL stauiing was positive for aptq>tosis only in epithelial cells, 
but not in endothelial <«lls, in both treated and untreated animals. 
The apoptotic index of epithelial cells was similar in controls and 
endostatin-teated mice (12.3 ± 7.2 in ojntrols and 12.1 ± 9.7 in 
treatoi mice). 

Despite similarities in histopathology, differences in mRNA 
levels of angiogenic factors were foimd betw^n conttol animals 
and animals treated with endostatin as nuasured by real-time 
RT-ICR. VEGF mRNA levels were teaea^d atout 50% (p < 
0.01) in mammary glan& fmm freated animals, compared with 
controls. Total VKJF protein levels were also measured by 
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blood 
MIN 
maise. No Mood vessds inva<fing ihe MIN lesion are appaient (d) In small ftunore (approximately 1 mm* in size,), inl 
invasion is observed. («) Larger tumors are higUy vasMlarized. (ft Another tumor with a more glandular histolodc ' 
ahindant v^culaiization. (Magnification, a, c, X200; b, X4a); d-f, X40.) 

itrabmoral blood vessel 
p^tem, also exhibiting 

ELBA, in 15-w«k-old PBS- or P125A-teated mice. Control 
animals had an average valiK (± SEM) of 71.3 ± 7,2 pg 
VEOF/mg total protein. Mice treated wifli P125A-endostatin ex- 
hibited significantly lower vahies campaied with controls (48.1 ± 
9,p< 0.05; approximate 32% deci^se). Angiopoietin-2 mRNA 
levels were alaj significantly cfecreased, by 44% (p < 0.01). 
Emtostatin treatment nesulted in a significant decrease in mRNA 
levels of VaJF roeptors Hk-l (33%; p < 0.05) and Ht-1 (27%; 
p < 0.05), Tie-1 and cadhwin-S mRNA levels were decreased by 
31% (p < 0.05) and 19% ^ = 0,1), resp«rtively, in the mice 

treattti with enAistatin, compai^ with flie animals treated with 
PBS. PTCAM (CD-31) mRNA tevels were Released by 33% (p < 
0.05). 

DISCUSSION 

ftevioBS studies have shown that the admioBtration of murine 
endostatin inhibite tumor growA and metastasb in mouse mod- 
els,'*-'* However, in our experience, Ite efficacy of human en- 
dostatin in mouse models has been problematic. We observe m> 
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FtoiBE 6 - Effect of P125A-enctosa- 
tin on mammaiy tumor growth and sur- 
vivaL (a) Comparison of tumor inci- 
dence between endostatin-tre^ed and 
iBrtieated females. Tlicw! is a significant 
delay in tumor incidence between the 
groups (p = 0.011). (fc) "nmior burden in 
endostatfn-beated animals was very sig- 
niflcandy ^creasexl from wMik 16 to 
we«k 21 (p < 0.01), compared with con- 
trol mkc (**, p < 0.01; *,p< O.M. (c) 
Survival curves. The increase in survival 
in toe P125A-cndostain-tiJeated mice is 
statistically significant (p = 0.0086). 
Eight a(l)/Tag tcansgenic mice were 
treated with P125A-endostotin, and 10 
mice were injected with PBS (controls). 

efif«:t on tnanunary tumor «tevelopment and progression when 
C3(l)/Tag mice wete treated with human endostatin (Calvo ai«i 
Gi^n, unpublished obrervations). In (he piEMnt study we have 
characteriMd a muta^ fonn of human endostotin (hat exhibits 
enhanced activity comparol with the wild type. 

The spontomous P125 A mutation that occurred during die clon- 
ing p-ottss is located immediately before the NGR, a endothelial 
cell homing motif for endostotin.'* TTnou^ Ae iwe of phage 
display libraries, this motif was shown to Mntoin homing se- 
quences for tumor vasculature.^^ Our chararterization of (his mu- 

toted foim of human endostatin (P125A) demonstrated increase 
inhibition of endothelial oM proliferation and in vivo xenogtaft 
tumor growth compared with wild-type endostataia 

Due to (his enhanced activity, we decided to investigate flirther 
flie inhibitoiy effects of P125A-endostatin on C3(iyTag mammary 
gland lesion progression. We have demonstrate that a liniit«l 
course of P125A-<ndcKtotin retards tumor onset and decieaKs 
tumor growth and multiplicity. P125A-endostatin apprais to in- 
hibit Urn angiogenic switeh and tiimor growth by downr^ulating 
the exprMsion of a variety of p^oangiogenic factore at the prein- 
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vmvre to invasive transition stage. Tlie flierapeutic efficacy of 
P125A-endostatin on mammaiy tumor developmait in transgenic 
mice is sunilar to that for lecombinant miirine enlostetiii, on whicli 
we have previously reportrf.^ 

Some studies have suggested fliat (he main effect of endratatin 
might be related to the pievention of primaiy tumor itevelopiffint 
as well as m^astatic profrrasion, rather flian regression of large 
established tiuiMtts,'*" Betgers et aU^ demonstratol in flie RIPl- 
Tag tonsgenic model of pamaeatic islet cell carcinoma that re- 
combinant endostatin is highly effective in inhibiting ftimor pro- 
gression from hypeiplastic teions to invasive carcinomas but fliat 
endostatin has much less effect in treating laige, Mtablished tu- 
more. Moreover, in oflier mouse models in which transplantable 
tumor cell lines have Iwen iKed, flie strongMt therapeutic effect has 
b«n described when endostatin was given shortly after flie im- 
plantation of tumor »lls.** Similar peventive effMts have been 
ol»erved with angiostotin,^ 

C3(iyTag females ^velop preinvasive alterations in te mam- 
mary glai^ at about 12 weeks of age and invasive carcinomas 
afta- about 16 weeks of age.^'-^ We have shown in the present 
study that the transition ftom preinvasive lesions to invasive car- 
cinomas is accompanied by an inci^i^ in exprrasion of the 
proangiogenic factors VKJF ami angiopoietin-2, M well m VEGF 
receptcMS Hk-l and Flt-1, thus establishing a mechanism for the 
angiogenic switeh in (Ms tumor moiteL Even though we have 
oiKerved VR3F expression in epitlKlial and emiothelial cells in 
tto virgin normal mmnmary gland, die exprrasion of Flk-1 awl 
Ht-l is very low and is iratricted to endo(helial cells. Hk-l is flret 
^resMd m ^ittelial cells in preinvasive lesions, whweas Ht-l is 
umletectoble at (his stege. In conteast, both qjithelial and eiriothe- 
lial cells of tumora exprras high tevels of Hk-l and Ht-l. 

Tliese results sug^st that angiogenesis in this model of mam- 
mary nimor progression is activated not only ly an increa» in 
VKJF but also by an increase in die expression of VHjF t&xp- 
tore. Since we have demonstrated diat VEGF receptore are local- 
iMd on the tumor epithelial cells, our resulte si^grat that VEGF 
may be acting as an autocrine fector on tumor txMs in aldition to 
ite paracriiK eflfojts on endothelial cell growth. Oflier studies have 
also su^ested that VEGF may have autocniK rffecte. For in- 
stant, in the rat Iwnnone-inducrf mammary tumor model, Xie et 
aU* stowed coexpression of VEGF and its receptore in tumor calls. 
Enhanced expression and activation of FDc-l has recently been 
reported in hiunan breast carcinoma as well, in which an incre^e 
in VEGF levels has been also Ascribed.*' 

Although tl» overall amount of VR3F in C3(iyTag mammary 
a^nocarcinomas is hi^ier than that in control mammary glands or 
in mammary tissiws with early MIN lesions, there is also a change 
in die isoforms of VEGF that are being p°oducM. It has teen 
shown that VEGF informs act in different, yet c<K>rdinated ways 
to promote tumor angiogeaesis.** The RT-KJR analysis presaitrf 
in our study ttemonstiates fliat normal and mammary glands wifli 
Mm lesions express the 3 VEGF isoforms IM, 164 and 188. 
However, there is no expression of the V^F,88 mRNA isoform 
in the invasive carcinomas. A K«ent study has sinularly «temon- 
sttatrf fliat, imlikE VK3F,a> and VEGF,«5, VEGF,8g mRNA is 
not iiKteas«l in sev«al types of tumors.^ However, another report 
has d^cribed etevated levete of VKjF,gg associate wiflj in- 
creased tumor agpessivenras in lung cancer.^' VEGFjgg rcmams 
attached to the extra;ellular matrix (KM) and causra high intra- 
tomoral misa-ovasmlaiiration, but little or no lectuitment of pe- 
riphery vascndature. Tte flmctional significance of the consistent 

loss of VEOF,gg mRNA in C3(l)/rag tumore remains unclear and 
is being investigated fiirther, 

Histc^afliologic examination of flie mammary glan^ ftom 15- 
week-old mice (immediately after the trratmait jwriod) revealed 
no difference between the control and treated animals, Botti 
grou|M hai similar histopattiolgic alterations, both qualitatively 
and quantitatively, consisting of low-grade MIN and, less fte- 
qiwnfly, high-gr^ MIN lesions. Tte proliferation and ^optosis 
indexM were also similar tetween both groups. Ihtei^tingly, we 
did not observe positive TUNEL staining in ttie endottelial <»lls of 
animals trea^ wi(h endostatin. TUs result suggests that endosta- 
tin doM iBt cause apo^osis of endoflielial cells in preinvasive 
mammary lesions. It h^ l^n reported fliat endostatin induces 
apoptosis in endoflielial cells in vitro?'^ Beigeis et aD* noted ttat 
RlPl-Tag traiBgenic mi<» treated with endostatin in a prevention- 
type study had no changra in histolo^, blood vessel density or 
apoptotic index at flie preinvasive stage. However, apoptotic fig- 
ures were ob^OTed (in both endo(telial and tumor cells) in animals 
treatel wifli establidied invasive tumors. 

Our results suggest ttiat tte preventive eff«rt of endostotin to 
HKdiated by effiw^te oflier flian ^o^osis in thto mammary tumor 
model. Hiis is consistent with caa ob^rvatioiK comparing the 
expr^sion of a batery of anpogenic fectoK in prraieoplastic 
mammaiy glands tetween endostatin-treated ot untreated inic». 
Endostotin treatment rraulted in (he downrcgulation of VKJF, 
Flk-1, H-1, angiopoietin-2, PTCAM (CD-31), Tie-1 airf cad- 
herin-5 mRNA levels. Total VEGF protein levels were also de- 
creased in P12SA-treated mic» com^^^ wifli cojrtrols. TUs 
downregulation of angiogenic fectore prior to or during tte angio- 
genic switch would prraumably lead to a disruption of tte nonnal 
piDC«s of tumor angiogeiKsfa and, therefcwe, to tte inhibition of 
tumor growth fliat we have observal in C3(l)/Tag mi«». In addi- 
tion, any tumor-promoting effects fljrough potential VEGF auto- 
crine mo;hanisms would ata> be inhibited. 

Shichiri and Hirata** have reKsntiy demonstrated in vitm fliat 
flie mwn ettext of raidostatin on enttothelial cells is a strong 
inhibition of cell migration, radio' than the induction of endottelial 
cell apcqAHis or cell ciycle arrest Ttese autho» have demonstrate! 
that endostotin downregulates genes associated with cell migration 
ami angiogenesto, such m endo(helin-l, ETg mce^es, integrin av, 
integrin-p3, FAK, caflietin-S and ¥ECAM. We sunilarly demon- 
strate in vivo fliat endostotin is assodat^ wifli reducai exp«ssion 
of cadherin-5 and WCAM. Our results are consistent with the 
notion fliat a major effect of endostotin is the prevention of 
endothelid cell recruitment, mip'ation and vessel formation. TMs 
explanation would te constotent with tte strong inhibition of 
endostotin on rapid tumor growth in animal modeto but only 
modrat etecte on large estoblidied tumore. 

lb summary, we have demonstrated fliat (he downregulation of 
angiogenic tmtors in C3(l)/Tag ttansgenic mice by the P125A 
muteted form of human endostotin is associated with the inhibition 
of tumor growth. These results suggest that endostotin might te 
effective in inhibiting 4e ttansition of ductol carcinoma in situ to 
invasive carcinomas and wanant fiirther mvestigation. 
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ABSTRACT 

Vascular Endothelial Growth Factor (VEGF) fiinctions as a key regulator in 

tumor angiogenesis. In addition, VEGF is an important survival factor for endothelial 

cells under chemical or physical stress, hi this report, we show that treatment of 

endothelial cells with the chemotherapeutic agent, Carboplatin, significantly increased 

the expression of VEGF. Furthermore, neutrahzation of secreted VEGF with antibodies 

sensitized endothelial cells to Carboplatin and increased apoptosis several-fold. 

Mterestingly, Carboplatin treatment did not alter VEGF expression in tumor cells. 

Similarly, antibody to VEGF did not change the chemosensitivity of tumor cells to the 

drug. Most importantly, tumor-bearing animals treated with Carboplatin showed an 

increase in VEGF immunoreactivity in the vasculature, confirming the in vitro studies. 

Based on these observations, we determined whether neutrahzation of VEGF could 

enhance the anti-tumor activity of Carboplatin in an in vivo model system. A combination 

therapy consisting of Carboplatin and VEGF antibody synergistically inhibited soUd 

tumor growth and included multiple complete responses. These findings suggest that 

VEGF is a critical endothehal cell specific survival factor that is induced by Carboplatin 

and contributes to the protection of tumor vasculature during chemotherapy. Our results 

provide evidence that a Carboplatin-b^ed treatment regimen can be combined with anti- 

VEGF antibodies for improved anti-tumor effect. We conclude that this combination 

therapy should be therapeutically applicable to many types of mahgnancies since 

Carboplatin differentially induced VEGF expression in non-tumorigenic cells, i.e. tumor 

host vasculature. 



INTRODUCTION 

Ovarian cancer is the leading cause of death among gynecological malignancies 

(1). The current standard treatment regimen consists of surgical debulking of primary 

tumors followed by platinum-based chemotherapy. However, major limitations are 

Msociated with this approach. Insufficient dehvery of drugs to tumor tissues is 

accompanied by major, intolerable toxicity of current chemotherapeutic agents. Jn 

addition, the heterogeneity of cancer tissues and the development of drug resistance 

compUcate cancer therapy. As a consequence, even new combination therapies (i.e. the 

administration of Carboplatin in combination with Taxol) displayed only marginal 

improvements in overall response rates in ovarian cancer patients (2, 3). Clearly, there is 

a need for a better understanding of chemotherapy-induced cancer cell resistance. More 

importantly, improved treatment modalities are necessary. 

Recent studies have shown that tumor angiogenesis may be an alternate target for 

cancer therapy (4, 5). Angiogenesis, the development of new blood vessels from pre- 

existing vasculature, is one of the processes linked to tumor growth and its metastatic 

spread. In the absence of neovascularization tumor cells undergo apoptosis and fail to 

expand (5). Tumor angiogenesis is mediated by both tumor cells themselves and the host 

cell microenvironment. Several growth factors have been identified as potential 

regulators of angiogenesis. However, VEGF and its tyrosine kinase receptors, Flt-1 and 

KDR/Flk-1, have been imphcated as key components in the vascularization of a tumor 

(6). Direct proof of this hypothesis comes from a multitude of experiments, where the 

disruption of the VEGF signaling pathway inhibited angiogenesis in vitro and solid tumor 

growth in vivo (7-17). 



In addition to its central role in regulating tumor angiogenesis, VEGF has 

been identified to function as an important survival factor for endothelial cells. VEGF 

expression is induced by hypoxia, which was shown to rescue newly formed endothehal 

cells in the retina that were exposed to low oxygen environment (18). VEGF is also able 

to save newly formed tumor vessels from undergoing apoptosis (19, 20). Moreover, 

VEGF was shown to inhibit endothehal cell apoptosis induced by tumor necrosis factor- 

alpha (21) and anchorage disruption (22). Therefore, VEGF seems to play an important 

dual role in the progression of a cancer, which include the direct stimulation of 

neovascularization and the concomitant protection of tumor vessels. 

Various reports have shown that antiangiogenic therapies potentiate cytotoxic 

anticancer therapies in several in vivo model systems (23, 24). Particularly, Carboplatin- 

based therapies were responsive to combination treatment with the antiangiogenic agent 

TNP-470, a potent inhibitor of endothehal cell prohferation and migration (25). However, 

the exact mechanism of action of this combmation strategy is not folly understood. In this 

report, we show that Carboplatin significantly increases the expression of VEGF in 

endothelial cells in vitro and in tumor vessels in vivo. Neutralization of VEGF by specific 

antibodies significantly increased the sensitivity of endothehal cells to Carboplatin. In 

contrast, antibody to VEGF did not augment the chemosensitivity of tumor cells in vitro. 

We also show that a combination therapy consisting of Carboplatin and VEGF antibody 

produced a more than additive antitumor effect with multiple complete responses in an 

ovarian cancer model system. Our findings suggest that Carboplatin treatment induces the 

VEGF stress response in tumor vessels and by blocking this survival mechanism, 

synergistic mhibition of tumor growth can be achieved. 



MATERIALS AND METHODS 

Cell Culture 

Early passage Human Umbilical Vein Endothelial Cells (HUVEC), were kindly 

provided by Dr. G. Vercellotti (University of Mimiesota, Minneapolis, MN), and 

maintained in EGM medium (Clonetics, San Diego, CA) in tissue culture flasks pre- 

coated with 0.1% gelatin (Sigma, St. Louis, MO). HUVEC cultures were used between 

the second and fourth passage for experiments. MAWS, a himian epithehal ovarian 

carcinoma cell line, was maintained in RPMI 1640 medium (Life Technologies, Grand 

Island, NY) supplemented with 10% fetal bovine serum (FBS, Cellgro, Mediatech, 

Washington, DC) and 1% penicillin/streptomycin (Cellgro, Mediatech, Washington, DC). 

MAMS cultures were split 1:3 every 3-5 days. All cell lines were maintained at 37®C and 

5% CO2. 

Anti-VEGF Antibody 

Polyclonal anti-VEGF antiserum was developed in rabbits by a 

hyperimmimization protocol using recombinant human VEGF165 as previously 

described (26). The antibodies were purified from the serum by affinity chromatography 

using a Protein A agarose column (Sigma, St. Louis, MO). Similarly, control antibody 

was obtained from the serum of non-immunized rabbits and purified by Protein A affinity 

chromatography. Purified IgG fractions were dialyzed in phosphate buffered saline (PBS, 

pH 7.6) and concentrated to 20 mg/ml by ultrafiltration using a YM-30 membrane 

(Millipore, Bedford, MA). Antibody samples were then filter sterihzed by a 0.2 |j,m filter 

(Millipore, Bedford, MA) and stored in ahquots at -20° C. Antibody purity was assessed 



by SDS-PAGE. Immunoreactivity with recombinant VEGF165 (R+D Systems, 

Minneapolis, MN) by ELBA and Western Blot was used to determine specificity of the 

antibody preparations. Characterization of the antibody has been previously pubUshed 

(26). 

Measurement of VEGF Levels 

MAMS or HUVEC were plated at a density of 3 x 10^ cells/well in a 6-well plate, 

allowed to attach overnight, and exposed to various concentrations of Carboplatin 

(Sigma, St, Louis, MO). HUVEC were seeded on plates pre-treated with 0,1% gelatin. At 

24 and 48 hours time points after Carboplatin treatment, VEGF levels in the conditioned 

media were measured by ELISA (Cytimmune, College Park, MD) and normalized to 

viable cell number as determined by Trypan Blue exclusion (Sigma, St. Louis, MO). 

Cell Proliferation Assays 

Cells (HUVEC or MAMS) were seeded at a density of 1x10* cells/well into 96- 

well plates and allowed to attach overnight. Carboplatin and/or antibodies were then 

prepared in different dilutions using the appropriate culture medium and added to the 

cells. Forty-eight hours after treatment, cells were treated with MTT (Sigma, St. Louis, 

MO) at 0.5 mg/ml for four hours. Medium was then removed and the dye was dissolved 

in 100 |xl dimethyl sulfoxide (Sigma, St. Louis, MO). Absorbance was measured at 560 

ran with 650 imi background readings subtracted. 



Apoptosis Assay 

Cells (HUVEC/MA148) were seeded at a density of 3x10* cells/well into 8-well 

chamber slides (Nalge Nunc, Naperville, IL) and allowed to attach overnight. Carboplatin 

and/or antibodies were then added to the wells. Samples were incubated for forty-eight 

hours and then analyzed for apoptosis by TUNEL assay (Boehringer Mannheim, 

Germany). Digital images were acquired using a fluorescence microscope equipped with 

an Optronics (TEC 470) single chip cooled camera. Metamoiph image analysis software 

(Image 1, Westchester, PA) was used to store the images as TIFF files. Fields were 

chosen randomly to ensure objectivity of sampling. The files were then opened in Adobe 

Photoshop (Adobe Inc., Mountain View, CA) and the apoptotic index was estimated by 

counting the number of TUNEL positive pixels per field using a histogram analysis. 

Tumor Model 

Exponentially growing MAMS, a human epithehal ovarian carcinoma cell line, 

was harvested by trypsinization, washed twice with Hanks' balanced salt solution 

(Cellgro, Mediateeh, Washington, DC) and resuspended at 2 x 10 ^ cells/ml in serum fi-ee 

RPMI1640 medium. One hundred jil of the suspension was then injected subcutaneously 

into the flanks of 6 - 8 week old female, athymic, nu/nu mice (National Cancer Listitute, 

Bethesda, MD) and the tumors were allowed to establish. On day ten, the animals were 

randomized and treatment was initiated. Carboplatin (32.5 m^^dose) was administered 

by i.p. injections once every three days for five doses. Anti-VEGF IgG or pre-immime 

control IgG treatment (2 m^dose) was given i.p. once every three days for a total often 

injections. Control animals received equal amounts of sterile PBS. Tumor growth was 



monitored by caliper measurements and tumor volumes were calculated by the formula 

(tumor volume (mm^) = a x b^ x 71/6), where 'a' represents the larger diameter and 'b' 

represents the smaller diameter of the tumor. 

For histological examination of the tissues, animals were sacrificed and tumor 

specimens were harvested at either the conclusion of the Carboplatin treatment regimen 

(day 22) or anti-VEGF IgG treatment schedule (day 40) as indicated. 

Histology and Immunohistochemistry 

H&E stainings of paraffin embedded tissue sections were used for general 

histological examination of the tissue specimens. Frozen sections were prepared for the 

staining of VEGF and tumor blood vessels in Carboplatin treated specimens versus PBS 

control animals. Here, harvested tumor tissues were embedded in tissue fi-eezing medium 

(Miles hic, Elkhart, IN), snap fi-ozen in liquid nitrogen and subsequently cut into 10 (xm 

thick sections. Next, tissue specimens were slowly brought to room temperature, air dried 

and subsequently fixed in acetone for ten minutes. The slides were then allowed to air- 

dry for one hour and washed three times for 5 minutes in PBS, pH 7.5. The samples were 

then blocked with PBS containing 0.1% bovine serum albumin for thirty minutes at room 

temperature. The tissue sections were stained for VEGF with a mouse monoclonal anti- 

VEGF antibody (VEGF Ab-3 (JH121), Neomarkers, Fremont, CA; antibody recognizes 

both human and mouse VEGF, 1:20 dilution) for one hour at room temperature. Next, the 

sections were washed in PBS and incubated with FITC-labeled rabbit anti-mouse IgG 

antibody (Sigma, St. Louis, MO, 1:20 dilution) for one hour at room temperature. In 

addition, we simultaneously incubated the slides with phycoerythrin (PE) conjugated to a 



monoclonal antibody to PECAM-1 (PE conjugated anti-mouse CD-31, 1:50 dilution, 

Pharmingen, San Diego, CA) to stain for blood vessels. The slides were washed three 

times with PBS, pH 7.5 and immediately imaged in an Olympus BX-60 fluorescence 

microscope. 

Statistical Analysis 

Statistical significance between treatment groups was determined by one-way 

ANOVA or the Student's t-test. 

RESULTS 

Differential Sensitivity of Tumor Cells versus Endothelial Cells to Carboplatin 

Carboplatin is a potent chemotherapeutic drag used in the treatment of ovarian 

cancer, hi a series of experiments, the in vitro sensitivity of ovarian carcinoma cells 

(MAMS) and endothehal cells (HUVEC) to Carboplatin was evaluated. As shown in Fig. 

1, MAMS cells were about 100 fold more sensitive to Carboplatin than HUVEC. The 

tumor cells showed a TCID50 of roughly 0.7 |j.^ml compared to a TCID50 of 50-70 

(ig/ml for HUVEC. Therefore, endothehal cell populations appear to be less sensitive to 

Carboplatin than tumor cells. 

Carboplatin Differentially Up-regulates VEGF Expression in Endothelial Cells 

To fiirther elucidate the apparent resistance of endothehal cells to Carboplatin 

treatment, we investigated the role of Vascular Endothehal Growth Factor (VEGF), a 

known endothehal cell survival factor, under these conditions. Both ovarian and 



endothelial cell cultures were treated with their respective TCID50 concentration of 

Carboplatin and VEGF levels in the conditioned media were measured by ELISA. As 

shown in Fig. 2, Carboplatin treatment did not alter the level of VEGF secreted by the 

tumor cell line at both 24 and 48 hour time points. VEGF concentrations ranged between 

47.8 and 58.4 pg/lxlO* cells. However, treatment of HUVEC with Carboplatin resulted 

in a five-fold increase of VEGF levels at 24 hours (22.8 pg/lxlO^ cells for control versus 

129.4 pg/lxlO^ cells for Carboplatin treated cultures). An even more pronounced effect 

was seen at the 48 hour time point with a twelve-fold increase in VEGF levels in 

Carboplatin treated HUVEC (17.9 pg/lxlO^ cells for control cells versus 224.2 pg/lxlO^ 

cells for Carboplatin treated cells). These values were statistically significant as 

determined by the Student's t-test (p < 0.038). Our results indicate that Carboplatin 

induced expression of VEGF in endothelial cells could act as an anti-apoptotic factor, 

which partially rescues these cells from the cytotoxic effects of this drug. 

Antibody to VEGF Potentiates the Inhibitory Activity of Carboplatin on 

Endothelial Cells 

To further verify the above-mentioned hypothesis, we next tested whether the 

addition of specific antibodies to VEGF could neutraUze the growth factor dependent 

rescue. Carboplatin induced cytotoxicity was determined in the presence or absence of 

anti-VEGF IgG (30 |ig/ml). As shown in Fig. 3, the addition of anti-VEGF antibody to 

Carboplatin-treated HUVEC significantly increased the cytotoxicity of the 

chemotherapeutic by 12.58% (p < 0.014, Student's t-test). This effect was specific since a 

corresponding pre-immune control IgG treatment (30 (ig/ml) did not significantly 
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incre^e the inhibitoiy effect of the drug (p > 0.34). In contrast to endothelial cells, anti- 

VEGF IgG did not influence the chemosensitivity of tumor cells. In fact, the inhibitory 

activity of Carboplatin was decreased by 10 % with the addition of anti-VEGF IgG and 

by 3.7 % with the use of pre-immune control IgG. However, these changes were not 

statistically significant (p>0.057 for both points). 

We also assessed the effect of exogenous addition of recombinant VEGF165 (27) 

to Carboplatin-treated HUVEC. VEGF partially rescued endothehal cells at 

concentrations between 10-100 ng/ml (data not shown). In contrast, the human ovarian 

carcinoma cell line did not respond to the exogenous addition of VEGF (data not shown). 

Therefore, VEGF seems to significantly improve the survival of Carboplatin treated 

endothelial cells selectively. Moreover, the specific neutralization of this growth factor 

with antibodies potentiates the cytotoxicity of this drug to endothelial cells. 

Antibody to VEGF Increases Apoptosis in Carboplatin Treated Endothelial Cells 

To determine whether Carboplatin mduced expression of VEGF rescues 

endothelial cells Jfrom apoptosis we performed a TUNEL assay. As shown in Fig. 4, 

addition of the chemotherapeutic drug to HUVEC increased the apoptotic index nine-fold 

compared to medium control. More importantly, a combination treatment of Carboplatin 

with anti-VEGF IgG (50 |ig/ml) resulted in an additional 1.85-fold increase in apoptotic 

index versus Carboplatin alone treated samples (p < 0,03, Student's t-test). This effect 

corresponded to a 17,4-fold increase in apoptosis when compared to mediimi control. 

Again, the specificity of this effect was verified with the addition of pre-immune IgG (50 

|j,g/ml), which did not augment the apoptotic response to Carboplatin treatment. In 
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comparison, equal concentrations of anti-VEGF or pre-immune antibodies alone did not 

change the apoptotic index, which was similar to medium control. Clearly, these results 

suggest that Carboplatin-induced VEGF, and not b^al levels of the growth factor, 

functions as an important survival factor and partially rescues endothehal cells from 

apoptosis. 

Carboplatin Specifically Up-regulates VEGF Expression in Tumor Vessels In vivo 

To determine whether Carboplatin could induce VEGF expression in vivo, a nude 

mouse model was employed. MAMS tumor cells, the same carcinoma cell line used for 

the in vitro experiments, were transplanted s.c, into the hind leg of athymic nude mice. 

After ten days, small palpable tumors were established and treatment was initiated, A low 

dose of Carboplatin (32.5 mg/kg/dose) was then administered every three days for five 

doses, at which point the animals were sacrificed and tumor tissues were harvested. 

Sections were prepared and immunochemically stained for VEGF and CD-31. As shown 

in Fig. 5 A, PBS treated control animals showed a consistent but low expression of VEGF 

in the tumor tissue. In contrast, Carboplatin freated animals displayed increased 

expression of VEGF in the v^culature (Fig. 5B). Staining of the tissues with specific 

antibodies to the endothehal cell marker CD-31 -wm used to identify vascular structures 

in the tumor tissue (Fig. 5 C and D). A subsequent overlay of the images showed a clear 

co-locahzation of VEGF in the tumor vasculature of Carboplatin treated animals (Fig. 5 

F). In contrast, no significant co-locaHzation was seen in the PBS treated control tissue 

(Fig. 5 E). These results provide evidence that Carboplatin treatment significantly 

increases the expression of the survival factor VEGF in tumor vessels in vivo. 

12 



Antibody to VEGF Significantly Improves The Anti-Tumor Effects of Carboplatin 

Subsequently, experiments were carried out to determine the therapeutic benefit 

of anti-VEGF antibodies during Carboplatin chemotherapy. MAI 48 cells were inoculated 

s.c. into the hind leg of athymic, nude mice and tumors were allowed to estabhsh for ten 

days. Animals were then randomized and divided into four treatment groups. Tumor 

growth was then monitored by caliper me^urements and the experiments were 

terminated once tumor volumes reached about 3,000 mm^. 

Fig. 6 summarizes the results of three independent experiments. In all three trials, 

administration of low dose Carboplatin shghtly inhibited the growth of sohd tumors in 

vivo. By the end of the treatment regimen (day 40), effects ranged betsveen 25% 

inhibition in the first experiment (Fig. 6A, p<0.37), 12.7% inhibition in the second trial 

(Fig. 6B, p<0.42) and 52.7% inhibition in the third experiment (Fig. 6C, p<0.1) compared 

to PBS control animals. All p-values were determined by the Student's t-test. Similarly, 

anti-VEGF antibody alone treated mice displayed either no effect (Fig. 6B) or moderate 

inhibition of tumor growth (34% inhibition. Fig. 6C; 42.2% inhibition. Fig. 6A). 

However, these values were not statistically significant as determined by the Student's t- 

test (p>0,21 for all points). In contrast, the administration of Carboplatin in combination 

with anti-VEGF antibody showed a dramatic improvement in tumor growth inhibition. At 

day 40, tumor volumes were significantly reduced by 78.7% (Fig, 6C, p<0,033), 87.1% 

(Fig. 6B, p<0.029) and 98.3% (Fig. 6A, p<0.019) compared to PBS treated control 

animals. Moreover, in tiie first and third trial (Fig. 6A and C) combination treatment 

significantly inhibited sohd tumor growth throughout the entire course of the experiment 

(p<0,04 for all time points in experiment one; p<0.03 for all time points in experiment 
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three). In the second trial (Fig. 6B), combination treatment resulted in a significant 

inhibition up to day 50 of observation (p<0.04 for all time points in experiment, all p- 

values determined by the Student's t-test). Most importantly, 23% of all combination 

treated animals (cumulative of three experiments) displayed a complete response and 

remained tumor free for the entire period of observation. 

Preliminary statistical analysis indicated that treatment results did not differ 

between trials. Thus, data from all three experiments were combined and analyzed as one. 

A one-way ANOVA with treatment as the between-subjects factor with 4 levels was then 

used to analyze the combined effects of the three individual experiments. On day 22 (end 

of Carboplatin treatment) both Carboplatin and anti-VEGF IgG did not significantly 

inhibit tumor growth (p = 0.0718 for Carboplatin, p = 0.6324 for anti-VEGF IgG), 

whereas combination therapy showed a significant difference in tumor volume compared 

to PBS (p = 0.0016). Similarly, on day 40 (end of antibody treatment) only the 

combination treatment of Carboplatin with anti-VEGF IgG displayed a significant 

inhibition of tumor growth (p = 0.0003, p = 0.1533 for Carboplatin alone, p = 0.731 for 

anti-VEGF IgG alone). More importantly, tumor volumes from the combination 

treatment group were also significantly lower than both monotherapies (p = 0.0229 

compared to Carboplatin, p = 0.0016 compared to anti-VEGF IgG). 

Treatment of tumor bearing animals with non-specific pre-immune IgG (2 

mg/dose every three days for ten injections) did not affect the in vivo tumor growth rate 

of MAI 48 either alone or in combination with Carboplatin. Fig. 6 D shows a summary of 

the effects of anti-VEGF IgG or pre-immune control IgG in combination with 

Carboplatin therapy. Data points are expressed as a mean relative to mean tumor volume 
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of Carboplatin treated animals (V/Vcarbopiatin)- Values for anti-VEGF IgG represent the 

pooled data from the three individual experiments. Values for pre-immune control IgG 

represent the mean data points from a single experiment (n = 5 mice/group). Again, we 

chose the two time points of therapy completion for analysis (day 22, end of Carboplatin 

treatment; day 40, end of antibody treatment). Our resuhs illustrate that the addition of 

pre-immune control IgG did not significantly alter the inhibitory activity of Carboplatin 

treatment. However, the addition of specific anti-VEGF IgG showed a statistically 

significant increase in anti-tumor activity when compared to Carboplatin monotherapy. 

This outcome clearly demonstrates the specificity of anti-VEGF antibody in potentiating 

the therapeutic effect of Carboplatin. 

To fiirther determine the overall extend of the combined treatment effect of 

Carboplatin with anti-VEGF IgG, we analyzed the fractional tumor volumes relative to 

untreated controls after pooling the results of all three individual experiments. As 

summarized in Table 1, combination therapy showed a multiplicative effect at both day 

22 and day 40 of observation. In fact, combination treatment resulted in a more than 2,26- 

fold higher than expected effect for both time points. All together, these results suggest 

that Carboplatin and anti-VEGF antibody act in a more than additive, if not synergistic 

fashion in inhibiting ovarian carcinoma growth in vivo. 

Carboplatin/Anti-VEGF Antibody Combination Treatment Results in Extensive 

Tumor Cell Apoptosis and Necrosis 

Next, we examined the effects of Carboplatin/Anti-VEGF antibody combination 

treatment on a microscopic level. Human xenograft tumors were surgically removed from 
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the animals by the end of the treatment regimen (day 40) and paraffin embedded for the 

preparation of tissue sections, Histological analysis demonstrated dramatic differences in 

tumors from Carboplatin/anti-VEGF antibody combination treated animals compared to 

PBS control or individual drug treatment groups. 

A TUNEL assay was used to detect apoptotic cells. Carboplatin or anti-VEGF 

antibody alone treated animals displayed no difference in apoptosis when compared to 

PBS treated control tissues (data not shown). In contrast, animals that received a 

combination treatment regimen presented a marked increase in apoptotic cells (data not 

shown). Even more striking are the effects seen in H&E stained tissue sections (Fig. 7). 

Here, Carboplatin (Fig. 7B) or anti-VEGF antibody (Fig. 7C) monotherapy samples 

displayed a slight increase in apoptotic and necrotic cells (picnotic nuclei) when 

compared to PBS control (Fig. 7A). However, an enormous decrease in cellularity and 

large areas of necrosis were observed in tissues from combination treated animals (Fig. 

7D). hi addition, a marked increase in fibrous tissue was detected in these samples. Most 

importantly, histological examination of a tumor sample from a complete responder (Fig. 

7E) showed that the entire tumor tissue was replaced by fibrous matrix, indicating ftiU 

remission by combination therapy. 

DISCUSSION 

Despite significant efforts to produce new and improved treatments, the outcome 

for patients with ovarian cancer remains poor (3). The application of the 

chemotherapeutic drug, Carboplatin, either alone or in combination with Paclitaxel, has 

become the front line therapy for this disease. However, it is still far from being curative 

16 



and the development of chemoresistance poses a major challenge. As a consequence, 

recent efforts have focused on the application of various combination treatment regimens 

that include cytotoxic and anti-angiogenic agents. Such combinations have shown to 

significantly improve the overall anti-tumor response in vivo (24), However, the 

mechanism underlying this additive effect has not been folly elucidated. 

In this report, we show that tumor cells are by far more sensitive to Carboplatin 

than endotheMal cells. This differential chemosensitivity could be explained by several 

factors. For instance, the proHferative status of target cells can substantially influence its 

sensitivity to DNA cross-linking drags. Tumor cells are actively proliferating as indicated 

by several-fold higher ^H-thymidine incorporation when compared to endothelial cells^ 

Secondly, drug uptake mechanisms could be differentially regulated in tumor cells versus 

endothelial cells. In addition, DNA repair mechanisms could be substantially different in 

these two cell types, which could at le^t in part contribute to the differential 

chemosensitivity. Lastly, specific cell survival factors could influence the 

chemosensitivity of various cell types to this drug therapy. 

Here, we provide evidence for the later possibility. Our results demonstrate that 

Carboplatin substantially induces the expression of VEGF in endothehal cells in vitro. 

VEGF has been shown to function as an important endothehal cell-specific survival 

factor that prevents apoptotic cell death. As a consequence, up-regulation of VEGF 

directly increases cell viability and decreases the overall chemosensitivity of endothelial 

cells to Carboplatin. Proof of principal comes from our experiments where the 

concomitant neutrahzation of VEGF by specific antibodies significantly increased the 

drag-induced cytotoxicity as well as the overall apoptotic response in endothehal cells. 
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Very interestingly, individual administration of the antibody did not result in any 

endothelial cell death or increased apoptosis. Therefore, our data suggests that 

Carboplatin sensitizes the cells to VEGF and illustrates the necessity of this survival 

factor under such conditions. In contrast, VEGF levels in the tumor cell line were not 

altered by Carboplatin treatment, hi addition, the tumor cells did not respond to either 

exogenous addition of VEGF or its respective antibodies. As a consequence, the up- 

regulation of VEGF induced by Carboplatin appears to be unique to the endothehal cell 

population. This is a novel finding, since the predominant notion in the angiogenesis field 

was that VEGF fimctions as a paracrine mediator of endothelial cell activity. However, 

we report here, that this factor also contributes an important autocrine fiinction to this 

system. It remains to be seen whether Carboplatin directly influences the expression of 

VEGF at the transcriptional (i.e. induction of the VEGF promoter) or perhaps at the post- 

transcriptional level (i.e. increased mRNA stability). Investigations are currently 

underway to identify such possibilities. 

In addition to the implications of Carboplatin induced expression of VEGF in 

vitro, we provide evidence for the potential clinical implications of this phenomenon with 

our in vivo experiments. We show that low dose Carboplatin treatment to tumor bearing 

mice significantly up-regulates the expression of VEGF in tumor vessels in vivo. This 

experiment provides evidence that even though both tumor cells and blood vessels are 

exposed to similar concentrations of Carboplatin, a selective increase of VEGF 

expression was found in the vasculature, hicre^ed levels of this survival factor could 

potentially save tumor blood vessels from apoptosis, which directly translates into an 

enhanced overall tumor cell survival. As a consequence, concomitant neutralization of 

' R. Wild and S. Ramakrishnan unpublished data 



this growth factor with specific anti-VEGF antibodies significantly improved the 

cytotoxic effects of Carboplatin and increased the anti-tumor effect several fold. Previous 

studies have shown that ionizing radiation combined with VEGF specific antibodies 

could improve anti-tumor effects in vivo (28). However, radiation, unhke Carboplatin, 

specifically induced the expression of VEGF in tumor cells. It would be interesting to 

investigate whether radiation stress could also lead to the up-regulation of VEGF in 

endothelial cells. 

Histological analysis of tissue samples provides fiirther evidence for the 

therapeutic benefit of a Carboplatin/anti-VEGF antibody combination therapy. The 

complete remission in some of the treated animals and the overall increase in apoptotic 

activity in tumor tissue clearly support the combination regimen. More importantly, 

improved anti-tumor effects were possible at significantly lower (sub-optimal) doses of 

the chemotherapeutic drug, thereby limiting toxicity. 

Finally, the role of VEGF m an endothelial cell specific survival factor could have 

implications that are even more profound in solid tumor therapy in general. Multiple 

reports have shown that the combination of antiangiogenic drugs with several different 

cytotoxic therapeutics can significantly increase the antitumor effects in vivo. For 

instance, the addition of the angiogenesis inhibitor TNP-470/Minocycline to the 

treatment with Paclitaxel and Carboplatin resulted in increased antitumor activity and 

efficacy in non-small-cell lung cancer and breast cancer (25). Antiangiogenic modulators 

also markedly increased the cytotoxicity of Cyclophosphamide toward FSallC tumor 

cells (29). Similarly, Minocyeline significantly increased the growth delay of Lewis lung 

carcinoma after treatinent with the cytotoxic drugs cis-diamminedichloroplatinum(][I), 
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Melphalan, Cyclophosphamide, Adriamycin and Bleomycin (23). In addition, a recent 

report showed that the neutrahzation of VEGF in combination with the cytotoxic agent 

Doxombicin resulted in a more than additive inhibition of tumor cell induced 

angiogenesis in a dorsal skinfold chamber assay (30). Therefore, it is conceivable that 

other chemotherapeutic drugs act similarly on endothehal cells and induce the expression 

of VEGF. As a consequence, combining conventional chemotherapeutic drugs with 

agents that are interfering with the VEGF stress response system could be a widely 

appUcable treatment regimen with immediate clinical imphcations, 
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Table 1 

Carboplatin and Anti-VEGF Antibody Combination Treatment Results in a More 
than Additive Anti-Tumor Response 

Fractional tumor volume* 

Day Carboplatin Anti-VEGF Combined 
(expected)'' 

Combined 
(observed) 

0.241 
0.190 

Expected/ 
observed*^ 

22 
40 

0.649 
0.598 

0.879 
0.722 

0.570 
0.432 

2.363 
2.268 

* fractional tumor volume was obtained by dividing the mean volume of treated tumors 
by the mean volume of untreated PBS control tumors. All three individual experiments 
were pooled to determine the overall mean volumes 

expected combined effect if treatment modalities have additive activities. Obtained by 
multiplying the individual fractional tumor volumes of both treatments. 
"^ fold increase over additive effect as determined by dividing the combined expected 
fractional tumor volume by the combined observed fractional tumor volume. 
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LEGEND 

Fig.l 

Differential Sensitivity of Tumor Cells versus Endothelial Cells to Carboplatin. The dose 

response of Carboplatin on endothelial cells (HUVEC) and human ovarian carcinoma 

cells (MAMS) was determined by a non-radioactive cell viability assay (MTT). Values of 

medium control were considered as 100 % viability. Each point is a mean of tripUcate 

cultures jfrom a representative experiment. Error bars denote S.D. ji HUVEC, k MA148. 

Fig.2 

Carboplatin Differentially Up-regulates VEGF Expression in Endothehal Cells. 

Endothehal cell cultures and human ovarian carcinoma cells were exposed to their 

respective TCID50 concentration of Carboplatin (0.7 |ig/ml for MAMS, 50 |ag/ml for 

HUVEC) and conditioned medium was harvested. VEGF levels were measured by 

ELISA and normalized to cell number. A, 24 hour time point. B, 48 hour time point. D 

no Carboplatin (PBS control), v Carboplatin. Data are presented as means of triplicate 

cultures with standard deviation as error bars. * statistical significance as determined by 

the Student's t-test (p < 0.038 for all points). 

Fig.3 

Antibody to VEGF Potentiates the Inhibitory Activity of Carboplatin on Endothehal 

Cells, Cells were treated with their respective TCID50 concentration of Carboplatin (0.7 

Hg/ml for MAMS, 50 |ig/ml for HUVEC) and supplemented with purified anti-VEGF 

IgG or pre-immune control IgG (30 |ig/ml). Forty-eight hours after treatment, cell 
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viability was measured by MTT assay. Absorbance associated witli Carboplatin treatment 

alone was considered as 100 % inhibition. Results are expressed as % change in 

inhibition relative to Carboplatin treatment alone, v anti-VEGF IgG treatment, □ pre- 

immune IgG treatment. Values represent the mean from the results of three independent 

experiments with standard errors. * statistical significance as determined by the Student's 

t-test (p < 0.014). 

Fig.4 

Antibody to VEGF Increases Apoptosis in Carboplatin Treated Endothelial Cells. 

HUVEC were treated with Carboplatin (50 pg/ml) and/or antibodies (50 (ig/ml) and 

incubated for forty-eight hours. Specimens were then anal^ed for apoptosis by a 

TUNEL assay as described in "Materials and Methods", Values represent the mean of 

three independent experiments with their respective standard errors. * statistical 

significance as determined by the Student's t-test (p < 0.03). 

Fig.5 

Carboplatin Specifically Up-regulates VEGF Expression in Tumor Vessels In vivo. On 

day ten after tumor implantation, mice were divided into two groups receiving i.p 

injections of either Carboplatin (32.5 mg/kg/dose) or PBS every three days for five doses. 

Animals were then sacrificed and tumor tissues were harvested. Sections were prepared 

and stained for VEGF and CD31 as described in "Materials and Methods". Shown are 

representative sections from the PBS control group (A, C and B) and from the 

Carboplatin treated group (B, D and F). A and B, immunohistochemical locahzation of 
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VEGF. C and D, staining for blood vessels with PE conjugated anti-CD31. E and F, co- 

localization of VEGF and CD-31 by merging respective images. Airows indicate 

representative VEGF positive tumor blood vessels. Scale bar, 200 |im. 

Fig.6 

Antibody to VEGF Significantly Improves The Anti-Tumor Effect of Carboplatin. 

Human epithehal ovarian carcinoma (MAMS) tumors were estabhshed by injecting 

athymic nude mice s.c. in the right flank with 2 x 10^ tumor cells. Tumors were allowed 

to establish for ten days and animals were subsequently randomized and divided into 

treatment groups. Solid tumor growth was then monitored by caliper measurements as 

described in "Materials and Methods", v PBS control, |a Carboplatin, X Carboplatin + 

anti-VEGF IgG, n anti-VEGF IgG. A-C shows the results of three independent 

experiments (n = 4-6 animals per group per experiment). Data points show the mean 

tumor volume with respective standard error bars, D, summary of inhibition of tumor 

growth with the addition of anti-VEGF IgG or pre-immune control IgG to Carboplatin 

therapy. Results are expressed as mean tumor volumes relative to mean Carboplatin 

treated volumes (V/Vcarbopiatin). Two time points were chosen for analysis. Day 22 (end of 

Carboplatm treatment) and day 40 (end of antibody treatment). D Carboplatin, v 

Carboplatin + anti-VEGF IgG, v Carboplatin + pre-immune IgG. * statistical significance 

as determined by Student's t-test (p < 0.033 for both values compared to Carboplatin 

alone treatment). 
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Fig.7 

Carboplatin/Anti-VEGF Antibody Combination Treatment Results in Extensive Tumor 

Necrosis. MAMS tumor tissues were resected at the end of the treatment schedule (day 

40), fixed, embedded in paraffin and sectioned onto slides. Representative H&E stained 

sections are shown. A, PBS control. B, Carboplatin. C, anti-VEGF IgG. D, Carboplatin + 

anti-VEGF IgG. E, Carboplatin + anti-VEGF IgG complete responder. Scale bar 100 |am 

for all samples. 
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Substitution of A Sin^e Amino Add Residue in Human Endostatin 
Potentiates Inhibition of Ovarian Cancer Growth 
Yumi Yokovama' and S. Ramakrishnan''^'' 
'Department of Phannacology, ^Obstetrics and Gynecology, and 
^Comrehensive Cancer Center, Univereity of Minnesota, Minneapolis, 
MN 55455 

Endostatin, a proteolytically cleaved C-terminal ftagment of 
collagen type XVIII, has previously been shown to inhibit tumor 
neovMCularization and consequently, tumor growth. 

During expression cloning of human endostatin, a mutant 
protein containing a substitution of proline to an alanine (P125A) was 
identified. Proline 125 (P125) 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, P125A endostatin was 
investigated for changes in its biological activity. P125A endostatin 
bound to endothelial cells more efficiently. Neither the native protein 
nor the P125A endostatin inhibited aminopeptidase N. P125A 
endostatin was more ^ectrve than the native endostatin in inhibiting 
endothelial cell proliferation. Furthermore, P125A mutation 
substantively improved the inhibition of ovarian cancer growth in 
athymic mice. These studies suggest that the region around P125 is 
important for the Biolopcal activity of endostatin. (Supported Ity a 
grant from DOD.DA/DAMD 17-99-1-9564) 



« viJro and 
aiTna,ancl 7- 
idUniver- $ 

linogen, Is I 
growth of J: 
arclnoma, %.■ 
ingiostaMn *; 
implanted f 
mgiostatln %" 
^ angiosta- ;l 
t a35kDa:l 
is annexln |.- 
one of the ^ 
nogen. We !f 
iteannesan's- 
;d that Uils S 
.tatin. Antj- "1; 
in II in wftp f 
ostatinand I 
asminogen % 
generation, | 
ving angles- f 
mimics the | 
I in a dose I 
II by mAbs % 
sis of these f 
nals inhibit j 
Jbsetvation ' 
Xm can tie J 
'ould be far % 
significant I 

ite that an- f 
i antibodies''? 
lort our hy- i, 
k out mice ". 
i provide a 
jrowth.   !^^,f 

ibitors II 

potent an-,; 
Huang, Wiaj; 

i Dominique 

des: Abbott 
activity. De;'; 
. suffa-fl-or| ■ 
! rapid ren^ 
mo biocofr 
nd prevents 
■ therapeutic 
-1112) have 
ase peptfde 

>95% ly 
oientiy c«v, 
; completely 
ided in this 
ound highly 
10 clearance 
iof distribu"-; 
w of 27 hi).' 
inhibitore rf 
3 nttie effect 
iferaMve (nO" 
nt Inhibitors 

potencies to 
loma mod«( 
14 daysrt 

,.CJC-110T„ 
:atlC0W/»ft', 
to 91-98* 
reduction** 

ess frequa* 
beenidenB" 
ilch dspl4 
ariation ^,i 
:i-metastatft; 

larch 2CXi, 

#896 Cryptic proliferaave and antt-proliferativ« domains contajned vnttiin 
tissue plasminogen actwator. Veronica A. Can^ll, Roy Blcl<neli^^^ Price, and 
Adrian L. Hams. Imperial Cancer Research Fund, Oxford, UK,^^!6 Hammersmith 
Hospital, London, UK.   -    ■ ;■.•:;-;,-     i 

Isolated kringie domans of plasminogen, prothromtoi^id hepatocyte growth 
factor we anti-anglogenic whereas ttie intact molTOMlfe are not. Tissue plasmin- 
ogen activator (tP^ contains two kringie stnwtdres vwUi strong hdmology to 
those of plasminogen, as well as a fiiiger (R^idermal growBi factor-like (EGF) 
and protease P) domains. We investigateJTwhether the kringie domains of tPA 
could also influence endothelial cell^^) growtti. We found that monoclon^ 
antibody mediated blocWng of ttie^ngle 2 (1^) domain of endogenously se- 
creted tPA Increased EC proliferaten four fold above confrol whereas antibodies 
to the other domains had noeffect. toU-IQ induced EC growth was blocked by 
both an antibody and a ng^tide to ttie finger module of tPA implicaUng this 
domain in mediating theBC proliferation observed. To Investigate \rtiether Hie IQ 
domain itself was iriMlrtory three types of K2 were pbtined: ( recombinant K2 
was expressed in t(i§ Piohia pastoris yeast expression System and purified by 
lysfne-Sepharosa«finlty chromatogtaphy or II) was obtained by limited elastMe 
cleavage of aanorter fragment of tPA consisting of only ttie K2 and protease 
domains (K^l^ followed by lysine-Sepharose purification or Hi) K2P was used 
foliowingjfrotease Inactivation with PMSF w PPACK, Exogenous addition of 
these i^ated K2 fragments to human umbilical v61n aid denrial microvascular 
ECsj^ulted in significantly decreased basal growth arid Inhibited both bFGF and 
ymF stimulated cell growth. These data suggest that tPA contains both pro- and 
anti-proliferative domains. • 

#897 Improved inhibiUon of tumor growth by geneUc miodification of en- 
dostatln with an NGR-motif. Yumi Yokoyama and S. Ramakrishnan. University 
of Minnesota, Minneapolis, MN. 

Endostatin, a proteolytlcally cleaved C-temiinal fragment of collagen ^pe XVIII, 
has previously been shown to inhibit tumor neovascularization and consequently 
tumor growth. Early studies have shown ttiat addition of an RGD (Arg-Gly-Asp) 
motif enhanced antiangiogenic activities of endostatin ind potentiated «ititumor 
activity. In this present study, we investigated additional genetic modification of 
endostatin with NGR(Asn-Gly-Arg)-motif. NGR motif as well as RGD-motIf selec- 
tively localizes to tumor neovasculature. Amlnopeptldase N (GDI 3), which Is 
highly expressed on tumor vasculature, has be«i reported to be a target molecule 
of NGR peptlde. Human endostatin has an Internal NGR-motif at position 126- 
128. However native endostatin did not inhibit amlnopeptldase N activity. This 
result suggests ttnat the intern^ NGR-site is not accessible to amlnopeptldase N. 
In contrast, constaction of an addition^ NGR-motif to the amino-terminus of 
endostatin inhibited amlnopeptldase N extracted from aidothellai cells. NGR- 
motif enhanced endottielial cell binding to endostatin. NGR-modlfication resulted 
in greater inhibition of endothelial cell proliferation. As a consequence, modified 
endostatin was found to l>e more effective v^en compared to the native endosta- 
tin in inhibiting growth of human ovarian carcinoma and colon carolnoma trais- 
planted into athymic nude mice. These studies demonstrate that human endosta- 
tin can be genetically modified to improve its ability to inhibit tumor growth, 

#898 Tlie in vUto bloacUvi^ of human endostatin dimer Is hmarin depen- 
dent Andrew Rotjert Clamp, Fiona Blad*^l, Cattierlne Meny, A^^y Henrioud, 
Gordon Jayson, Kashi Javaherian, Judah Folkman, and JcirGallagher. CBC 
Department of Medical Oncolc^, Christie Hospital, ManOmmr, UK, and Depart- 
ment of Surgery, Childrens Hospital, Harvard Medical %foo/, Boston, MA. 

Angiogenesis, flie fomiaaon of new blood vesseMs essential for sustained 
tumor grovrth and metastasis. Many pro- and arfangiogenic growth factors 
require the presence of cell surface heparan sOTate (HS) for their bioactivity. 
Endostatin is an endogenous inhibitor of aro^oiesis that Is released by the 
proteoiytic cleavage of the C-tennlnal dMtain of collagen XVIII. It has be«i 
demonstrated to have hepain affinity MO site-directed mutagenesis of its pri- 
maiy heparin-binding epitope slgnifirafttiy reduces its ^illty to Inhibit basic 
fibroblast growth factor-induced angifegenesis in ttie chick chorioallantolc mem- 
brane assay. (Sasaki et al. 199a^MBO J 18:6240-8). In this study, we have 
demonstrated a direct inhibitoiy&ffect of heparin on ttie migratory bloactlwty of 
an artificial dimeric form of emlostatin (HED) that closely approximates to the 
wangement of endostatin Jff collagen X\flll (Kuo ot al. 2001 J Ceil Biol 152:1233- 
46). When bovine aortic eiWothelial cells are plated on l^atrigd, an extracellular 
matnx substitute, they s^ntaneously aggregate Into capillary-like tubules. Tliese 
disaggregate when inaibated with HED aid the ceils acquire a scattered phe- 
notype. Endostatiiyfionomer (HEM) inhibits flils disaggregation. The addition of 
heparin at concenrfations above 1jig/ml also prevents disaggregation in a dose- 
dependent marafer and acts s^ergistically with HEM. Uang size- fractionated 
oiigosaccharidfe d«1ved fl-om tinzaparin, a commercially available low moleculw 
weight hepafti preparation, we have shown thafalthough all fragments from dp4 
10 dp24 h^e bioactivity, longer oligosaccharides are more potarrt. Preliminary 
Bxperin^ts also show that inhibition of disaggregation Is seen witti heparan, 
aenroiSn and chondroitin sulfates, ^though none of these glycosamlnc^lycans 
nh/ P°*®"* 3s heparin. HED has also been demonsfrated to Induce a scattered 
Pijenotype In vwld'type Chinese Hamsta- Ovary (CHO) cells plated on Matrigel 

ch IS not seen In CHO 745 cells that do not express cell surface HS. Prelim- 
nary data indicates that a partial restoration of HED responsiveness in these cells 

«an be <*taned by co- Inaibation with exogenous tieparh.? in nummary 
present the first »> vibo evidence of a biologica InferacHon bet^&rheparin » 
widostatin in endothelial and non-endothelial ceBs.      ■ 'sg^^fi* ■ (r, 

■., :E    Z;7.M;30t>M V^^ncH-srt^i'j r^Bte'rtx'    tA^a,!l\ t^-iyms^'mfJ    -■ 
#^W   &ippi«ssloii of angiogenesis and lurnoV «W#Bi Wjill^ i nm 
angiostatin-related InhibiJw. Nllna Veitonmffld, ^&|"Ga*||mtt ttiM Ce 
K3mlinskalhitlMe,'St(Kkholm,'Sw0d0h.''''^t^'-^^^^^ 

Aigibstatin Is a potent angfogenesis lnhlbit#r*lifcTi'"lhSto*'^'iieihst fc 
kringie modules (kriiigle 1-4) of plasminogwi. T|l6 ahgldgehe^fe InhiblfcySeems 
be a potwit fcjmor suppressor. Because it 
endothelial cell ttmpartment, ang 
Iricluding Immunosuptesion, bone 
^mptorns. However, potenW therapj 
Itw for a ls»ge number of cancer 

iflcaliy targets thi^i^itoati 
less likely tt gau^'ride 'iltec 
Wppressiwi 'arfii psfrfctntebr 
feation dftfilf Higidgiresis "mhi 

_ —„  -. , in become'^blerreicalOKHic 
angiosfalin has enteral Into ttie wy phase of dlnical ^'in^i gjiip of sm' 
number of patiaits. The disa^&itages of angta^tln grot^'lrtiapy hfcluc 
administration of large amoupte of protein, repeated injeirtlorls, "transmission 
Infectious particles of proWn p^arations, high costs for rnaJMsiiife "ami f 
patients. In otler to overoohie these problems, we have IdentlflKi a rnote pote 
endogenous angic^eneffis Inhibitors, nam^y kHngle 1-5 0<f-^ of plasriitnoge 
which displays app^imately~100-fold greater'effect than srtgldstaBri'wt sur 
pression of angiogenesis aid tumor growth. Our results show Hiat proteotytica 
released K1-5 Iwm hurnan plasminogen inhibits .c^ljlaty endptjj^i^ celt pro' 
©ration^ cornMTneovascajlarizatlon In a mouse angiogenesis i^pdpl.imd nc 
blood vess4#owth in ttie chteken embryo ohorloallantotojnernbrarie. In a mou 
flbrosaoyfe tumor model, K1-5 supp^sses primaiytunwjfowti)^ appro 
matrty M% at a low dose of 2 mg/kg once daily, whereas angiostatin fCI -4) at t • 
sam^Mse does not inhibit tumor grovrth. TTius, K1-5 is mwe (xstent sngioge 
esls^hlbitor than arigiostatin and may become more useftil and realistic ft 

iiostatin for potential clinteai treatmentof cancer patients »>d qthgr angic^er 
diseases Including diabetic retinopathy. i^-yi: ••■j ,,-; : ktiii't^rtT' &*;,■ K 

#WH) DeveloiHnent of recombinant human endostatin fit SOS to-Mippo 
clinical subcutaneous administration, VWIIiam E. l=ogler, Zacha^^m, To 
Chen, Beth Chen, Nilima l^effers, Carolyn SIdor, Anne H. Fortler,>tond Jacksc 
Stacy M. Hum, Emily Kough, and B. Wrh. Lee Sim. BitoMed^ fiocfcv/fc, M. 

To facilitate the studies of rhEndMtatin protein in ttie rtmk;, be^nd curre 
levels, a new formulation of rhEndostatin protein has beerfdeveloped ttiat alldv 
for concentoations ttiat are ^proxlmately 16 fold grejefer (130 mg/mL) ttian tr 
cunrent clinical formulation (8 mg/mL). The new f^Uilatlon uses sucrose <Krt 
Sulfate (SOS) as'the exciplent. THe SOS fonnu^on of rtiEndostetin was-tti^ 
compared with the cifrate-phosphate formulattm that is minreritly ^il in clinic 
trials, for potency, phamiacoklnettcs, and/fefety. TTie biological activity ar 
relative potency of rhEndostatin piotekKrormulated as TOS v4kl'stattstica: 
Indistinguishable itom the cunent fwnulation of rtiEndostatfri" pnsfe'n ias zi 
sessed by Inhibition of experimentalmietastases In mice. The hondBnfcal phs 
macokinetle b^a^rfor of rtiEndo^ffin protein formulated as SOS following su: 
cutaneous Injection to cynom^us monkey was found to be rfmllar to tl- 
current cllnici formulation ofrifEndostattn protein, with an approximate bloava 
ability of 100%. A study wM^onducted in cynomolgus mdnk^ to evaluate tr 
safety of rhEndostatin pwfein SOS formulation after subcutanemjs'ajftninlsfrir 
tion. This study conclud&l ttiat rhEndostatin protein fomiulated In SOSwas we 
tolerated'when admipstered subcutaneously as high as 600 itig/m%l^for £ 
days, file single n^ble histologic obserration in this study was a local ItritaBc 
at the Injection stte consistent witti chronic-active Inflammation and manlfestin 
as hemontiag%4nfiammation of the subcutis, and perivasculitis. Alttiough th 
study did ti0iTiave a subcutaneous S}J)S control group, fliese fliidings we 
sirtiilar to trtfee in previous toxicotogic aesessniwits of rliEndostetIn protein In tl- 
cunwit^iftictf formulation. Ttie NOAEL of rtiEndostatin protein In'&S of rhE 
dostattiar protein after subcutaneous Injection was 600 mg/m^ dailyl RMUHS fror 
"""=°**udies demonstrate the biologic equivalence of rhEncfcistaflr! protein fc tties 
miJ^ted as SOS to the rhEndostatin protein formulated in pltrate-phospha; 
bimer. TTie results also support the introduction of ttiis formulation into dinic 
studies as a suticutaneous Injection. „ -,,, ^,   ', -: ■,« c i ^ - ",'j'Jil i. S.1 c ^ 

#901   2-Metho}^stoadioi suifamates are potent anU-cancer agents. Mil< 
John Reed, Simon Newnnai, AtuI Purohit, Bindu Maiini, Mapifeese, Bertrar 
tj^tond, Dawd Bennetto, tawence Woo, and Bany Po^fi^perielCottege, S 
Mary's Hospital, London, UK, mid University ofBathj^fim, UK. :*!fef' ';;;5i - 

The endogwious estrogen metebolite 2-metti«^f^stradiol ^-MeOE2) Inhibit 
the proliferation of a wide range of malignanto^Ba's well as angtogeneas. in th; 
study we have synthesized ttie 3-0-nwiteuifamate p-MeOE2MATQ and i 
17-0-bls-sulfamate (2-MeOE2b*isMAj:^^erivatives of 2-MeOE2 aid compare 
ttieir potencies as Inhibitors of b^^foancer ceil growth In vitro andiangic^enesi£ 
In human MDA-MB-231 tar^t^ncer cells IC50S for ttie inhibition of cell growt! 
were 4.5JJM, 0.8jtM„^ 0.3jiM 'for .2-MeOE2, 2-M^KMATE an 
2-MeOE2blsMATE reslMcttvely. f=low cytomebic analysis of (»opidium lodid 
stained cells r^^riM ttiat the ability of the sulfamoylated derivatives, at IjtM, t' 
induce Irrewrsrae Gj/M arr^ of the cell cycle, and subsequent cdl deatti, v» 
murti ffl^a^ thai fw 2-MeOK. TTie aiti-anglogente potenttd ,of ttiese com 
poundiwas examined by ^ing their ability to inhibit the proliferation of hums 
vascular umbilical endothelid cells (HUVECs) and the growth of tubules in 
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#4572 Patterns of gene expression in ovarian cancer cells to«ated witti 
Epothilone B. Dineo Khabele, Weija Zhang, Sima Solaimanzadeh, Sygan Horwitz, 
Carolyn Runowicz, and Raju Kucherlapati. Albert Enstein Cota^of Medicine, 
Bronx, NY, and Harvard Medfca/ Scftoot Partners, Bostor\fm. 

Epothilone B (EpoB) Is a non-taxaie ch«nother^utfc agent ttiat tMnds to 
niicrotubules and Induces cell cycle arrest and apppfosls. Mechanistically, it Is 
similar to Taxol, but it has the advantage of teinflactive In Taxol-resistant cells 
expressing p-glycoprotein, the multidrug r^i^nce transporter. Our goal was to 
investigate mechanisms of sensitivity Ja^poB in an ovarian cancw cell line, 
SK0V3. We utilized cDNA microan^l^ncompassing 9,216 human sequences. 
\fie treated SKOV3 cells wItti EpoB<% with media minus dwg as a control (C), and 
harvested cells at time pmprmBr a a4-hour period. Each time point was 
analyzed in 4 Independerrt/^periments. Statistical and cluster analyses were 
used to evaluate the i^dlts. Genes altered in expression by EpoB were also 
characterized as to ftwftion. TherB was a recrulftnent of 70 goies Into the EfxiB 
response by 8 houj< which expanded to 133 genes by 24 hours. Most genes 
v^ere related to apoptosis, signal transductlon and cellular traisport. Selected 
genes such as^ochrome c oxidase, caspases, STAT5B and several unlsnown 
ESTs are Wf^ examined In detail using real-time, quantitative RT-PCFI. Cluster 
analysis^&nonstrated unique patterns of gene expression at each time point. 
Our ^2(a suggest that clusters of similarly expressed genes may be potential 

ilar markers of EpoB treatment leading to ceil death. Additional evaluation 
ay reveal novel mechanisms of drug resistance to epothilones.      •.,       . 

#4573 An aminoglycoside anHblotic, Geneticin, can inhibit the growtti of 
a HER-2 positive ovarian cancer In SCID micefliodel. Timothy T. C. Yip, C. S. 
Kwok, F. F. So, W. H. Uu, K. I„ Lwjng, W. K. Cheung, W. 8. Ma, an^R. K. K. 
Ngan. Clinical Oncology Department, Queen Elizatieth Hospit^, Kmmon, Hong 
Kong, and Department of Optometry and Radiography, Hong KM Ptriytechnic 
University, Kowloon, Hong Kong. ,. -     .     ■ : .  ,, .-i- - •     X ■,, . 

Tetracycline Is a safe and Inexpensive antibiotic fless tiiM><IS$1 per c^suie) 
that has been used for decades. Recent findings of this attibiotic in preventing 
bone metastasis of breast and prostate cancers in tmfo probably through the 
inhibition of matrix metalioprotelnase activity pui^voorden et d.. Invasion 
metastasis, 17(6): 312-322,1997) has rieiiindled lts^ter«st for cancer treatment. 
Tetracycline can inhibit protein synthesis by blndtag to 30S ribosomal RNA. Using 
an aminoglycoside antibiotic, Geneticin p418ywhich is commonly used for DNA 
transfection study and has the same mechaiism of action as tetracycline, we 
reported In this paper its in vivo growtiymhibitton effect In a HER-2 positive 
ovarian cancer cell line, SKOV-3 in ^D mice model, in the first series of 
experiments, Geneticin at a concentration of 30,125 and 500 micrograms/ml or 
saline were concun-ently injected In^amuscularly onto the trunk of ttie SCID mice 
together with 2 millions SKOV-3 Bells. Tumor grovrth was completely Inhibited in 
mice by 125 and 500 mlcrograife/ml of Geneticin at day 45 after Inlectlon. TTiere 
was 83% reduction of tumwroass (or a growth delay of 32 days) at 30 micro- 
grams/ml when compared^rlth the saline control. In contrast, only Inlectlon of 
Tetracycline at a concemration of 500 micrograms/ml but not at 30 or 125 
micrograms/ml resultaf in significant tumor mass reduction. To further investi- 
gate the cytotoxic^fect of Geneticin, SKOV-3 tumor was grown to an average 
size of 76 mm3 (5342 mm3) before Geneticin was injected. Reduction of tumor 
mass of 30%, ^% and 67% in a concentration dependent manner were respec- 
tively found^30, 125 and 500 micrograms/ml when compared with the saline 
control. Farmer findings In tiie extent of ^joptosis and the Inhibition on distant 
spread ^he tumor will be discussed. The tumor grwrth inhibition effect exwted 
by this4nMbiotic opens up m advantageous possibility in making use of tills 
inewrenslve agent at a cost even affordable in ttie developing countries as 
a^vant for treating ovary, breast and prostate cancers in conjunction with ottier 
conventional treatment modalities.      r,      •       >:       ,.-.,„.,.    ;,,  

-^ #4574 Transfection of ovarian cancer colls wttti mutated human endost- 
atins suppresses ftimor grovi>tti. Indira V. Sutwatianlan, Yumi Yokoyama, Rahel 
Ghebre, Blair Hari<ness, and S. Ram^rishnan. University of Minnesota, Minne- 
apolis, MN. .       .. :<,',,;•): ■;    .• ;: 

The inhibitory effect of ovarian cancer cells transfected w'rth mutated endost- 
atlns was evaluated in-vlvo in a mouse model. Previous stoidies in our latioratory 
have shown that a point mutation Pro to /Ma) at position 125 pi25A) has 
Improved antianglogenlc activities compared to the native protein. Pro125 pre- 
cedes /ten-Gly-/^ (N6R) sequence In human endostattn.virtilch is known to Wnd 
endoUielial aminopeptidase-N. P125A endostatin was further modified to Incor- 
porate an Arg-Gly-/^sp sequence at tiie cartmxyl tenminus. Mutated endostatin 
cDNAs were cloned Into eukaryotic expression vectors with IgG k^pa light chan 
signal sequence. MA-148, human ovarian cancer cells were transfected wtth 
mutated endostatin constnjcts using DOTAP llposomes. Clones of MA-148 cells 
expressing endostatin at 0.5 to 10 ng/mi as measured by EUSA and confirmed by 
western blotting were selected for fiirther studies. Ccmditioned media collected 
from endostaMn secreting cells Inhibited HUVEC proliferation very efficiently. 
Transfected MA-148 cells were then injected Into attiymic nude mice sutwuta- 
neously. Tumor cells transfected witti vector aksne served as a contirol. Ail the 
framsfected clones had near identical growth curve in vitro. Vector ti-msfected 
cells fonried tumors readily. In contrast, MA 148 cells expressing eitiiertiie P125A 
endostatin or endostatln-RGD showed suppression of tumor growth for about K) 
days. At this time point ttie vector control showed a mean ftjmor volume of 300 

mm3. By day 64, confrol mice showed a mean ^rnor .volume of ijMO mmS wher 
as the mutant aidostatin fransfeoted cells showwl ft npovtumcM: vrtume of 2C 
mm3. Ovarian tumor cells harvested from mice on day stxty-seven showe 
continued secretion endostatin albeit at a lower .tov^ jwhwi eont^jared to tt- 
onginal clone. Serum samples collected from ml!»Orv,d^ 64 ^vrad present 
of endostatin. Histopalhological and immunocylochemical locf Itotten of CD-c 
showed lower vessel dwisity in the mutated endostatin secrsTO tunws whlc 
we surgically removed at the end of the expenment Finrt^, rwl-time PCR w.- 
used to determine whetiier compensatory seweti'on 9f {iroangic^erMc facto 
such as WGF could play a role in ovwcoming ttie.inhibitory effects of mutate 
widostatin m vivo . J •   < '   , 

I     J^   3 ■ 

#4575 "Hie establishment of xenograft models from, ostemarawna san 
iries and tti«r growth inhibition by W[-1AS, Bethannt P. jMazza, Rui Yan 
Rebecca S. Sowere, Paul A. Meyers, John H. Healey, Anclrew 6. HuvMrGlyrm 
Faircloth, Jose JImeno, wid Richard G. Galick. Memorisl Sloan Ke^mg Cane 
Center, New York, NY, PhamaMar USA, Inc, CembrU^,J^!^ PhmrmMi 
SA., Madrid, Spmn.  .;i.       - •  , i,; ;; •^;;i.i 8 ^y. nj fS 

Several high-grade osteosarcoma paBent-derived tMmo^have be«i esta 
llshed as xenograft models In SCID mice. Botii cultured aBpftp^^tissue sampi 

-ware aibcutaneously injected into mice. Each turner \^ passaged ir> serial mi 
until its growtti was reproducible. Cytogeneflcs and^nparative genonik: h^r 
ization.as well m, routine stanlng were perfoirpM to ftirtti^charactaize t 
tumors. Prior to and following passage in SCID/fftee, ttie Manors w«e cajwble 
proliferation In cell ailture. In mtro cytotoxtol^ssays wer^ oornpleted for each 
ttie agents being tested, fim estimation oMne maximum ipieralesjctose of ee 
drug was made. Three different osteoM^oma x«iografts were used. For e£ 
tumor, fcjur groups consisting of siymlce each were treated wWiPhosph, 
Buffered Saline PBS) (as a confroftnrimetrexate with ^rriultaneous Leucovc 
(IMT)<fl.V)(40m^g, tmce daly^or 10 days), Trasteurnab pomgfltg, tw 
weeldy for 3 weeks) or EcteiMScidin:743 pT-743j(0.1riri^pW|ic6 week for 

as b^un one week aftw famorlrtiplamtation or iWlen t 
).5cm in diameter. Each anima'ftas Weighed a 

dfe, during and following treahriert; Of flieage'nte test 
oltlon was observed with ET-743, At api^njxtiTialely th 

averaged 1.2cm In size versus Trastuzurriab at 1c 
TMTXrt-V at 0.95^, aid ET-743 at 0.7cm. At the do^s liwd,' Er-743 was a 
associated witb'ttie greatest animal weight loss. PBS ti-eated anlrnals weighed 
average of 2^ while the Trastuzum^ weighed 19.5g; TMpMly 18g aid ET-T 
was 15g.ewther experiments are being conducted to detennirie If reduced dot 
of ET-y^ can still result In mari<ed tumor grovsrth IfiMbitipn without toxic 
Additional xenograft models for predlinlcal evaluatiori'6f MWagaite tor ost? 
sa^ma have tieen developed and the results obtalned'thus fa- suggest ET-7 
h» activity against osteosarcoma. Furttier precllnlcal and clinical studies 
warranted. ' 

doses). Drug treatment \i 
tiimors reached approxir 
the tijmor measural I 
the greatest growth i 
weeks flie PBS eg 

#4576 Specific Inhibition of MLL fusion gene leukemlas by the heat she 
protein inhibitors Heitlmycln A and 17-allyiamino-17-demethoxygeldanar 
dn. Qing Yao, Wendy Hudson, Mamie Taylor, and John H. Kersey. Urf/vers* 
lulinnesota Cancer Center, Minne^Mlis, MN / 

MIX hislon gene leukemlas, especially infant MLL-AF4, are r^lstant to st 
dard chemotherapy and candidates for hovel therafjles. '^^reen of pbss 
novel agents was undertaken of several benzoi5uinon«i|aBSamycins, indue 
Hertlmycin A (HA) and 17-allylamino-17-dernettioxyo(rfdanamycin (17-A*' 
These agents are loiown to specifically bind to heafr^hocfc protein 90, inf 
activity and result in the decreased activity of slgriMansducion proteins, stet 
receptors, cell cycle kinases, transcription factoratnd p53. We have deslgne 
vAfo cell proliferation studies to evaluate tiie^iagente iii' hiimah" and murine f 
hjslon gwie leukemia cell lines. The a)%^hlbitory conceritraHpn (1050) . 
detemilned in a Cell-Titer96 assay. Exteijfive studies were aohf'with ttie pre 
twse agent, HA. Human MLL-AF4 leuteftia cdl lines had IC50 of 40nM (SEM 
and 65nM pS 4:11) witti HA; pheno^e-matched conb«l cdl lines KM3 and B 
wera about 11 times less sensltlwflCSO of 390nM arid lOOOnM respectively), 
human MLL-/M=9 leukemia ceMne, Molm13, had an IC50 of 25nM wrth HA; 
phenotype matched confroUfell line, U937, was 300 times less sensitive ** 
1050 of 7800nM. A muriite MLL-/«=9 leukemia <^.llne, 4166,.«!at we h 
recentty established v^sensltlve to HA wfth IO50 of S7nM while phenot 
matched control celLmes were 6 times less saisltive wItti 350nM for Baf3 
lOOOnM for 32Dcm Extensive studies were also canled out witti ttie clinic 
better tolerated lf-/^G, now In cllntoal tilais In solid feimors. Both MLl-AR; 
MU.-AF9 celMlnes were v«y sensitive to 17-AAG pS 4:11, 700nM; SEW 
350nM; MSn13, 31nM; 4166, 60nM) compared to contrcrf cell lin^ (K 
2200nM-jfe, 2100nM; U937, 4500nM; Baf3, 430nM; 32Dc13, 350nM). Th 
results *ow that HA aid 17-AAG sp«:ifically inhibit proliferatiwi of Ml.L-^4 
MLL-iF9 hisiwi gene iwikemlas witii IC50's that we potentidly useftii for Uier 
for MILL fusion gene leukemlas. 17-AAG will be tested furttier h pre-clinical m 
aid mechanistic studies of human leukemia : a    >..%; <■.. <( -.       ;• • 
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ence in cytotoxic activity of NK-92 and transduced NK-92-soFv(FRP5)-J cells 
fowards ErbB2 negative targets was found. In contrast, even at low effecto^to 
target ratios NK-92-scFv(FRP5)-f cells specifically and efficiently lyse^' 
expressing tumor cells of various origin ttiat were completely resistap*fo cytolyMc 
activity of parental NK-92. Similariy, Ert)B2-positive primary br^rf cancer cells 

plated from pleural effusions of patients with recuwent dIseMO were selectively 
' iiied by NK-92-scFv(FRP5)-{ cells. Our results demonstra^hat i killso oy i^f^"5^-=^' *M f^^^i'% ^c!!a. iMfui icisuit.? u=i!iw, (.jtiw^ «,«t eiTicient retar- 
geting of NK-cell cytotoxicity can be achieved, and mlglTt^iow the generation of 
potent cell-based therapeutics for the treatment of Ei^^ expressing malignan- 

cies. 

14797 Murine monoclonal anfl-idlo^>e annbodies as surrogate anflgens 
(pr 19A211, a slal^ated caAohydrate aiMen associated with superficial 
bladder cancer. Nancy Frenette, Alain Beraeron, Helene Lame, and Yves Fradet. 
QgniiB de recherche, Hotel-Dieu de Qu^c, CHUQ, Quebec, (K, Canada. 

Bladder cancer offers a unique oppwninity to investigate caicer vaccines. Up 
(0 T5% of primary bladder tumors are^uperficial and, although treated effectively 
w transurethrai surgery, recurrenpfe occur In 60% of patients. Moreover, these 
tumors respond well to non-sp^fflc immunotherapy using BCG. Vaccines based 
on bladder tumor-associated altigens could be used to prevent recurrence of this 
disease. Monoclonal antibqj^ (mAb) 19A211 reacts with an aitlgen that Is ex- 
pressed on about 70% oj^aiperflclal bladder tumors'. We previously showed that 
JflAb 19A211 reacts wm a bladder cancer-associated slalylated cartxihydrate 
epitope present on a gfeup of protein Including a glycofomi of CEA. Its expression 
is restricted to tumor cells with the exception of suparficlal umbrella cells of 
normal bladder ln^5% of Individuals. The aim of this study was to produce a 
murine monoctamal anti-ldlotype antibody. BAtB/C mice were immunized with 
fliAb 19A211 jfonjugated to Keyhole Limpet Hemocyanin In presence of QUIL-A 
adjuvant. I^ridoma production resulted in 1478 clones of wrtilch 26 reacted with 
19A211 a?ra no oUier control antibodies. In inhibition assays, 14 of the 26 clones 
inhibitanhe binding of mAb 19A211 to its antigen expressed on MGH-U3 bladder 
eancel^eils. TTiis suggests that ttiese antibodies can mimic the natural 19A211 
anj^n. The potentW of these surrogate antigens to induce, in diogeneic mice 
rflrabbits, a response against superficial bladder tumors will be discussed. 

#4798 Comparison of bispeclfic antibodies for pretargeted delivery of 
small molecules to tumors. Marianne K. Hayes, Hong Ma, Kim J. Consolino, 
Richard P. Tomko, Ching Y. Wang, Hans J. Hansen, David M. Gold^berg, and 
Zhengxing Qu. Immunomedics Inc, Morris Plains, NJ. 

Bispeclfic antibodies pjsAbs) with one specificity for a tumorv^fesoclated anti- 
gen and another for a hapten are employed in a versatile two^tep pretargeting 
system for radloimmunodetection PAID] and radloimmunottflrapy PAIT). In this 
system, the radlonuclides are directed to the tumor sitesjjy high-affinity binding 
of divalent hapten molecules to the tumor bound bsAbs/ihe radlolabeled hapten 
molecules by themselves, usu^ly low molecular wSght peptides, are r^idly 
cleared from the blood and almost exclusively e^ieted In the urine, resulting in 
little, if any, cytotoxicity to nomial tissues. The rfficacy of this system Is depen- 
dent on the pharmacokinetics of the IssAbs, kfcluding tumor penefration, non- 
tumor tissue retention and blood clearance^ese properties are influenced by 
ttie stwcture and binding properties of Jfe bsAbs. To detennlne the optimal 
configuration of bsAbs for FWID and FMIT, various forms of anti-CEA and anti- 
In-DTPA bsAbs were constaicted by awetic engineering and transfection. These 
bsAbs differ in their sizes, valencie^o CEA and/or In-DTPA, and the ability to 
Interact with Fo receptors. Their irmvo biodistributlon and pretargeting properties 
were investigated. All of the h^l»s showed specific tumor targeting In mice 
bearing human colonic tumor^TTie time needed for blood clearance (to a level 
lower than ~0.1 % ID/g) waa<proportional to the size of bsAbs, I.e. F^-scFv (-75 
kDa) < Fab-(scFv)2 (-lOff^Da) < lgG-(scFv)2 (-200 kDa), at about 2, 3, and 7 
days, respectively. A p^t mutation In the Fc domain that diminishes the Inter- 
action with FcnR slgn»antly accelerated the blood clewance of lgG-(scFv)2 to 
3-4 days. Tumor uptafe of the bsAbs with two binding sites for CEA was generally 
higher than that of ofonovaient bsAbs. In ttie pretargeting system, ™"Tc-ln-DTPA 
peptide was adrninistered when a pre-set tumor-to-blood ratio of the pretargeted 
bsAb had been4chieved (5-10 or higher). The radlolabeled peptide was specifi- 
cally directe^o tumor sites. BsAbs with two binding sites for In-DTT^A directed 
more radi^&eied peptide to the tumor sites. However, trace amount of IgG- 
(scFv)2 ip^e circulation trapped the In-DTPA peptide, resulting in poor tumor- 
to-nonyftimor ratios. Tlie mutation in the Fc doman rnirilmized the frapping and 
imprwed peptide targeting. Further studies are In progress to optimize the 
Mnffguration of the bsAbs for tumor localization and peptide targeting. (Support- 
ed in part by SBIR grait C/^1760 from the NIH to HJH.) . 

#4799 Single clwln antibodies (scFv) isolated fron» ap{|a0b display library 
as a tool to ideritify unique 9p96 associated pjpfitrtantlgens. Ashok T. 
Badlthe, Yuangen Chen, Abraham Mittelman, jpsHfej Tiwari. New Yorii Medical 
to/ege, Valhaila, NY. 

Protective Immunity by purified prepar^ons of the heat shock protein, gp96, Is 
attributed to associated peptidp^HSolation of these peptides has lieen a dial- 
tenge, although tumor reie^dfiproperty has been linked to the gp96-peptide 
Wmpiex as neither ttsarp^tides nor gp96 alone can confer protective Immunity. 
We have been dewoplng scFv reagents from a s^ttietic combinatorial (rfiage 
*play libray-wat can Identify the unique ^ecies of tumor associated gp96- 

peptide complexes in a comfrfex pool of non-tumor and tumor specific gp96- 
peptide complexes. We utilized the VSV8 peptide, RGYVYQGL, and gp96 pWfled 
from a rat tumor to validate our hypothesis. The peptid^-at 1:50 mblw ratio of 
gp96 to peptide were toaded on fo purified preparatkrti of gp96. in ourexpwi- 
ments purified gp96 vras not stripped of theff,Jfeue specific peptide. V^W 
peptide loaded gp96 and unloaded gp96 i^tfused to dIfferenBally part a syn- 
thetic cwnbin^orial phage display antiWy library. After four rounds;df|00ces- 
sive panning and amplification, we aaf^ned the soluble soFvs for reactivity to 
VSV peptide alone, VSV-peptid|::^6 complexes and gp96 alone. VVe teolated 
scFvs ttiat reacted speclficJlyTOgp96-VSV peptide complexes and did twt react 
to gp96 or peptide aloperlmese scFvs had distinct CDR3 sequences suggesting 
that different group^f antibodies can be generated that recognize specific 
sub-species of,8f®6-peptlde complexes. We are currently extending tliese pre- 
liminary fe^JiH^ studies to utilize ttie scFvs from phage display anUbody librw- 
ies to ktoi% and better define the mmunogenk: subspeciM of tumo- ^secific 
gp96-p^ldecomplexes. .; -    -ViU:' . -v*: B'';G- ;',;;':,^V/. ■ 

#40X1 fconsttucMon and characterization of Wspeciflc minlboc^ struc- 
taires to enhance anti-tumor Immune re^wnse, Lillian S. ShahledySva M. 
Horak, Heidi H. Simmons, aid Louis M. Weiner. Fox Cftase Cartc^ Center, 
Philadelphia, PA. ' 

in recent years monoclonal antibody ther^y has become a mpi€ popular and 
widely accepted treattnent for a variety of diseases such as caicer. ^rtitwdy- 
dependent cellular cytotoxicity (ADCC) may be one of the memanisms by v*lch 
clinically effective antibodies such as rituxim^ and trartuzumab exert ttieir 
therapeutt'c effects. In order to Improve ttiis anti-tumor inechanism of action, a 
series of bispeclfic antlfcwdies vras conshucted in wWch two single-chain anti- 
body fragments (scFvs) with different tagets (flie tj^or antigen HER2/neu and 
ttie leukocyte Fc^lll receptor) were joined by a fiftfen amino acid linker. Several 
mutants were created wiUi varying affinities fof HER2/neu while linked to the 
same anti-Fc-yRIII scFv. The results from th^ stijdies indicated that an In- 
creased affinity for HEFI2/neu conflated within Increased ability of the bispeclfic 
antibody to potentiate ADCC. It was also ponfimied that activation of leukocytes 
did not occur in the absence of tumor ^1 engagement; this property minimizes 
unwanted leukocyte activation, and attendant host toxicity, in ttie atisence of 
tumor engagement However, the tetfel of Uimor cell lysis observed uang these 
novel scFv-based reagents was rtfenuated when compared with the cytotowcity 
seen with a hill-length blspecifigantibody. Ttiis diminution in activity could t>e due 
to the reduced vwngspan or ^ibllity of ttie (scFvJs molecules in comparison to a 
full-iengtii IgG. AccordingiW^e are creating bispeclfic antibodies that are larger 
and possess an Increasifflexibillty but still retain the same specificity. A bispe- 
clfic minlbody vwas corismjcted in wrtiteh the lgG1 CH3 constant domain serves as 
the ollgomeriaation drfi^n and Is attached to the antl-FcTRIII and the ffliitt-HER2/ 
neu scFvs via 19 aW 29 amlno acid linkers, respecMvely. This molecule can be 
expressed In mfflronalian cells from a diclstronic vector and has tjeen purified 
using sequentfen affinity purification techniques. Anal^ls by surface ptesmon 
resonance sNws ttiat ttie bispeclfic minlbody can bind to HER2Aje« and FcH^III, 
both indlvl^lly and simultameously. Furthenmore, cytotoxicity studies ^ow that 
the mlnll^y cswi induce tumor cell lysis at 40 nM concentration to the same 
extent asa related IgG t>lspecific antibody. A Wmeric, bispeclfic minlbody has 
dso tjren expressed using a sfrategy similar to the one employed to make ttie 
bispAic minlbody. This cwistiwct Is dimeric for Mnding to HEFI2/neo but binds 
mcwmerically to Fc-^lll. The cytotoxic potenti^ of this new construct Is being 
compared to ttiat of the bispeclfic minitmdy, bispeclfic (scFvjj and bispeclfic IgG. 

+ #4801 Isolation and 'm vitro and in vhm characterization of human ianti- 
human VEGF scFv fragments. XInhul Wang. JIanming Hong, Yumi Yokoyama, 
Sunda Ramakrishnan, and Soldano Ferrone. Roswetl Park Cancer Institute, Buf- 
falo, NY, University of Minnesota, MinnesfMlis, MN, and Roswell Park Cancer 
Institute, Buffalo, NY. :    " .    .       . ■-        ,;  '   ' 

Vascular endothellal grovrti factor (\^GF) stimulates proliferation of endothellal 
cells and contiibutes to ttie development of solid tumors by promoting tumor 
angiogenesls. Aiti—VEGF monoclon^ antitjodies (mAb) have been diown to 
inhibit the ftinctlond activity of VEGF in vitro and In nude mice traisplanted with 
human tumors. These findings have provided the Isackgroiind to Implement 
clinical trials with anti—VEGF rcMa in patients with malignant diseases. Potential 
limitations of the clinical application of antI—WGF mAb are the poor diffusion 
from ttie vasculature into ttie tumor md normal wgai antibody accumulation 
associated toxicity. These limitations may be overoome by the application of 
single chain fliagments of variable regions (scFv) of antibodies. The latter offer 
also ttie advantage that they can be easily modified genetically to Increase their 
specific targeting to malignant lesions. TTierefore, we have isolated VEGF binding 
scFv fragments and assessed ttieir fijnctional properties In vitro and in vivo. 
Pmning of a s«ni-syntheMc phage display human—derived scFv library vwth 
recombinant human VEGF165 resulted In the Isolation of 56 clones. Testing In a 
binding a^y vwtti VEGF165 of the 56 clones IdOTtified 14 positive clones. DNA 
sequencing of these 14 positive clones Wentified ttie same sequence In 13 clones 
and a different one In the remaining one. The latter clone, named JH2, and one of 
the 13 clones, named JH1, were selected for additional shjdies. Soluble scFv JH1 
and JH2 reacted ^eclflcally In a standati sandwich assay with VEGF165 and 
VEGF121, which are ttie predominant Isofomis of VEGF. Moreover, soluble scFv 
JH1 mari<edly neutralized VEGF165 and VEGF121 induced In vitro proliferation of 
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human endothelial cells HUVEC. Lastly, four intraperitoneal injections of soFv JH1 
(lOO/ng/injectlon) on day 9,13,17 and 19 following transplant of human ovariai 
carcinoma cells MAI 48 to nude mice (2x10* cells/mouse) significantly inhibited 
tumor growth. These results suggest that anM-VEGF scFv JH1 may be a useful 
reagent to develop anti-angiogenlc therapy of solid tumors. 

#4802 Surface plasmon i«sonance-based competition assay^ assess 
the sera reactiv% of variants of liumanized antibodies. Noreen M. Gonzales, 
Peter Schucl<, Jeffrey Sohlom, and Syed V. S. Kashmiri. LTIB.B^B, NCI, NIH, 
Bethesda, MD, and MIR, DBEPS, ORS, NIH, Bettiesda, MD. 

To evaluate the relative potential immunogenicity of vaunts to the parental 
humanized antibody (Ma), we have taken the approach ofcomparing the reactiv- 
ities of the humanized Ab and its variants to paWems' sera containing antt- 
idiotypic antibodies (anti-Ids) to the parental Ab. Sira reactivity is measured by 
the ability of a humanized Ab variant to compete^ith the parental Ab for bihding 
to patients' sera. We developed a Surface P)dsmon flesonance-based assay to 
rnonitor the binding of the sera anti-Ids to t|)6parenfal Ab and Uie inhibition of this 
binding by the variants. Tfiis new assay^ulres no radlolabeling, is relatively less 
time-consuming, and uses only smalfamOunts of serum through an innovative 
sample application technique. Toyfflidate the assay, we have tested the relative 
reactivities of the CDR-grafted^ti-oarcinoma Ab, HuCC49, and two variants, 
designated V5 and VI0, to flm^ra of two patients, who were eariier administered 
radiolabeled murine CXimm a clinical trial. ICsoS, the concentrations of ttie 
competitor antibody regdired for 50% inhibition of ttie binding of ttie serum to 
HuCC49, showed aftS-fold reactiwty difference between HuCC49 and VI0 to 
one senim, and aim-fold difference in their reactivities to the ottier seoim. TTie 
results may indipffle the difference between the potential immunogenloities of the 
variants andtee parental humanized Ab. Furthennore, the assay can be adapted 
to allow apomparison of relative amounts of anti-Ids present in sera of different 
patiente^ithout remowng ttie circulating antigen. TOs can facilitate the rapid 
screerfing of the sera of patients involved in clinical trials for the presence of 
aiOTds. . _ 

#4803 Characterization of five new ftiliy human monoclonal IgM antibod- 
ies isolated from carcinoma patients. Stephanie Braendlein, F«nk Hensel, 
Judith Lorenz, Matthias Eck, Bertram lllert, Justus Mueller, Hans KOnrad Muellw- 
Hemieilnk, and H. Peter Vollmers. Pathology, Univ. WuerOmrgMumzburg, Ger- 
many, and Surgery, Univ. Wuerzburg, Wuerztmrg, Germarry. 

Monoclonal antibodies are accepted to im ideal adjux^t therapeuticd re- 
agents for all kinds of diseases. Polyvalent (crossiinkinc^and low mutated IgM 
antitradies (less immunogenic) are believed to be ttw^ost effective weapons 
against caicer. The best source for these types of arttbodies Is the cwtcer patient 
itself. Using conventional h^ridoma technique, rwfonly ftjily human monoclonal 
IgM antibodies are isolated, but *o new ta^s are identified by the same 
experimental approach. The resulting anflb(^«s can be used direct^ for ttiera- 
peutical purposes wittiout farther modulaMon, and manipulation. B-cells torn 
patients with carcinomas of colon, paicpfes and lung were isolated from lymph 
nodes and immortalized by fusion to/ttie heteromyeloma HAB-1/X. Resulting 
human monoclonal antibodies were/fested initially on autologous tumor tissue 
and tumor reacting antibodies •MS/% further tested on panels of malignant and 
healthy tissues to determine ttfe specificity. JWibodies were blotted on cell 
extracts to characterize the tergets and tested in functional assays for cytostatic/ 
toxic activities. We have geiferated and characterized five new human monoclo- 
nd IgMs. The mainly gwh-line coded IgM antibodies CM-1 and CM-2 (colon), 
PM-1 and PM-2 ftjanw^s) and LM-1 (lung) are specific for malignant tissues and 
show only restricted^activity with healthy cells. Biochemical analysis to deter- 
mine the con-esppnding receptors are undenway. Tested for functiwial in vitro 
activity, human^ntibody CM-1 inhibits tumor cell prollfwation by inducing ^x>- 
ptosis. Adjuwrnt treatment of cancer with monoclonal antibodies requires new 
antibodiesafid new targets. By using classical human hybridoma technique we 
have estalflished five new human monoclonal IgM antibodies ftom patients with 

tancers. All five antibodies show a tumor restricted reactivity pattern and 
one antibody (CM-1) induces ^optosis. TTiis shows ttiat carcinoma 

patjrfrts have an anfi tumor B-cell lmmun'% and manifest tumors are not a matter 
of quality but most likely of quantity of humoral immunity. 

#4804 Granulocyte-colony stimulating fector enhances chimerio anH- 
body Nd2 dependent cytotoxicily against pancreatic cancer mediated by 
poi^noiphonuclear neutrophils. Yutaka TamamonVJ^SuJi Sawada, Tamahiro 
Nishihara, Yoshito Yamashita, Masalchi Ohira, anjM^ei Hirdcawa. Depmtment 
of Surgical Oncology, Osaka City Univmsity GradCafe School ofMeOcinB, Osaka, 
Japan. , -.     .        ,       

NiiZ is a monoclonal antibodiy agajnsf pancreatic CMicer. We have previously 
reported that human/mouse chirpsrieaititjody Nd2 (c-Nd2) can induce antibody- 
dependent cell-mediated cy^sWxicity P3CC) wth peripheral blood mononuclear 
cells (PBMs) as effectore.Jifthis study, we investigated c-Nd2 induced ADCC by 
poiymonshonuciear nedtrophils (PMNs) as effector cells and the effects of G-CSF 
in enhancing ttii^ytotoxicity. Cytotoxicities for pancreatic cancer cell line 
SW1990 were^se-dependently increased during mixed PMN and tumor cell 
culture with^Nd2, and ttiese cytotoxicities were significanfly suppressed by 
neutralizing antibodies against CD16, which were Fc-y receptors expressed on 
PMN membranes. Furthermore, the treatment of PMNs witti G-CSF was signlfi- 

diffs 
at |i 

caitly enhanced. In vitm c-Nd2 induced ADCg^adfMty witti these f%iN 
tumor growth of SW1990 subcutaneouslyten^lanted nude mouse twidec 
suppressed by i.p. administration of^>Nffi or G-CSF. In additton, the «»t 
iion of c-Nd2 and G-CSF signiflpaffly inhitMted ttiis in vivo tunm gn^i^ 
was accompanied by a stipi^nfllfratlon of PMNs into and awjnd the' 
planted tamor, M conprtfed by lmmunc*istochemicai study wttliarrH-- 
neutrophil elastase^rfibody. TTiese results suggest tliat PMNs istey anirw 
role in c-Nd2 ii^H&d ADCC and that combination immunottierajv of o-Nc 
6-CSF mwjB* beneficial In clinical applications against pancrMflc can 
enhancihg^DCC induced by PMNs. * :- 

#4W)5 Development of a single chath Fv from a human anti-lb riust 
nal antibody that mimics ttie GD2 antigen: A vaccine camiidat^ W e 
immunottierapy. Pradip IC Maiti, Joycelyn Entviistle, I^a^ T=aBl, "flnc 
MacDonald. Viventia Blotecft Inc. Winnipeg, MB, Canak 

We have generated a human anti-id antibody hame^BS, that rnlnfu^'th 
ganglioside, a fcjmor antigen ttiat is overexpressK^dn melanorhaJrwiroWa 
and smdl cell lung cancers. In addition to ai>rfect IgG antiljoc^, vfe hai 
developed a single chain Fv fomi. The spamcity of ttie 4B5 scFv w^ de 
strated by its ability to bind to 14G2a, an ift-GD2 MAb, and to ftihibitlfie b 
of 14G2a to a GD2-positive melanorra^ll line SK-MEL-5. To esqjiwe ttie f 
liai of 485 as an anti-id cancer ^eane, we have assessed arid «K»npar 
Immunogenicity of both the ^^ and ttie Intact IgG forms"« 4B5 in 
immunization vwth either ftmifof 4B5 resulted in the induction of both hi 
and cell-mediated immupsfresponses. However, mice Immunized wilh'tt- 
scFv demonsfrated a^f€nger humoral immune response. This was Indica 
a higher 4B5-sp^iflc antibody titer, a stronger antl-anti-id response, 
stronger anti-Gp2^ntibody («>3) response. A somewhat stronger c*rne 
immune resppifee was induced in mice Immunized with the 4B5 scFv, as 
onsftBtedbf the production of iL-2, IL-13 and IFN y in ttie primary cult 
spleenp^s. TTiese results indicate ttiat the scFv fomn induces a stronger 
respphse than the IgG. Tlius, the 4B5 scFv has potential as an mtl-ld vacc 
cancer Immunotha^py. - • •■:.*•«'; 

#4OT6 Cancer autoantigens ar» cleaved by granz^ne B: A pot 
mechanism for revelation of er^Jtic epitopes, Daiielle Ulanet^^y Cox, 
Dang, Uvia Casciola-Rosen, and Antony Rosen. Johns Hopklf^nmrsityi 
of Medicine, BsMmore, MD. ,.       !,, 

The ongoing identification of tumor antigens has t^iti to elucidate th 
majority of these proteins are non-mutated and thusdmmune responses a 
them represent an autoimmune phenomenon, yfilike in autoimitiiirie" dit 
where the immune response against self Mfeins Is detrimeiital 'to'ttie 
Immune responses aganst self proteins iawmors have been assoclatecl 
more tevor^le prognosis. Thus, ttie ultitlfication of a common mec^ 
responsil»le for rendering such self ppjfeins immunogenic, may greafly tene 
field of tumor immunology. The re<»nt finding ttiat ttie majority of autoari- 
targeted across ttie spectwnipfsystemic autoimmune diseases; are sele 
cleaved by the cytotoxic lymjaiocyte granule protease granzyme B to ger 
unique fragments, impli^4nat altered cleavage of these molecules," during 
toxic iymphocyte-grajufe induced cell death, may play a role in spec 
breaking tolerancett^hem. We demonstrate here that susceptibility to sp 
cleavage by granzyme B is also a feature shaded by cancer autoanttgws 
molecules exOTTined (tyrosinase, c-myc, nucleophosmin/B23, UBF/NOR-9' 
flbrillarin) iircluded autoantigens of diverse function and sub-cellular Tocali 
and werft»-geted by autoaitibodles in various different malignancies. W. 
pose Jhat altered isleavage of these molecules in the pro-immune sett 
cytotoxic lymphocyte induced cell death, combined with Increased express 
tumors, may play a role in inciting the specific adaptive immune respot 
cancer.    - . . 

#4TO7  Mulagenesls of human RNase for Immunp^xln therapy. He 
Erickson, Michelle Jund, and Christopher A. PenjjeCUnn^ens/fy of Minn-. 
Minneapolis, MN.     • .jri,   ,.. 
^■'An'Imniuhotoxirils a chlmericmblecuTe cj^Isting of a targeting "moiety 
toxin moiety. In ttie treatoient of T cejpifeite l^phoblastic leukemia (T 
immunotoxins directed against CD7j,.affantigai highly express^ on leuke 
cells, have been con structed. Hisforically, the toxin moiety lias" been pir 
bacterially derived; however^^y?« efficacy in an immunotoxin is limited by ir 
nogenecity and non-specl^toxiclty. An ^pealing alternative to sudi toxin 
use a human toxin sucj)^ ri txjnuclease (hRNase) in an immunotoxin c«is 
RNases are effIciajlK%nzymes that digest RNA, prohibiting protein synt 
thereby leadina|Bfapoptosis. Nomiaily, tiiey are efficiently inhibited by rit 
clease inhiW^jf (Rl), a cytosolic protein found in abundance in most ce 
hRNase MKT mutated sudi ttiat it was bound less effectively by.RI, it COL 
used to^rive a potent, less immunogenic Immunotoxin. To this end, a ser 
mutfttons were made wittiin key regions in the RI/RNase interfac e. 1 
mutants will be examined for their ability to evade RI binding and linked 
targeting mdety dirarted against CD7. .:,;•, 
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ABSTRACT 

Etiology of ovarian cancer is not completely understood. Previous studies have shown that 
both genetic and epigenetic factors could contribute to ovarian tumorigenesis. 
Epideiniological studies suggest that number of ovulation and ovulation related 
gonadotropic hormones could play a role in the malignant transformation of surface 
epithelium. In this project, we will investigate how the normal ovarian epithelium 
acquires tumorigenic phenotype. Specifically, the effect of angiogenic growth factors in 
the etiology of ovarian cancer is studied using a model system. 
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(4) INTRODUCTION: 

The vast majority of ovarian cancera arise from the surface epithehum. 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 estabhshment 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: 

hi oiu:" Statement of Work" we proposed to perform Task # 1 and #2 during the 
first 36 months. Task 1 and 2 are related the expression of angiogenic growth factor in 
surface epithelium of the ovary. To evaluate whether angiogenic growth factor play a 
role in the development of ovarian cancer. 

In the Year 2 report (2001) we described the estabhshment of rat ovarian surface 
epithehal cells secreting VEGF stably. These cells were characterized for their ability to 
induce angiogenesis in vivo using a matrigel assay. Results showed that VEGF secretion 
was accompanied by increased angiogenesis. Mterestingly, exogenous expression of 
VEGF provided a survival advantage to these cells to establish as tumors. 

Results related to Task 1 and 2 in Year 3 : We continued to characterize the tumorigenic 
potential of VEGF expression in rat ovarian surface epithehal cell line, ROSE199. 
hitraperitoneal mjection of VEGF-ROSE cells induced the formation of malignant 
ascites. An average of 9 ml of ascitic fluid was found in VEGF-ROSE mjected mice. 
VEGF-ROSE injected mice survived shortly, and all the mice died due to tumor burden 
by day 56. Control mice injected with similar number of vector transfected ROSE cells 
survived for more than 100 days. These results are summarized in the manuscript 
included in the Appendix. 

Since VEGF secretion provided in vivo survival advantage and converted the non- 
tumorigenic ROSE199 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, hi another set of 
experiment, a specific inhibitor of VEGF-Receptor 2, SU 5416 was used. SU5416 
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inhibits the tyrosine kinase activity of flk-1. Both external neutraUzation and inhibition of 
VEGF-receptor mediated signahng significantly inhibited the growth of VEGF-ROSE 
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. 
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Fig. 1 : Effect of a single chain antibody to VEGF on the growth of VEGF secreting rat 
ovarian surface epithehal cell line, Sohd 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. 

HaC. 

mmmB 

^N^^^^^^NH 

Fig. 2 : Structure of SU 5416, a selective inhibitor of flk-1 receptor tyrosine kinase 
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Fig. 3. Effect of SU5416 on the growth of VEF-ROSE cells. Each value is a mean of 10 
animals, SU5416 was dissolved in DMSO and given at a dose of 15 mg/kg/d every day 
for a period of two weeks. Treatment started on day 7 after the transplantation of VEGF- 
ROSE cells. 

Future studies will focus on switching the angiogenic balance by trensfecting the VEGF- 
ROSE cells with an angiogenesis inhibitor. Outcome of this experiment will prove that 
reversing angiogenic phenotype can prevent ovarian cancer growth. 

(6) KEY RESEARCH ACCOMPLISHMENTS : 

VEGF-secreting ROSE 199 cells formed sohd tumors when injected s,c, and mahgnant 
ascites when injected intraperitoneally. 

Tumor incidence is 100 %. 

VEGF seems to confer survival advantage in vivo and confer tumorigenic phenotype. 

Neutralization of VEGF by a single chain antibody inhibited the growth of VEGF-ROSE 
cells in athymic mice. 

hihibition of VEGF mediated signaling at the endothehal cells by SU5416 prevented the 
growth of VEGF-ROSE cells. 

f7) REPORTABLE OUTCOMES 
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Manuscripts: VEGF Overexpresslon in Normal Ovarian surface epithelial cell line 
leads to tumorigenesis and ascites formation 

Jennifer   J.   Sdiumacher,   J.   Cosin,   N.   Auersperg   and   S.   Ramakrishnan. 
(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. Neutrahzing VEGF extracellularly inhibits ovarian cancer growth. 
Similarly, inhibition of VEGF mediated signaling by a kinase inhibitor, SU5416, can also 
prevent tumorigenesis of VEGF-ROSE cells. 

(10)REFERENCES:  None 

(11) APPENDIX: 

Manuscripts:   VEGF Overexpresslon in Normal Ovarian surface epithehal cell 
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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 development of ovarian tumors, we transduced human VEGF 165 into a normal 

rat ovarian surface epithelial cell line, ROSE199. A number of highly secreting 

VEGF/ROSE199 clones w^ estabhshed. As a positive control, ROSE199 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. hi contrast, VEGF secreting ROSE199 cells did not show characteristic 

changes of transformation. Transfection of ROSE199 cells with VEGF165 or vector 

alone did not alter in vitro prohferation rate of these cells compared to parental ROSE199 

cells. Neu transfected ROSE199 cells formed sohd tumors in >90% of mice injected and 

interestingly 85% of mice injected with VEGF/ROSE199 cells developed vascularized 

tumors. Intraperitoneal injection of VEGF/ROSE199 cells lead to mahgnant ascites 

formation in 100% of injected mice where^, control transfected ROSE199 cells failed to 

produce tumors under similar conditions. Furthermore, blocking VEGF mediated 

signaling by the receptor specific kinase inhibitor SU5416 reduced the growth of 

VEGF/ROSE199 tumors. These studies demonstrate that VEGF expression may play an 

important role in the etiology of ovarian cancer and blocking VEGF mediated signahng 

may be useful in the treatment of epithehal 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 secrete lysosomal proteases to aid in folHcular rapture during ovulation 

then proHferate 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 (Fathalla, 1971) and the 

'gonadotropin hypothesis' (Stadel, 1975). The 'incessant ovulation' hypothesis suggests 

that the risk of ovarian cancer increases with increased mmiber of ovulation's [1]. A 

decrease in occurrence of epithelial ovarian cancer (OEC) is foimd in women with 

reduced ovulatory cycles due to pregnancy, oral contraceptive use, lactation, etc. It is 

therefore suggested that repeated wounding and healing of the ovarian surface epithelium 

(OSE) increases the susceptibility for malignant transformation of OSE. 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]. Recent studies have 

shown that gonadotropins stunulate OSE proUferation and induce expression of growth 

factors such as hepatocyte growth factor (HGF), keratinocyte growth factor (KGF) [5], 

and vascular endothehal growth factor (VEGF) [6] which may also play a role in the 

onset of ovarian epithehal cancer. It is likely that the etiology of ovarian cancer is 

multifactorial with genetic, hormonal, and environmental factors playing a role; however. 



a common feature of these hypotheses is high level expression of growth factors 

surroimding the OSE. 

It is widely accepted that sohd tumors require new blood supply in order to 

survive and grow beyond a critical size of 2 mm in diameter. Many studies have shown 

that VEGF, a potent angiogenic growth factor, is up-regulated 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], We therefore 

hypothesized that acquisition of an angiogenic phenotype by OSE may be an important 

initial step in the development of epitheUal ovarian cancer. Utilizing a normal rat ovarian 

surface epithehal (ROSE199) cell line, we induced high level expression of human 

VEGFi65 similar to that in ovarian cancer physiology and characterized its effects on 

OSE both in vitro and in vivo. 

Material and Methods 

Cell Culture 

Parental ROSE199 cells were kindly provided by Dr. N. Auersperg (University of British 

Columbia, Vancouver, Canada). ROSE199, Neu/ROSE199 and pINA/ROSE199 cells 

were grown in M199 medium (GibcoBRL) with high glucose (4,5 g/liter) containing 10% 

fetal bovine serum and supplemented with 100 lU ml"' penicillin and 100 ug ml"' 

streptomycin (Cellgro). Selection and maintenance of Neu/ROSE199 cells was 

accomphshed by growing cells in the presence of 0,8 mg/ml G418 (Calbiochem). 

VEGFi65 and vector (pSecTag C) transfected ROSE199 cells were grown in Dulbecco's 



Modified Eagle Medium (GibcoBRL) with low sodium chloride (4.7 g/liter) 

supplemented with 10% fetal bovine seram and 100 lU ml'' penicillin and 100 ug ml'' 

streptomycin. VEGF/ROSE199 and control vector clones were selected and maintained 

in DMEM in the presence of 50 ug/ml Zeocin (hivitrogen). 

Generation oftransfected cell lines 

Human VEGFies cDNA w^ cloned into the CMV promoter-driven mammaUan 

expression vector pSecTag C (Invitrogen). The full-length VEGF165 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/ROSE199) was performed by calcium phosphate method [12]. 

Zeocin resistant colonies were selected with optimized concentrations of Zeocin (50 

ug/ml) and culture supematants were assayed for VEGF165. The oncogenic 

Neu/ROSE199 cell line was generated using a retrovirus containing the coding sequence 

for rat transformuig 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 m previously described by Edwards et al. 1993 [13], Both the pINA and 

pneuMK vector DNA were kindly provided by Dr. A.W. Edwards (University of 

Cambridge, Cambridge, UK). ROSE199 cells were serially infected with either pMewINA 

or pINA retrovirus and G418 resistant clones were characterized. 



Measurement of hVEGF 165protein expression 

Secretion of human VEGFies protein from VEGF/pSecTag C or vector only transfected 

ROSE199 cells in vitro was determined using a human VEGF enzyme-linked 

immunosorbent assay (ELBA) kit according to the manufacturer's protocol (R&D 

Systems). Briefly, 1x10^ zeocin resistant VEGF or control transfected cells were seeded 

into 6-well plates in 2 mis of respective medium. After 48 hours, culture supematants 

were harvested, centrifuged at 1,000 rpm for 5 min. and assayed by ELISA to determine 

protein expression. 

Proliferation rate ofROSE199 cell lines 

Cell proliferation in vitro, was determined by MTT assay [14]. Briefly, 1 x 10^/well were 

seeded in a 96-well culture plate in 0.2 ml of respective culture medium. Briefly, 20 ul 

MTT (Sigma) stock solution (2.5 mg MTT/ml of PBS) was added to each well and 

incubated at 37 °C for 4 h, the medium was aspirated and 100 ul of DMSO was added to 

each well. Conversion of MTT to formazan by metaboHcally 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 10 of each cell line into 6-well tissue culture plates in their respective medium and 

counting viable cells by trypan blue exclusion. 

Characterization of transfected ROSE 199 cells in vitro 

The propensity for foci formation was assessed in vitro. As a positive control, ROSE199 

cells expressing the mutant rat neu oncogene were used. Briefly, 3.0 x 10^ neu transfected 



ROSE199, VEGF/ROSE199 or Empty/ROSE199 cells were seeded into 10-cm tissue 

culture dishes and allowed to grow to 100% confluence. The cells were allowed to 

incubate at 37 °C + 5% CO2 for an additional 2-4 days before assessing foci (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 10* VEGF/ROSE199, Empty/ROSE199 or Neu/ROSE199 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 mis 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 assay 

In vivo matrigel assay h^ previously been described [15], [16], Briefly, matrigel (Sigma 

E-I270) containing 2 x 10* VEGF/ROSE199, Emtpy/ROSE199, Neu/ROSE199, or 

pINA/ROSE199 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, 

Tumorigenicity assays 

Female athymic mice, 6 to 8 weeks old, were obtained from NCI (National Cancer 

Institute. 2 x 10* VEGF/ROSE199 (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. All animals were monitored for general health status and tumor formation. The 

date of the first indication of tumor growth (or ascites development) was noted, and the 

animals were euthanized when they became moribund or if subcutaneous tumors reached 

a size larger than 1 cm^ if neither of these criteria were reached, animals were sacrificed 5 

months after the initial injection. The extent of tumor burden was evaluated by caliper 

measurements of s.c. tumors or by gross examination of all organs within the peritoneal 

cavity. 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 coUagenase and cultured in M199 (Neu/ROSE199) or DMEM 

(VEGF/ROSE199) plus 10% FBS and 0.8 mg/ml G418 or 50 ug/ml Zeocin, respectively 

to verify maintenance of antibiotic resistance. 

Immunohistochemistry 

Harvested tumor tissues or matrigel plugs were embedded in tissue freezing medium 

(Miles Inc., EUdiart, IN) and snap frozen in Hquid nifrogen. The samples were then cut 

into 10-|jni thick sections and stored at -SO'^C until fiirther use. For 

immunohistochemical analysis, tissue specimens were air dried and subsequently fixed in 

acetone at room temperature for ten minutes. The shdes 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 CD31,1:50 dilution, PharMingen, San Diego, CA) for 1 hour at room temperature 

in a humidified chamber. The shdes were washed three times in PBS and immediately 

imaged in an Olympus BX-60 fluorescence microscope at 200X magnification. 

Quantitative real-time PCR assays 

Steady-state levels of specific VEGF receptors Flk-1/KDR and Flt-1 mRNA transcripts 

were analyzed using a specific QRT-PCR assay for each gene. These quantitative RT- 

PCR assays have previously been described in detail (Perkin Elmer Apphed Biosystems). 

The primers used in our analysis were synthesized based on rat Flk-1 and Flt-1 sequences 

respectively. These same sets of primers are also able to ampUfy human KDR and Flt-1 

receptor transcripts. We utilized these primers to compare receptor levels in human 

vascular endothehal cells and rat epithehal cells. The primers used in this comparative 

quantitative analysis of Flk-1/KDR and Flt-1 were: Flk-1/KDR, 5' -CTC AGG TTT TGT 

GGA GGA GAA ATC C- 3' (5' primer, 25-mer) and 5' -GCC AAT GTC CAA CAG 

GAT GGT AAA G- 3' (3' primer, 25-mer) that generated a specific 123-bp Flk-1/KDR 

PCR product and Flt-1, 5' -GCC AAT GTC CAA CAG GAT GGT AAA G- 3* (5' primer, 

25-mer) and 5' -TGA GAA GGT GGG GAC TGA GTA TGT G- 3' (3' primer, 25-mer) 

that generated a specific 92-bp product from all cell types, demonstrating the integrity of 

the RNA samples. 

Effect ofFlk-1/KDR receptor tyrosine kinase inhibition on VEGF/ROSE199 tumor 

growth 
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VEGF/ROSE199 cells (2 x 10^) were implanted subcutaneously in the hind-flank region 

of BALB/c nu/nu female mice 6-8 weeks of age. 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 hic, San Francisco, CA) in DMSO or DMSO 

alone for fourteen days beginning 3 days after implantation. Tumor growth was 

monitored by measuring s.c, tumor mass using venier calipers. Tumor volume was 

calculated as the product of (a x b^ x 7c)/6 where a = greatest diameter, b = perpendicular 

to a. Statistical analysis was carried out using Student's r-test. Toxicity profile was 

assessed by measuring mean weight change and hematocrit levels (% PCV) of mice on 

days 1, 7, and 14. Tumor specimens were surgically removed and processed for 

histochemical analysis as described previously. 

Results 

Expression ofhVEGF165 in ROSE199 cells 

ROSE199 cells were transfected with pSecTag C containing the entire coding sequence 

for hVEGF165 (VEGF/ROSE199) or pSecTag C vector only (Empty/ROSE199). After 

selection in zeocin, supernatant from resistant clones was assayed for the presence of 

secreted hVEGF165 using a human specific VEGF ELISA. Clones transfected with 

VEGF165 secreted hVEGF protein ranging from 300 pg/ml up to 3200 pg/ml (Fig. 1). 

Expression of neu in pnewINA 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). 
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Proliferation rate ofROSE199 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 ROSE199, 

VEGF/ROSE199, and Empty/ROSE199 cells at 24 hr, 48 hr, and 72 hr. time points. 

Viable cell counts by trypan blue exclusion reveal no significant difference in cell 

proHferation rate between the different ROSE199 cell lines in vitro. This data was 

fiirther confirmed by determining viable cells by MTT assays. There was no significant 

difference in cell doubling time between the cell lines. Parental ROSE199 cells had a 

doubling time of 16 hours, Empty/ROSE199 17.4 hrs. and VEGF/ROSE199 cells showed 

a doubling time of 18.2 hrs. The marginal differences seen in doubling times were not 

statistically significant (Table 1). 

In vitro phenotypes oftransfectedROSE199 cells 

Anchorage independence (growth in soft agar) and loss of contact inhibition (foci 

formation) are generally considered phenotypic markers of transformation. Parental 

ROSE199 cells have previously been shown to retain non-transformed characteristics of 

normal epithelium. We assayed VEGF/ROSE199, Empty/ROSE199, Neu/ROSE199 and 

pINA/ROSE199 cells for foci formation in monolayer cultures and anchorage 

independent growth in soft agar. Results summarized in Table 1 show the oncogenic neu 

transfected ROSE199 cells formed foci in monolayer cultures but neither 

VEGF/ROSE199, Empty/ROSE199 nor pINA/ROSE199 cells were able to form foci 

after reaching confluence. Similar results were observed in anchorage independent 

growth Msays where the Neu/ROSE199 cells were able to form multiple large colonies in 
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soft agar with a cloning efficiency of approximately 70% while parental ROSE199 and 

Enipty/ROSE199 cells produced no colonies at any of the cell densities tested. 

VEGF/ROSE199 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) VEGF/ROSE199 b) Empty/ROSE199 c) Neu/ROSE199 or d) pINA/ROSE199 

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 reveal microvessels 

dispersed throughout matrigels containing VEGF/ROSE199 and Neu/ROSE199 cells 

compared to nearly avascular matrigels containing Empty/ROSE199 and pINA/ROSE199 

cells (Fig. 26). Frozen sections of gels were stained with a PE-conjugated antibody 

against mouse CD-31 and vessels were directly visuahzed 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 al. [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), 

Quantification of VEGF receptor mRNA expression by real-time PCR 
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Flk-1/KDR and Flt-1 are two VEGF specific receptors highly expressed by vascular 

endothelial cells. To ^sess if these receptors are also expressed by ROSE199 cells we 

utilized primer sets that are capable of amplifying both human and rat Flk-1/KDR and 

Flt-1 transcripts. Steady state levels of both the Flk-1/KDR and Flt-1 mRNA were 

examined in parental ROSE199, VEGF and Empty vector transfected ROSE199 cells in 

comparison to human umbilical vein endotheUal (HUVE) cells. As expected, Flk-1/KDR 

and Flt-1 transcript levels were highly expressed in the endothehal cell line HUVE, and 

though significantly lower (approximately 3% - 8% of the HUVE) both receptor 

transcripts were expressed in all three ROSE199 cell lines (Fig. 4). Our data reveals for 

the first time the presence of Flk-l/KDR and Flt-1 receptor mRNA in ovarian surface 

epithelial cells. 

Tumorigenicity of VEGF transfected ROSE 199 cells 

In parallel experiments, athymic mice were injected with 2 milhon VEGF/ROSE199 or 

Empty/ROSE199 cells either s.c. or i.p. Tumor incidence w^ 20/20 (100%) in mice 

injected i.p. with VEGF/ROSE199 cells and 17/20 (85%) in mice injected s.c. with 

VEGF/ROSEl 99 within 2 months of cell transplantation,  hi 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/ROSEl99 cells necessitated 

culling within two months after injection due to extensive ascites formation and animals 

becoming moribund (Fig 3 a and a). Examination of the peritoneum revealed widespread 

intra-abdominal tumor mass and up to 11 mis of ascites fluid per mouse. Animals 

uijected s.c. with VEGF/ROSEl99 cells developed palpable, vascularized tumors which 
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reached an average size of 2500 mm^ in volume (Fig, 3 b and d). Tumors were locally 

invasive into muscle and adipose tissue but no distant met^tasis were found. Animals 

were euthanized and tumors harvested for histological examination. 

Flk-1 kinase inhibition suppresses VEGF/ROSE199 induced tumor growth in athymic 

mice 

Our data reveal low-level expression of the VEGF specific receptor Flk-1 in ROSE199 

cell Unes. In order to assess whether the specific Flk-1/KDR tyrosine kinase inhibitor 

SU5416 (SUGEN) had an effect on VEGF/ROSE199 tumor development, we treated 

athymic mice transplanted s.c. with VEGF/ROSE199 cells with 15 mg/kg/day SU5416 or 

DMSO alone (control). Figure 5 shows the tumor growth in control and treated mice. 

Our results show a significant inhibition of tumor growth in the mice treated with 

SU5416 compared to control animals with an average tumor volume in mice receiving 

SU5416 of 200 mm^ compared to 1200 mm^ in control mice at the end of experiment. 

This data suggests that Flk-1 specific receptor tyrosine kinase inhibitors can be used in 

the treatment of epithelial ovarian cancer. 

Discussion 

VEGF expression is impUcated in the pathology of ovarian cancer. High level expression 

of VEGF is associated with poor prognosis yet the molecular basis of ovarian cancer and 

the role of VEGF remains relatively unknown. A number of oncogenes have been 

imphcated in the patholo^ of ovarian cancer including BRCA-l/-2,p53, and neu/c- 

erbB2. A high fi-equency of allele loss in the BRCA-1 (17q) and BRCA-2 (13q) loci has 
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been observed in both familial and sporadic ovarian tumors [18] and p53 gene mutations 

resulting in over-expression of the p53 protein has been suggested as an important 

prognostic factor for epithelial ovarian cancer [Ozalp, 2000 #47. Studies have also 

shown that the neulc-erbBl gene is frequently amplified and/or over-expressed in human 

epitheHal ovarian cancers (OEC) [19]. A study by Davies et al. showed that when 

ROSE199 cells were transduced by retrovirus expressing mutated rat neu, the neu 

expressing ROSE199 cells had an altered moiphology and expressed characteristic 

mahgnant phenotypes such as loss of contact inhibition, anchorage independent growth, 

and tumor formation in athymic mice [20]. Recently, Yen et al. demonstrated activation 

of the neu receptor induced VEGF expression in tumor cells [21].   In order to identify if 

over-expression of VEGF resulted in similar tumorigenic phenotypes, we compared in 

vitro and in vivo growth characteristics of parental ROSE199 (negative control) and 

Neu/ROSE199 (positive control) cells to VEGF and vector only transfected ROSE199 

cells. Injection of either Neu/ROSE199 cells or VEGF/ROSE199 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 

ROSE199 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 [22]. Furthermore, Arbriser et al 

showed that over-expression of VEGF121 in MSI endothelial cells resulted in 
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development of slowly growing endothelial tumors in nude mice [23]. 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/ROSE199 and Neu/ROSE199 cells but 

not Empty/ROSE199 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 by increased influx of fluid. VEGF is 

implicated in ascites development by increasing permeability of peritoneal microvessels. 

Ascites development by VEGF/ROSE199 cells provides distinct evidence for the role of 

VEGF in ascites formation in ovarian cancer. Further characterization of the 

VEGF/ROSE199 cells revealed that compared to the Neu/ROSE199 cells, VEGF 

expression did not alter ROSE199 cell growth in vitro. Foci formation assays revealed 

Neii/ROSE199 cells continued to grow in monolayer cultures forming multiple foci 

whereas the VEGF/ROSE199 and Empty/ROSE199 cells did not grow beyond 

confluence and no visible colonies formed. Furthermore, Neu/ROSE199 cells acquired 

the ability to form multiple, large foci when plated in soft agar. Interestingly, 

VEGF/ROSE199 cells formed colonies in soft agar at a very low efficiency compared to 

Neu/ROSE199 cells but consistently formed small numbers of colonies in separate 

experiments. 

It is possible that epithehal cells are capable of an autocrine-signaling pathway via 

VEGF and its receptors Flk-1/KDR or Flt-1. Abu-Jawdeh et al showed expression of 

VEGF mRNA and protein in mahgnant and borderline tumors of the ovary but low to no 

expression in normal ovarian cortex or surface epithelium [7]. This was further 
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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 [24], 

This may explain the slight growth advantage acquired by the VEGF/ROSE199 cells seen 

in anchorage independent growth assays. To ascertain if autocrine stimulation was 

possible we analyzed the different ROSE199 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 prohferation rate of the VEGF 

transfected cells compared to parental ROSE199 and vector only transfected cells, with 

and without exogenous VEGF administration (100 ti^ml), we observed no change in 

grovii;h rate compared to parental ROSE199 cells (data not shown). Therefore, VEGF 

does not seem to act as an autocrine growth factor for ROSE199 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, neutrahzation of VEGF with antibodies, and interference with VEGF 

signaling and receptor activation, Olson et al. showed significant reduction in sohd 

tumor growth and ascites fluid development in mice treated with neutralizing antiserum 

to VEGF [25], A later study by Lin et al showed a 75% inhibition of tumor growth and 

50% reduction in vascular density hi carcinoma transplant models using a recombinant 

soluble VEGF receptor [26], More recently, synthetic compoimds 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 kin^e activity, which has been shown 

to be effective in limiting tumor growth in a variety of tumor types [27], Our studies 



reveal that inhibition of Flk-1/KDR receptor-mediated signaling significantly reduced 

VEGF/ROSE199 tumor growth suggesting a use in treatment of OECs and since SU5416 

targets host endothehal cells, this treatment maybe effective in escaping development of 

drag resistance common to many chemotherapeutic agents. 

Future studies will test the effects of VEGF over-expression m other cell lines, 

specifically human ovarian surface epithelium. We would also like to investigate the 

effects other angiogenic growth factors such as endocrine-gland-derived v^cular 

endothehal growth factor (EG-VEGF) recently identified by Ferrara et al, which may be 

a useful target of therapeutics to increase efficacy and decrease possible side effects of 

antiangiogenic therapies [28]. The results described in this paper demonstrate a 

flmctional role for VEGF165 in formation of ovarian surface epithelial tumors and 

suggests that acquisition of an angiogenic phenotype may be an earlier step in 

tumorigenesis than previously thought. These studies clearly demonstrate a use for 

antiangiogenic therapy in ovarian epithelial cancer treatment. 
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TABLE 1 - Tumor Formation in Athymic Mice Injected With VEGF/ROSE199 and 
Empty/ROSE199 Cells 

Cell type            Site of injection   Tumor Incidence Termination       Average tumor volume 
                          (weeks post injection) (mm')/ascites (mis) 

VEGF/ROSB199 s.c. 17/20 (85%) 14 2500 
i.p. 20/20 (100%) 7-8 11 

Control/ROSE199 s.c. 0/20 35 N/S 
i.p. 0/20 35 N/S 

N/S, no symptoms. 
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 TABLE 2 - Characteristics of rat ovarian surface epithelial cells 
Cell Line Foci formation" 

ROSE199 N/A 

VEGF/ROSE199 

Empty/ROSE199 

Neu/ROSE199 

pINA/ROSE199 

Growth in soft agar* Doubling time" 

<0.01 16.0 

0.05 18.2 

<0.01             ^ 17.4 

0.7 13.5 

N/A N/A 

" cultures displaying focal units >0.1 mm in diameter qualified as positive for foci formation. 
colonies consisting of approximately 50 cells or more were coimted. Results are expressed as 

ratio of colonies to total number of cells seeded. 
" population doubling times were determined by counting viable cells at 24 h intervals for 72 
hours and are expressed as mean hours for tripMcate cultures. 
N/A, not applicable 
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Legends 

Figure 1. 

VEGF165 protein expression levels in conditioned medium from ROSE199 transfected 

clones. Individual culture medium from independent clones was assayed for hVEGF165 

protein expression using a human specific VEGF ELBA. Numbered bars represent 

individual VEGF transfected ROSE199 clones, control bars represent vector only 

transfected ROSE 199 clones. 

Figure 2. 

Induction of angiogenesis by transfected ROSE199 cells in matrigel. Matrigel plugs 

containing transfected ROSE199 cells were resected 7 days after implantation into nude 

mice (n=2). A: Representative phase confrast photomicrographs of matrigel plugs 

immediately after resection. B: H & E staining of paraffin embedded sections (arrows 

show blood vessels) C: Representative sections of frozen matrigels stained with 

endothehal cell specific anti-CD-31-PE showing vessel density. D; Quantification of 

vessel density as measured by CD-31 positive pixels. Statistical significance (p < 0.05) 

as determined by Student's t-test. The data shown in B and C are representative of more 

than 15 images taken per section at X200 magnification. Bar, 10.0 pm. 

Figure 3. 

Tumor development in nude mice injected with VEGF or vector only transfected 

ROSE199 cells in s.c. and i.p. models. A: Ascites development following i.p. 

transplantation of VEGF/ROSE199 cells. Observation time point 6-weeks after 
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transplantation, B: Gross appearance of s.c. tumors overexpressing hVEGF165, Mice 

were injected with VEGF/ROSE199 cells in right hind flank. Picture was taken 45 days 

after cell transplantation. C: Survival of athymic mice injected i.p. with either 

VEGF/ROSE199 or Empty/ROSE199 cells (n=10). 20/20 mice injected with 

VEGF/ROSE199 cells i.p. developed ^cites compared to 0/20 mice injected with 

Empty/ROSE199 cells. D: Average tumor volume in mice injected s.c. with either 

VEGF/ROSE199 or Empty/ROSE199 cells (n = 10). Data are presented as the mean 

tumor volume +/- SE. 

Figure 4. 

Quantitation of Flk-1/KDR and Flt-1 receptor mRNA in ROSE199 cells. Parental 

ROSE199, Neu, VEGF, and vector only transfected ROSE199 cells were grown in 

monolayer cultures and total RNA was extracted from cultured cells. Steady-state levels 

of Flk-1/KDR and Flt-1 mRNA were determined using quantitative real-time PCR as 

described in Materials and Methods. Levels of Flk-1/KDR and Flt-1 mRNA were 

determined and normalized to levels of GAPDH mRNA. Data are presented as percent 

Flk-1/KDR (or Flt-1) mRNA in individual cell lines compared to HUVE cells and are 

shown as the mean + SEM of duplicate determinations fi-om 3 different sets of RNA from 

each cell type. 

Figure 5. 

Inhibition of VEGF/ROSE199 tumor growth by SU5416. Female, athymic nude mice 

were transplanted s.c, with 2 x 10* VEGF/ROSE199 cells m a volume of 250 |als PBS. 
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After 3 days, mice were treated with SU5416 (15 mg/kg i.p.) or DMSO daily for 2 weeks. 

Tumor growth was followed by caliper measurements. Each value is a mean of 10 

animals with respective standard errors, v DMSO control, u SU5416 treated.   * shows 

statistical significance (p < 0.05) as determined by Student's t-test. 
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ABSTRACT 

The purpose of this project to evaluate de novo synthesis of a short polypeptides, which 
IS capable of inhibiting tumor angiogenesis. As tumor growth in general and ovarian cancer 
in particular IS associated with angiogenesis, the synthetic peptide can be used to 
inhibit growth and peritoneal seeding of ovarian cancer, 
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Annual Report for Project 3 - October 2001 - September 2002 
"Rational Antiangiogenic Peptide Design - Effect on Ovarian Cancer Growth" 
K.H.Mayo,PI. 

INTRODUCTION 
Achievements in the prevention of metastasis and soMd tumor growth in ovarian cancer and in cancer 
in general, have been Mmited over the tot decade. Current available anti-cancer strategies, which are 
all aimed at directly killing tumor cells, badly need improvement, A very promising, alternative 
prevention to cancer is anti-angiogenic therapy. Sprouting of new microvasculature from pre-existing 
blood vessels is a prerequisite for outgrowth of tumors beyond a certain size and the development of 
metastases. Negative regulation of angiogenesis can be effected in various ways by an ever-growing 
number of endogenous inhibitors such as platelet factor-4 (PF4), interferon-y inducible protein-10 
(IP-10), interferon-y, angiostatin and endostatin as well as by synthetic agents (e.gs., thahdomide, 
TNP-470, metalloprotein^e inhibitors and bFGF-binding oligosaccharides). Blockade of 
angiogenesis or the tumor's blood supply, h^ recently been demonstrated to be effective ways to treat 
tumors in animal models. It is expected that combining anti-angiogenesis therapy with conventional 
chemotherapy will result in a significant improvement of cancer prevention and treatment. The 
advantage of these novel anti-angiogenic strategies is the better accessibility of molecules to be 
targeted compared with direct tumor targets. Moreover, these strategies interfer at the level of the 
powerful control that the endothelial compartment exerts over the growth of tumor cells. Finally, it is 
likely that tumor endothelial cells are genetically more stable than tumor cells and that they are 
therefore not expected to develop resistance against the therapies appUed. Recently, the P.L designed 
a novel peptide, ppep-25, with potent angiostatic activity. Of direct health-relatedness in this project 
is that ppep peptides define a novel class of non-endogenous cytokines which are active angiostatic 
agents capable of abrogating tumor growth. Structurally, ppep peptides form p-sheets in a tetrameric 
array. The significance and novelty of this project he in understanding the angiostatic mechanism of 
action of ppep peptides and in designing an angiostatic ppep peptide, as well m analogs, capable of 
preventing or suppressing tumor growth in ovarian cancer. 

BODY 
Hypothesis/Objective 
Ppep-25 and its designed analogs can be used to abrogate tumor growth in vivo and potentiate 

the action of chemotherapy, making use of lower, less toxic, doses of chemotherapeutics possible. 
The objectives are to preform in vitio and tumor model studies in mice using MAMS ovarian cancer 
ceil line in tiie absence and presence of chemotherapeiitic agents and to modify the amino acid 
sequence of the peptide to improve its own efficacy. Given the angiostatic potential of Ppep-25 and 
its analogs, the overall aim of this research is to develop Ppep-25 or an analog into a preventative 
therapeutic anti-tumor agent against ovarian cancer. 

Relevance to Ovarian Cancer 
The tumor model studies mentioned above will be performed using an ovarian cancer cell line, 
MA148. hi this regard, studies will be performed to specifically Msess the efficacy of treatment 

on ovarian carcinoma. 

Methodology and Design 
Specific Aim 1; define structure-activity relationships in Ppep-25 and design new, more 

potent Ppep sequences. The Ppep-25 peptide sequence will be modified by substituting individual 
amino acid residues and by alanine scanning. Walk-tiirough peptides will also be generated. Peptides 
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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 turn sequences]. 
Residues from sequences of other angiostatic agents like endostatin and angiostatin, will also be built 
into the basic ppep design. Designing and bio^saying will be apphed iteratively with the intent of 
improving angiostatic potential. 

Results for Aim 1 in year 3:   hi years 1 and 2, alanine scanning and walk-through ppep- 
25 peptides were synthesized and analyzed in in vitro assays, and structure-function relationships 
were derived. From this information, key amino acids were identified that led to the design and 
synthesis of the CF series in year 2. This series uses a biphenylfuran scaffold onto which are 
covalently attached short, key amino acid sequences derived from ppep-25. CF analogs maintain the 
bioactive P-sheet fold found in the parent peptide, Ppep-25, In in vitro assays, we originally found 
that CF-8, as analog having 18 of the original 33 residues, maintained relatively good potency 
compared to Ppep-25. CF-8 inhibits completely the growth of endothehal cells at a concentration of 
about 10 micromolar. Since that time, it was discovered that CF-8 is as potent as Ppep-25 in vivo. 
We continued reducing the number of residues in CF-8 and found that an analog with only 8 residues 
(CF-4) was nearly as active in vitro as CF-8 or Ppep-25, This analog was then tested in vivo (see 
below). 

SpeciJHc Aim 2% elucidate the molecular mechanism of action of Ppep-25 by which 
angiostatic effects are mediated. This includes identifying the angiostatic pathway, the receptor(s) 
involved, intemahzation pathway and the like. 

Results for Aim 2 in year 3: From year 1, we knew the essentials of the molecular 
mechanism of anti-angiogenic action of Ppep-25. 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. Last year, we discovered that ppep-25 may also be interacting with the TNF-a receptor. We 
have extended this understanding of the molecular mechanism to include the CF series. Both CF-8 
and CF-4 (m well as other Cf analogs) are highly cytostatic like Ppep-25. 

Specific Aim 3; study effectivity to inhibit angiogenesis and tumor growth in vivo. For this 
aim, we have focused on performing nude mouse tumor growth models and have basically decided 
that the chicken ovarian cancer model will not presently be used for these investigations. In nude 
mice studies, the ovarian cancer cell line MA148 will be used, hi these models, all preclinical 
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 for Aim 3 in year 3:   The ovarian cancer cell line MA148 has been used in nude 
mice tumor studies with Ppep-25 and mimetics CF-8 and CF-4. For these studies, MA148 cancer 
cells have been injected SC into the hind flank of nude mice and tumors have been allowed to grow to 
the size of 50 mm^ to 100 mm^ prior to administering the drug. The best route for administration is 
systemic s.c. using osmosis-b^ed mini-pumps. Mini-pumps were implanted 48 hours prior to 
innoculation with MA148 cells. Results indicate a good dose response and high level of effectivity 
for the peptide and its CF analogs. At the optimal dose of 0.2 mg/day/animal over a four week period, 
tumor size was reduced by about 70%, somewhat greater than that of angiostatin in the same model 
(in this model, endostatin is essentially ineffective). In this model, CF-8 and CF-4 both fimction 
better than parent peptide ppep-25, by reducing tumor volume to about 90% at the same dose of 0.2 
mg/day/animal given over a four week period. Because these CF analogs are more effective in vivo 
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and somewhat less effective in vitro, this suggests that we have essentially improved bioavailability in 
the CF series. Pharmacokinetics and tissue distribution of these peptides in animals have begun. The 
half-Hfe is about 50 minutes for ppep-25, and tissue distribution is such that much of the peptide is 
found m the kidney (filtered out) and in the tumor, but the other tissues are essentially clear. In this 
regard, the peptide is specific for tumor tissue. 
Specific Aim 4.  investigate combined angiogenesis and cliemotherapy in vivo. Additional 
animal studies will be performed to investigate whether conventional chemotherapy can be unproved 
by co-administration with anti-angiogenic agents. 
Results for Aim 4 in year 3: In vivo studies were performed with combination therapy of ppep-25 
with carboplatin and angiostatin. In both cases, synergistic effects were observed and tumors were 
found to regress. The final year of the grant will investigate effects from combination therapy using 
CF-4 and CF-8 with carboplatin and angiostatin. 

KEY RESEARCH ACCOMPLISHMENTS 
- Ppep-25 mhibits the growth of ovarian tumors by about 70%. 
~ Using info derived from identification of functionally key residues in ppep-25, a series of 
partly non-peptide mimetics of Ppep-25 have been designed and synthesized. The most 
efficacious of these is CF-8. 
~ CF-8 and the shorter mimetic, CF-4, inhibit the growth of ovarian tumors in athymic mice by 

about 90%, an improvement over Ppep-25. 

REPORTABLE OUTCOMES 
Five papers have been pubhshed from this work so far, and others are in preparation. 

1. Griffioen, A.W., van der Schaft, D., Barandsz-Janson, A., Cox, A., Hillen, H.F.P., & 
MAYO, K.H. "Anginex (ppep-25), a designed Peptide that Inhibits Angiogenesis," 
Biochem. J. 354,233-242 (2001). 

2. Cox, A., Arroyo, M. & MAYO, K.H. "Effects on Folding and Self-Association from 
Substitution of Hydrophobic Residues at the P-Sheet Sandwich Interface of Ppep-4," 
Biochem. J. 357. 739-747 (2001). 

3. MAYO, K.H., van der Schaft, D., & Griffioen, A.W. "Designed P-sheet peptides that inhibit 
proliferation and induce apoptosis m endothelial cells" Angiogenesis 4,45-51 (2001). 

4. Dings, R.P.M., Yokoyama, Y., Ramakrishnan, S., Griffioen, A.W. and MAYO, K.H. 'The 
designed angiostatic peptide anginex synergistically improves chemotherapy and anti- 
angiogenesis therapy with angiostatin," Cancer Res, (in the Press) (2002). 
5. Dings, R.P.M., Hargittai, B., Haseman, J., Griffioen, A.W. and MAYO, K.H. "Anti-tumor 

activity of the novel angiogenesis inhibitor anginex," Cancer Letters (submitted) (2002). 

CONCLUSIONS 
Peptide Ppep-25, and next generation CF analogs, are effective anti-angiogenic, anti-tumor 

agents with reasonably high potential for effectivity against ovarian carcinoma in humans. 

REFERENCES 
None. 
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Abstract 

Recently, we demonstrated that the designed peptide anginex displays potent 

anti-angiogenic activity. The aim of the present study was to investigate anginex- 

treatment as a single-agent therapy and to test its ability to improve conventional 

chemo- and anti-angiogenesis therapy. In a human ovarian carcinoma mouse model, 

anginex inhibited tumor growth by 70%. When anginex was combined with a sub- 

optimal dose of carboplatin, tumors regressed to an impalpable state. Anginex plus 

angiostatin worked synergistically to inhibit tumor growth. Assessment of microvessel 

density suggested that the anti-tumor activity of anginex is mediated by angiogenesis 

inhibition. In any of the experiments, no sign of anginex-induced toxicity was 

observed. 



Introduction 

Neo-vascularization or angiogenesis is the process of new capillary outgrowth 

from pre-existing blood vessels. Sustained angiogenesis is one of the essential 

alterations in cell physiology that collectively dictate malignant growth (1). 

Angiogenesis is required for solid tumors to grow beyond the size of approximately of 

1-2 mm^. A highly vascularized tumor is associated with poor clinical prognosis, not 

only because of the potential for exponential tumor growth, but also because of the 

increased access capacity to the capillaries (2), which supposedly facilitates 

metastasis formation (3). Consequently, methods to inhibit angiogenic sprouting 

provide a unique opportunity to arrest tumor growth and prevent metastasis, either 

alone or in combination with conventional therapies. Combination of angiogenic 

inhibitors with radiation (4, 5), gene therapy (6) or chemotherapy (7) has been show 

to be successful. Recently, we reported the design of anginex, a p-sheet forming 

peptide 33mer, with potent in vitro anti-angiogenesis activity (8). The aims of the 

present study were to investigate anginex treatment in vivo as a single-agent therapy 

and in combination with conventional chemotherapy and the structurally unrelated 

anti-angiogenic angiostatin. Here, we show that while anginex alone significantly 

inhibits tumor growth, treatment in combination with a sub-optimal dose of 

carboplatin, results in tumor remissions to microscopic disease and in combination 

with angiostatin demonstrates a synergistic effect at inhibiting tumor growth. The 

present data warrant further development of anginex for clinical use. 



Materials and Methods 

Reagents. Anginex and control peptide, Bpep28 were synthesized as described 

earlier (8). Bpep28 is 91% homologous and 67% identical peptide compared to 

anginex but has no anti-angiogenic activity (8). Carboplatin (Sigma Diagnostics; St 

Louis, MO) was dissolved in PBS (32.5 mg/kg) and administered once every three 

days i.p.. Angiostatin (20 mg/kg) was administered daily s.c. in the neck, as 

described earlier (11). 

Culture. MAI 48, a human epithelial ovarian carcinoma cell line, was cultured on 

non-coated flasks using 10% FBS, 1% penicillin/streptomycin in RPM11640. 

Cultures were split 1:3 every 3 days. Mouse angiostatin (kringle 1-4) was cloned and 

expressed in Pichia pastoris (9), with culturing, elution and purification being done as 

described previously (10,11). 

Ovarian Carcinoma Mouse Modei. Female athymic nude mice (nu/nu, 5-6 

weeks old) were purchased from the National Cancer Institute and allowed to 

acclimatize for one week. Human ovarian MA-148 epithelial carcinoma cells were 

cultured, harvested and inoculated subcutaneously into the right flank of the mouse 

as described previously (11). In the initial experiment, treatment was initiated after 

randomization of mice, and implanting osmotic mini-pumps (Durect; Cupertino, 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. Subsequently, studies 

were carried out in a therapeutic intervention model with established tumors to test 

the capacity of anginex to inhibit tumor growth and to test it in conjunction with 

angiostatin. In this latter model, treatment was initiated 7 days post-inoculation with 



the MAMS cells. To test anginex's ability to enhance conventional chemotherapy, 

carboplatin was used in combination with anginex, in the same intervention model. 

Tumor volume was determined by measuring the size of the tumors on the flanks 

of the mice. The diameters of tumors were measured using callipers (Scienceware; 

Pequannock, NJ) and the volume was calculated using the equation to determine the 

volume of a spheroid: (a^ x b x n) / 6, where 'a' is the width and 'b' is the length of 

the tumor. 

Immunohistochemistry. Tumor tissues were embedded in tissue freezing 

medium (Miles Inc.; Elkart, IN) and snap frozen in liquid nitrogen. Preparation and 

procedures were done as described earlier (12). Samples were subsequently 

incubated in a 1:50 dilution with phycoerytrin (PE)-conjugated monoclonal antibody 

to mouse CD-31 (PECAM-1) (Pharmigen; San Diego, CA) or a fluorescien 

isothiocyanate (FITC)-conjugated PCNA (Ab-1) (Oncogene; San Diego, CA) to stain 

for microvessel density (MVD) or proliferation, respectively. After a 1-hour incubation 

at room temperature, slides were washed with PBS and immediately imaged in an 

Olympus BX-60 fluorescence microscope at 200X magnification. Sections were also 

stained for cell death using a TUNEL (terminal deoxyribonucleotidyl transferase- 

mediated dUTP-nick-end labelling) assay carried out according to the manufacturer's 

instructions {in situ ceW death detection kit, fluorescein; TUNEL, Roche). Although the 

TUNEL assay detects apoptosis, it can not be ruled out that TUNEL will also stain for 

necrosis, where extensive DNA fragmentation may occur. Digital images were 

acquired and processed using Adobe Photoshop (Adobe Inc., Mountain View, CA). 

Vessel density was quantified as described earlier (12). Statistical analysis was 

performed using the Student's f test. 



Toxicity assays. As an indirect measurement of general toxicity, body weiglits of 

mice were monitored twice weel<ly, using a digital balance (Ohaus Florham, NJ). To 

determine hematocrit and creatinine levels, blood samples were extracted by tail vein 

bleedings one day after terminating treatment and blood was collected in heparinized 

micro-hematocrit capillary tubes (Fisher; Pittsburgh, PA). For hematocrit levels, 

samples were spun down for 10 minutes in a micro-hematocrit centrifuge (Clay- 

Adams; NY), and the amount of hematocrit was determined using an international 

microcapillary reader (lEC; Needham, Mass). To obtain creatinine levels, a kit was 

purchased from Sigma (Sigma Diagnostics; St Louis, MO) and used according to the 

manufacturer's instructions. 

Results 

Anginex inhibits tumor growth In vivo. Mice, inoculated with MA148 ovarian 

carcinoma cells, were randomized and treated systemically with anginex for 28 days 

using osmotic mini-pumps starting at the day of inoculation. A control peptide, Ppep- 

28, that is 91% sequentially homologous and 67% identical to anginex, was used to 

control for peptide content. Another set of animals was treated with vehicle 

containing BSA to control for protein content. As illustrated in Figure 1, treatment 

with anginex resulted in a dose-dependent inhibition of tumor growth that was 

maximal at 10 mg/kg/day as compared with vehicle-treated animals. At this dose, 

anginex inhibited about 70% of tumor growth. At half this dose, tumor growth was 

inhibited only by 50%, while a higher dose (20 mg/kg/day) did not result in enhanced 

efficacy (Figure 1). Tumors from control peptide Ppep-28 treated mice did not differ 

in size from tumors in the BSA vehicle treated animals. Moreover, treatment with 



BSA or Ppep-28 did not result in altered tumor growth as compared to treatment with 

saline alone (not shown). 

Anginex inhibits tumor growtli of establislied tumors and improves 

conventional chemotherapy. Since initial animal experiments were performed 

using an experimental set-up where treatment was started at the time of tumor 

inoculation (a system that models treatment of minimal residual disease), anginex 

was also tested using the MA148 model in an intervention set-up where treatment 

was initiated after tumor establishment. In these experiments, anginex inhibited 

tumor growth by approximately 50% (Figure 2B). 

In an attempt to improve the efficacy of platinum-based chemotherapy, anginex 

was administered to tumor-bearing mice that were concurrently treated with a sub- 

optimal dose of carboplatin. Carboplatin treatment resulted in an effective reduction 

of tumor growth; however when it was combined with anginex, no tumor mass could 

be palpated in these mice (Figure 2A). One week after termination of treatment the 

tumor reestablished. 

Anginex and anglostatin act synergistically to inhibit tumor growth. Using 

optimized treatment regimes for anglostatin (11), and anginex, we found that both 

anginex and angiostatin, administered separately, inhibited tumor growth comparably 

by approximately 50%, in the same ovarian tumor model. Based on those findings 

the interaction between angiostatin an anginex was examined. Combination therapy 

of angiostatin with anginex, resulted in enhanced tumor growth inhibition (80%) 

(Figure 28), which was deemed to be synergistic (Table 1). 



Toxicity. Animals treated with anginex (alone or in combination regimens) did not 

show any sign of toxicity as assessed by unaltered behaviour, weight gain during 

experiments, normal hematocrit and creatinine levels, and macro- and microscopic 

morphology of internal organs on autopsy. Body weights of mice were monitored as 

an indirect measurement of general toxicity. In experiments where carboplatin was 

administered, the weights of mice actually fell initially and subsequently increased on 

termination of exposure to carboplatin. This was taken as a sign of mild reversible 

toxicity. Anginex did not augment this toxicity. One day after the termination of 

treatment, blood was drawn and hematocrit and creatinine levels were determined as 

a measure of bone marrow and kidney toxicity, respectively. Hematocrit levels 

reported as a percentage of red blood cells (vehicle 50.2 ± 2.9, anginex 51.3 ± 2.5, 

carboplatin 49.3 ± 2.8, and combination 47.2 ± 2.4) and creatinine levels reported in 

(xmoles/l (vehicle 46.8 ± 8, anginex 48 ± 1.4, carboplatin 55.5 ± 12.6, and 

combination 42 ± 5.3) showed no significant difference in the study involving 

carboplatin. The study combining anginex and angiostatin treatment showed similar 

hematocrit levels (vehicle 49 ± 1.7, anginex 49.2 ± 2.6, angiostatin 47.8 ± 2.1, and 

combination 48.3 ± 1.9 in percentage red blood cells) and creatinine levels (vehicle 

46.8 ± 6.4, anginex 48 ± 1.4, angiostatin 41 ± 0.4, and combination 39.2 ± 5.9 in 

limoles/l). 

Histological analysis of microvessel density, ceii deatli and proliferation. 

Anginex treatment resulted in a decrease of tumor microvessel density (MVD), 

suggesting that the anti-tumor activity of anginex is the result of angiogenesis 

inhibition. Angiostatin demonstrated a similar result. Although anginex and 

angiostatin acted synergistically on tumor growth inhibition, this was not reflected in 
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the MVD assessment (Figure 3B). Aside from vessel density (including number, size 

and length (12)), the digital approach discriminates branch points, end points and 

vessel lengths. Some of these architectural parameters did change upon 

combination treatment relative to single agent treatment. For example, combination 

treatment revealed a synergistic reduction in the number of branch points (not 

shown). Tumors from anginex-treated animals showed a convincing MVD reduction 

(p < 0.01), whereas tumors from carboplatin-treated animals showed a smaller, albeit 

significant (p < 0,05), reduction in MVD (Figure 3A). Tumors treated with the 

combination of anginex and carboplatin could not be stained because all tumors 

disappeared three weeks after initiation of treatment. 

Although combination of anginex and angiostatin also showed a synergistic effect 

in the increased amount of cell death (p < 0.03), as determined by TUNEL analysis, 

angiostatin by itself did not trigger increased cell death compared to the vehicle 

group (Figure 3D). As expected, carboplatin did show an increase in the amount of 

cells undergoing cell death (p < 0.01). A down regulation in proliferation, as 

determined by PCNA staining, was revealed in all treated groups compared to 

controls, significant for anginex and combination treated groups (p< 0.01, Figures 3E 

and F). 



Discussion 

Induction of angiogenesis by malignant cells has been shown to play a pivotal role 

in the process of tumor proliferation and metastasis (13). Inhibition of angiogenesis 

is, therefore, a promising way to arrest tumor growth and prevent metastasis. Due to 

the need for new anti-tumor agents with improved potency, stability, selectivity and 

ease of delivery, we used a novel approach in designing the p-sheet-forming anginex 

peptide (8). Anginex acts specifically on activated endothelial cells (EC) to trigger 

apoptosis, presumably by preventing cell adhesion and subsequent induction of 

anoikis (8). Here, we demonstrate that anginex is an anti-angiogenic compound with 

anti-tumor activity when administered systemically as a single-agent therapeutic. 

Because anti-angiogenic agents can potentiate cytotoxic cancer therapies (7), 

anginex was tested in combination with the chemotherapeutic carboplatin. Platinum 

agents are the most widely used drugs in the first-line of defense against ovarian 

cancer (14,15). In a recent study, single-agent carboplatin proved to be just as 

effective as carboplatin plus paclitaxel in women requiring chemotherapy for ovarian 

cancer. The favorable toxicity profile of carboplatin alone suggested that this is a 

reasonable option as a single-agent chemotherapeutic (16). An additional advantage 

of carboplatin is that, in contrast to other agents such as taxanes, cyclophosphamide 

and vincristine, it is not an anti-angiogenic by itself. Because carboplatin has been 

shown to be a very powerful anti-cancer drug in the model used here, a sub-optimal 

dose was employed. Both anginex and carboplatin inhibited tumor growth, but the 

combination blocked tumor growth completely, and palpable tumors regressed to 

undetectable sizes in all animals. Moreover, tumors remained undetectable until at 

least one week after termination of the treatment, after which tumors re-established 
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themselves, indicating continued presence of microscopic disease, whicfi was 

unresponsive to carboplatin and apparently independent of angiogenesis. 

Whereas numerous investigators have focused on the anti-cancer effects from 

endostatin in their tumor model studies, we chose to use angiostatin because in the 

same MA148 tumor mouse model, Yumi et al, (11) found that angiostatin was 

considerably more effective at inhibiting tumor growth than endostatin. Here, we 

found that although treatment with angiostatin or anginex showed essentially the 

same capacity to inhibit tumor growth, combination of the two produced a 

dramatically enhanced inhibitory effect. This synergy between angiostatin and 

anginex suggests that their mechanisms of action are different and that they can 

augment each other as anti-angiogenic agents. These data, therefore, provide a 

validation for combination therapy, if not for cocktails of angiogenesis inhibitors, to 

improve the treatment of cancer. 

Immunohistochemical assessment of MVD indicated that tumor growth inhibition 

by anginex is explained by its anti-angiogenic activity. Angiostatin showed the same 

trend. Combination therapy, however, did not yield an increased MVD reduction. This 

may be explained by the fact that differences in architecture are not represented in 

the MVD value assessed either digitally or manually. The digital approach 

discriminates for architectural parameters, some of which did change upon 

combination treatment relative to single agent treatment. For example, combination 

treatment revealed a synergistic reduction in the number of branch points (not 

shown). 

This study adds credence to the proposal that cancer treatment using anti- 

angiogenesis agents is more effective when performed in combination with other 

agents. However, it might be that only cocktails of anti-angiogenic compounds would 

11 



provide sufficient potency to be evaluated properly in early clinical trials. Currently, 

clinical evaluation of anti-angiogenic compounds is in its infancy, and while a stand- 

alone approach using an anti-angiogenic agent shows promise, combination therapy 

may provide for the best evaluation of these agents and, in the end, may be more 

beneficial. Present results suggest that combination of anti-angiogenics with 

chemotherapeutics will produce a greater effect than combinations of anti-angiogenic 

agents alone. At the very least, this study indicates that combining the anti- 

angiogenic compound anginex with conventional chemotherapy allows dosage of the 

chemotherapeutic to be reduced, while still being able to effect tumor growth 

reduction. 
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Figure Legends 

Fig. 1. Anginex causes significant tumor growth inliibition. Tlie mean tumor 

growtti of human MA148 ovarian carcinoma is shown in athymic mice treated with a 

dose-range of anginex [(-▼-) 5 mg/l<g/day, n=14; {-•-) 10 mg/l<g/day, n=16, or (-*-) 

20 mg/kg/day, n=8)] administered by mini-pumps implanted in the left flank of 

animals. Controls (-D-) contained PBS with BSA (n=13) and PBS with Bpep28 5 

mg/kg/day (-0-; n=8) and 10 mg/kg/day (-^^-; n=4), which did not differ from each 

other. The treatment period was initiated on the day of tumor inoculation (day 0) and 

lasted for 28 days as indicated by the vertical arrow in the figure. Data from three 

independent studies are shown and represent the mean tumor volume in mm^ (± 

BE). 

Fig. 2. The mean tumor growth curves in a human ovarian carcinoma model 

treated with anginex, carboplatin, angiostatin or a combination treatment. In panel 2A 

groups are shown defined as follows, vehicle containing BSA (-D-, n=11), anginex (- 

• -; 10 mg/kg/day, n=11), carboplatin (-X-; n=12) and a combination group (-♦-; 

n=12). Carboplatin was given in a sub-optimal dosage (32.5 mg/kg) once every three 

days in an intra-peritoneal matter. In panel 2B groups are defined as vehicle 

containing BSA (-□-, n=11), angiostatin (-^-; 20 mg/kg/d, n=11), anginex (-•-; 10 

mg/kg/day, n=11) or combination (-▼-; n=12) of angiostatin and anginex in an 

ovarian carcinoma xenograft model. In both experiments treatment was given for 28 

days starting on day 7 post-inoculation. The vehicle and anginex were given by 

osmotic mini-pump implanted subcutaneously in the flank, and angiostatin was given 

daily by injections subcutaneously in the neck (11). The data are shown as means of 

tumor burden; bars: SE. The tumor volumes were determined three times a week. 

The insets in both panels show body weights of mice during treatment as an indirect 

measurement of toxicity. 

Fig. 3. Immunohistochemistry analyses. After snap freezing tumor tissues, 10 iim 

sections were made and stained for microvessel density by using anti-CD-31 

antibodies (panel A and B), cell death by TUNEL (panel C and D) and proliferation by 

PCNA (panel E and F), all expressed in number of white pixels. The procedure and 
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quantification were described earlier (12). Panel A, C, and E show quantifications of 

the studies involving anginex and carboplatin. Panels B, D and F show quantification 

of studies involving anginex, angiostatin or combination therapy. As determined by 

using the student's t test relative to the vehicle group, * p < 0.05, ** < 0.03, *** p < 

0.01. 
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Table 1 Combination ttierapy of anginex with carboplatin and angiostatin 

Fractional tumor volume (FTV) relative to untreated controls ^ 

Combination treatment Ratio " 

Day" Anginex Carboplatin Expected^ Observed Expected FTV/ 

Observed FTV 

20 0.28 0.28 0.08 0.05 1.6 

25 0.28 0.22 0.06 0.01 6 

32 0.48 0.25 0.12 0.01 12.4 

35 0.57 0.24 0.13 0 oo 

Combination treatment Ratio " 

Day'' Anginex Angiostatin Expected'^ Observed Expected FTV/ 

Observed!-IV 

25 0.42 0.64 0.27 0.19 1.4 

29 0.51 0.41 0.21 0.14 1.5 

32 0.44 0.65 0.29 0.22 1.3 

35 0.57 0.64 0.37 0.24 1.6 

® FTV (mean tumor volume experimental)/{mean tumor volume control). 

^ Day after tumor cell transplantation. 

*^ (Mean FTV of anginex) X (mean FTV of other experimental group). 

^ Obtained by dividing the expected FTV by the observed FTV. A ratio of >1 

indicates a synergistic effect, a ratio of <1 indicates a less then additive effect. 
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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 

MAWS 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/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 bioavailabiMty 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 behaviour, 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. 

Keywords: Angiogenesis; Anginex; Bioavailability; Microvessel density; Conjugation; Systemic 

treatment 



1.  Introduction 

Angiogenesis or neovascularization is the process through which new blood vessels develop 

from pre-existing vasculature [1]. The growth of soUd tumors is dependent on angiogenesis, as 

tumors generally can not grow beyond the size of 1-2 mm in diameter without formation of new 

blood vessels to supply nutrition and oxygen and remove waste products. Most tumors release 

angiogenesis-regulating factors, and neovasculatization occurs only when there are more positive 

than negative regulators of angiogenesis [2,3], The dependency of tumors on angiogenesis is non- 

tumor-type specific and allows the therapeutic treatment of tumors to be based, at least in part, on 

the inhibition of angiogenesis, 

A highly vascularized tumor is correlated with a poor clinical prognosis, not only because of 

the potential for uncontrolled tumor growth, but also because of the increased access of the tumor 

to capillaries, which contributes to increased metastatic potential [4,5]. Consequently, methods 

that inhibit angiogenic sprouting provide a unique opportunity to arrest tumor growth and prevent 

metastasis formation. Many endogenous and exogenous anti-angiogenic agents have been 

identified, such as angiostatin [6], endostatin [7], thrombospondin [8], TNP-470 [9], platelet 

factor-4 [10], thalidomide [11], squalamine [12], bactericidal/permeability-increasing protein 

[13] and carboxyamino-imidazole [14], 

Although preclinical testing of anti-angiogenic agents shows promise, the need for more and 

better angiogenesis inhibitors is driven by the absence of any major clinical breakthroughs (e,g, 

SU5416, BB2516, AG3340, Bay 12-9566, IM-862 [15]), The most successful angiostatic agents 

have been those that directly act by inhibiting endothelial cell proHferation, Anginex, a designed 

B-sheet-forming cytokine-like 33-mer peptide, which potently inhibits multiple steps in the 

angiogenesis process, is a member of this class of angiogenesis inhibitors [16], The angiostatic 

activity of anginex is based primarily on apoptosis-induction via prevention of adhesion on and 

migration through the extracellular matrix of angiogenically-activated endothelial cells [16], 

The aim of the present study was to test and to optimize the in vivo efficacy of anginex as an 

anti-cancer agent in mouse models. Various treatment regiments, i.e., dose response, mode and 

frequency of administration, were investigated. For other angiogenesis inhibitors, the Hterature 

reports that continuous, systemic administration of, for example endostatin [17], results in more 

effective tumor growth suppression at significantly reduced doses compared with bolus 



administration. Continuous systemic administration of anginex in a 10 mg/kg/day dose provided 

optimal efficacy. Efficacy was significantly improved by conjugating anginex to human serum 

albumin to improve its bioavailability. These results demonstrate that anginex is a promising 

pharmacological anti-cancer agent that should be developed for clinical testing. 



2.  Materials and Methods 

2.1. Cell Culture 

The human epitheUal ovarian carcinoma cell Une, MAMS, was kindly provided by Prof, Dr. 

Ramakrishnan. MAWS cells were cultured at 37 °C in RPMI1640 medium (Life Technologies, 

Grand Island, NY) supplemented with 10% fetal bovine serum (Cellgro, Mediatech, Washington, 

DC) and 1% penicillin/streptomycin (Cellgro, Mediatech). Cultures were grown in the presence 

of 5% CO2 and split 1:3 every 3 days. The human SK-OV-3 carcinoma cell line was kindly 

provided by Dr. Rebecca Bagley (Genzyme), 

2.2. Proliferation assay 

Human umbilical vein derived EC were harvested from normal human umbilical cords by 

perfusion as described earlier [16]. HUVEC were seeded in a 96 wells culture plate coated with 

1 mg/ml fibronectin (2 hours at 20°C) at a concentration of 3,000 cells per well in a volume of 

50 jxl. The cells were allowed to adhere for 3 hours at 37°C at 5% CO2 and subsequently 50 |il 

of culture medium with 20 ng/ml basic Fibroblast Growth Factor (bPGF), with or without 

anginex or conjugated anginex was added. The cells were cultured for 72 hours. During the last 

6 hours of the assay, the culture was pulsed with 0.5 ^iCi [methyl-^H]-thymidine(Amersham Life 

Science)/well. Activity was measured using liquid scintillation. Measurements were done in 

triplicate. 

2.3. In vitro Angiogenesis 

Sprouting and tube formation of EC were studied using cytodex-3 beads overgrown with EC 

in a 3-dimensional gel. Bovine capillary EC (BCE) were mixed with gelatin coated eytodex-3 

microcarrier beads (Sigma, The Netherlands) at a concentration of 25 cells per bead and 

cultured for 72 hours in a tissue culture plate in RPMI-1640, supplemented with 20% HS, 2 mM 

L-glutamine, 50 ng/ml streptomycin, and 50 U/ml penicillin. The beads were spun down and 

resuspended, in a concentration of 25 beads per 100 |j.l, in 8 volumes of vitrogen-100 (Collagen 



Corporation, Fermont, CA, USA), 1 volume lOx concentrated a-MEM (Life Technologies, 

Breda, The Netherlands), 1 volume 11.76 mg/ml sodium bicarbonate and 20 ng/ml bFGF. 100 

^il of this mixture was suspended to each well of a 96 wells culture plate, after which gelation 

was allowed to take place at 37°C, After gellation medium was applied on top of the gel 

containing 20 ng/ml bFGF, with or without anginex at concentrations as indicated. After 24 

hours photographs were made. For quantification these images were analyzed using NIH image 

computer software. Statistical analysis was done using the Mann-Whitney U test. 

2.4. Animals 

In all studies, female athymic nude mice (nu/nu, 5-6 weeks old) were used. These mice were 

purchased from the National Cancer Institute and allowed to acclimatize to local conditions for at 

least one week. Animals were given water and standard chow ad libitum, and were kept on a 12- 

hour light/dark cycle. All experiments were approved by the University of Minnesota Research 

Animal Resources ethical committee. 

2.5. Xenograft Mouse Models 

MAMS cells, growing in exponential phase, were harvested by trypsinization, washed with 

Hanks' balanced salt solution (Cellgro, Mediatech) and resuspended at 2 x lO' cells/ml in serum- 

free RPMI-1640 medium. 100 p.1 of the suspension was injected subcutaneously into the right 

flank of the mouse. For mice with minimal residual disease, treatment was initiated at the time 

of inoculation with MAMS cells. As a therapeutic intervention variant, tumors were allowed to 

grow to an average size of 50 mm^ (day 17 post-inoculation) before treatment was initiated. 

Another therapeutic intervention model was performed with a more aggressive carcinoma, 

human SK-OV-3, where tumors were allowed to estabhsh themselves to an average size of 

approximately 75 nam' before treatment was initiated. In either case, animals were randomized 

prior to the initiation of treatment. 



2.6. Treatment Variations 

Three variations in treatment administration were employed: loco-regional injections, alginate 

beads and osmotic mini-pumps. Loco-regional administration was performed by injecting agents 

subcutaneously in the right flank within 1 cm of the tumor, rather than directly into the tumor 

mass. Single and double daily injections were performed. Double daily injections were 

administered at 12-hour intervals. Alginate beads and osmotic mini-pumps were both used in 

order to compare two different continuous and systemic modes of treatment. Alginate beads, a 

simple, mild, aqueous-based gel formation of sodium alginate in the presence of divalent cations 

such as Ca^*, were made using alginic acid (Sigma Chemical Co.), with some modifications from 

the method previously described [18]. Briefly, the peptide anginex was dissolved in 2% w/v 

sodium alginate solution, which was then extruded through a 30-G needle into a 0.1 M calcium 

chloride solution while stirring. Alginate beads were stored overnight at 4°C and subsequently 

washed three times in sterile distilled H2O. Each week, these beads were made fresh and placed 

subcutaneously in the left flank of the animals, achieving a dose of 10 mg/kg/day. In studies 

using osmotic mini-pumps (Durect, Cupertino, CA), mini-pumps were implanted subcutaneously 

in the left flank of mice. Concentrated solutions of anginex were formulated such that the 28-day 

treatment period would be covered by implantation of a single pump. 

For each route of administration, control groups of animals were given either PBS, PBS 

containing human serum albumin, or PBS containing a negative control peptide Bpep-28 that is 

91% sequentially homologous and 67% identical to anginex [16]. Tumor growth curves were 

found to be virtually identical in any of these control cases. 

2.7. Tumor Volume Measurements 

Tumor volume was determined by measuring the diameters of tumors using calipers 

(Scienceware, Pequannock, NJ) and calculated by the equation for the volume of a spheroid: (a^ 

X b X 7r) / 6, where 'a' is the width and 'b' is the length of the tumor. Measurements were 

performed two or three times per week. At the conclusion of an experiment, tumor weights were 

also taken following excision of the tumors from euthanized animals. 



2.8. Anginex-HSA conjugate 

Given that small peptides like anginex are subject to rapid clearance via the kidney, a study 

was performed in which anginex was coupled to a larger carrier protein, human serum albumin 

(HSA). To produce this conjugate, five milligrams of HSA (Aldrich Chemicals, Milwaukee, WI) 

was dissolved in 1 ml of 50 mM NaP04 buffer, pH 7.5, containing 1 mM EDTA, Freshly 

dissolved S-acetylthioacetic acid (SATA, 65 mM in dimethyl sulfoxide) was then added and 

stirred at 25 "C for 1 hour [19]. The resulting derivatized protein was separated from smaller 

molecules by gel filtration using Sephacryl S-200HR (Amersham Pharmacia Biotechnology). To 

the collected and combined fractions, a 0.5 M aqueous solution of hydroxylamine hydrochloride 

(in PO4 buffer containing 25 mM EDTA; pH 7.5) was added and stirred at 25 "C for 1,5 hours in 

order to remove the acetyl-protecting group [20], The amount of free sulfhydryl was measured 

using dinitrothiobenzoic acid (EUman's reagent) [21]. There were, on average, five free 

sulfhydryls per HS A molecule. 

Following gel purification, the derivatized protein was treated with succinimidyl 4-(N- 

maleimidomethyl)cyclohexane-l-carboxylate (47 mM in dioxane) that acted as the cross-linker. 

The reagent was added in nine aliquots of 4 ^1/ml at 5-minutes intervals under gentle agitation, 

and gently shaken ovemight at 32 **C. The resulting protein was purified by gel filtration, 

lyophilized and redissolved in H2O (1 ml), 1 mg anginex, dissolved in H2O (0.25 ml), was then 

added to the protein solution. The resulting cloudy solution was stirred at 25 °C ovemight, 

centrifuged to remove any precipitate, purified using gel filtration, and finally dialyzed and 

lyophilized to give the desired conjugate. The protein was characterized by HPLC and Mass 

Spectrometry. From Mass Spectrometry, it was estimated that there was an average of 5 anginex 

molecules per HSA molecule. An EC proliferation assay (incorporation of [^H]thymidine) 

showed no enhanced activity of conjugated anginex compared to its molecular equivalent of free 

anginex, 

2.9. Immunohistochemistry 

Immunohistochemistry was used to assess microvessel density and the extent of total cell 

death. Tumor tissue was embedded in tissue freezing medium (Miles hic, Elkart, IN) and shock 



frozen in liquid nitrogen, 10 (xm thick sections of tissue were prepared for immuno-histochemical 

analysis. For this, tissue sections were brought to room temperature, air dried overnight, and then 

fixed in acetone for 10 minutes. SHdes were allowed to air dry for at least 30 minutes and were 

washed three times for 5 minutes each in phosphate-buffered saUne (PBS, pH 7.4), Samples were 

then blocked with PBS containing 0,1% bovine serum albumin and 3% human serum albumin 

for at least 30 minutes at room temperature in a humidified box. Samples were subsequently 

incubated with phycoerytrin (PE)-conjugated monoclonal antibody to CD-31 (PECAM-1) in a 

1:50 dilution (Pharmigen, San Diego, CA) to stain for microvessel density. After 1-hour 

incubation at room temperature, slides were washed with PBS and immediately imaged using an 

Olympus BX-60 fluorescence microscope at 200X magnification. Digital images were stored and 

processed using Adobe Photoshop (Adobe Inc, Mountain View CA). 

To assess the extent of total cell death, tissue sections were stained by using the TUNEL 

(terminal deoxyribonucleotidyl transferase-mediated dUTP-nick-end labeling) assay, which was 

performed according to the manufacturer's instructions (in situ cell death detection kit, 

fluorescein; TUNEL, Roche). Although the TUNEL assay detects apoptosis, it can not be ruled 

out that TUNEL will also stain for necrosis, where extensive DNA fragmentation may occur. 

Stainings were imaged using an Olympus BX-60 fluorescence microscope at 200X 

magnification, and the digital images were stored and processed using Adobe Photoshop (Adobe 

Inc., Mountain View CA). 

Quantification of microvessel density and the rate of total cell death were determined as 

described earlier [22]. Statistical analysis was performed using the Student's t test. 

2.10. Toxicity assessment 

As an indirect measure of toxicity, body weights of mice were monitored three times per week 

using a digital balance (Ohaus Florham, NJ), Hematacrit levels were determined in blood 

samples extracted by tail vein bleedings prior to treatment, ten days after the initiation and on the 

last day of treatment. Blood samples were collected using heparinized micro-hematocrit 

capillary tubes (Fisher; Pittsburgh, PA), Samples were spun down for 10 minutes in a micro- 

hematocrit centrifuge (Clay-Adams; NY) and hematocrit levels were calculated using an 

international microcapillary reader (EC; Needham, Mass). To obtain creatinine levels blood was 



withdrawn on the last day of treatment. Creatinine was determined according manufacturer's 

instructions (Sigma Diagnostics; St Louis, MO), 
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3. Results 

3.1. Anginex inhibits tumor growth dose dependently 

The dose dependency of anginex was assessed in the MAMS human ovarian carcinoma 

xenograft model, whereby anginex was administered at 5 mg/kg/day, 10 mg/kg/day, and 20 

mg/kg/day via osmotic mini-pumps. For this study, there were three control groups: one given 

PBS containing BSA and the other two given PBS containing homologous peptide Ppep-28 (5 

mg/kg/day or 10 mg/kg/day). As a model for minimal residual disease, treatment was initiated 

immediately after inoculation of animals with tumor cells. Anginex was observed to inhibit 

tumor growth dose dependently with the optimal dose being 10 mg/kg/day (Fig. 1). At this dose, 

anginex inhibited tumor growth by 80% relative to control groups. Whereas greater effectivity 

was not observed at the higher dose of 20 mg/kg/day, tumor growth was inhibited by only 50% 

on average at half the optimal dose (5 mg/kg/day). Tumors in all control groups were essentially 

of the same size. Data, taken from three independent studies, are shown as average tumor 

volumes in mm^ ± SE (Fig.l). 

3.2. Anginex inhibits growth of established tumors 

Having demonstrated its in vivo efficacy, anginex was then tested in mice with established 

MAMS tumors (approximately 50 to 75 mm^). The optimal dose of 10 mg/kg/day was 

administered via mini-pumps, which resulted in a 70% to S0% inhibition of tumor growth (Fig. 

2A). The efficacy of anginex against MA-148 tumors was comparable to that observed against 

tumors produced using another ovarian carcinoma cell line, SKOV-3 (data not shown). As an 

alternative to continuous systemic administration by osmotic mini-pumps, anginex was 

encapsulated in alginate beads. Delivery of anginex via alginate beads was less pronounced 

compared to mini-pumps, producing only about a 50% reduction in tumor volume (Fig. 2A). 

Lower efficacy was also observed when anginex was administered loco-regional by daily 

subcutaneous injections. At the sub-optimal dose of 5 mg/kg/day, tumor growth in these 

experiments was inhibited by only 30%. Giving the same dose of anginex by twice daily 

injections did not improve efficacy of the peptide (Fig. 2B). 
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3.3. Anginex conjugation to HSA enhances inhibition of tumor growth 

Since anginex is a small peptide that may be cleared rapidly via filtration through the kidney, 

an attempt to improve bioavailabiUty was made by conjugating anginex to human serum albumin 

(HSA-anginex, HSA:anginex molecule ratio of 1:5). Activity of the conjugate was first measured 

in the EC proliferation assay. On a molar basis, the activity of conjugated and unconjugated 

anginex, in this in vitro assay, was found to be essentially the same (Fig, 3A). In vivo activity of 

the conjugate was then tested in the MAMS xenograft tumor model along with unconjugated 

anginex. Molar equivalent doses (anginex at 2.5 mg/kg/day and the HSA-anginex conjugate at 

41.5 mg/kg/day) were subcutaneously administered via osmotic mini-pumps. Data in Figure 3B 

show averages of three independent experiments. A significant improvement in tumor growth 

inhibition was observed when animals were treated with the conjugate. 30 days post-treatment 

(day 58), tumors in animals treated with HSA-conjugated anginex remained significantly smaller 

than those in control animals treated with free HSA, At this time point, the mean tumor volume 

in HSA-conjugate treated animals was approximately 75% less than in control treated animals. 

Results from tumor volume measurements were virtually the same as those derived from wet 

weights of post-mortem excised tumors (vehicle 2875±1404 mg; conjugate 7671267 mg). 

3.4. Toxicity Assessment 

In vivo toxicity of anginex and its conjugate was assessed by observing animal behavior, 

determining body weight, measuring hematocrit and creatinine blood levels, and examining 

macro- and microscopic morphology of internal organs upon autopsy at the end of each study. 

By any of these criteria, neither anginex nor its HSA-conjugate appeared to be toxic. Treated and 

untreated mice behaved and ate normally. Body weights of treated and untreated mice were the 

same among any of the groups studied. Each mouse gained on average approximately 3 grams 

during the course of the studies. In addition, prior to the start of treatment, ten days after the 

initiation of treatment, and the last day of treatment, blood was drawn and hematocrit levels were 

determined as measurement for bone marrow toxicity. Prior to treatment, the average percentage 

of red blood cells was 54.3% ± 4.7%. Ten days after initiating treatment, red blood cells 
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accounted for 51,0% ± 3%, 51,0% ± 2% and 46.3% ± 6,6% for control, anginex and conjugate 

treated groups, respectively. On the last day of treatment red blood cells accounted for 50.3% ± 

1.1%, 50.0% ± 2,6% and 50,0 ± 1,0% for control, anginex and HSA-conjugate treated groups, 

respectively, Creatinine levels, which were determined on the last day of treatment, showed 

amounts of 49,6 ^moles/1 ± 2.5 /imoles/1,46,6 /imoles/1 ± 4,5 jumoles/l, and 42,1 /imoles/l ± 3,0 

/imoles/1 for control, anginex and conjugated treated groups, respectively. At the termination of 

all studies, macro- and microscopic morphology of internal showed no abnormalities among all 

groups of animals. 

3.5. Aspects of the mechanism of action 

To demonstrate that anginex functions by inhibition of blood vessel formation, microvessel 

density (MVD) and the extent of total cell death (Fig, 4 and Table 1) in cross sections from tumor 

tissues were determined. Results show that anginex inhibits the number of microvessels by up to 

50%, whereas the conjugate inhibited MVD by approximately 80%. Not only was the number of 

microvessels reduced in anginex treated animals, but vessel length was also reduced by a similar 

extent. This, together with an increase in the number of endpoints, is indicative of a change in 

vessel architecture. In all parameters (Table 1), the HSA-conjugate demonstrated greater anti- 

angiogenic effectivity compared to free anginex. The TUNEL assay, which reveals the extent of 

total cell death within tumors (Fig, 4D-F), showed that cell death was greatest in animals treated 

with the HSA-anginex conjugate, consistent with results from microvessel staining (Fig, 4H), 

These results were supported by the inhibition of tube formation in the in vitro angiogenesis 

assay. In this assay, sprout formation was measured in a 3D collagen gel (Fig, 5), and anginex 

was found to inhibit tube formation by 50% at 800 nM, 
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4. Discussion 

Anginex is a rationally designed, cytokine-like peptide 33-mer, which has been shown in vitro 

to induce apoptosis specifically in angiogenically-activated endothelial cells (EC) by inhibiting 

EC from adhering to and migrating on the extracellular matrix [16]. The present paper reports the 

in vivo efficacy of this small peptide and its development as a therapeutic anti-cancer agent. We 

have shown here that anginex significantly inhibits the growth of ovarian carcinoma-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 of tumor growth was observed to be dose dependent and optimal at 10 mg/kg, with a 

maximum reduction in tumor size of about 80% relative to control. When anginex was 

administered loco-regionally by once or twice daily injections, tumor growth was inhibited by 

only about 50%. This reduction in efficacy is consistent with the previous observation that 

continuous administration of endostatin resulted in sustained systemic concentrations of the 

protein leading to increased efficacy, which was manifested as increased tumor regression 

compared to single daily bolus administration [17]. Nevertheless, it was somewhat surprising to 

find that twice-daily injection of the same total dose did not lead to enhanced efficacy over single 

daily injections as was demonstrated with other angiogenesis inhibitors, e.g.. Matrix Metallo 

Proteinase Inhibitor AG3340 [23]. AG3340 was able to inhibit tumor growth at the same rate as 

when it was administered in only 1/8 of the dose, but injected multiple times a day. The plasma 

levels of the proteinase inhibitor explained this effect. Apparently, single or double daily 

injections of anginex did not produce appropriate threshold or steady state levels of the drug in 

the serum to be as effective. 

As a third route of administration, we also investigated the use of alginate beads in which 

anginex was suspended. This non-toxic and biodegradable method is an estabUshed method drag 

dehvery [24] and was also reported to be an effective means of delivery by others in the anti- 

angiogenesis field [25], However, with anginex this slow-release approach was less effective 

than administration via osmotic mini-pumps. At best, tumor growth was inhibited by about 60% 

when delivered via alginate beads. The problem with the use of alginate beads stems from the 
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fact that the percentage of encapsulated compound can differ and that administration, i.e., release, 

is not well regulated [26]. 

Because anginex has a relatively low molecular weight (3,9 kDa) and may, therefore, be 

rapidly excreted via the kidney, we thought that its in vivo efficacy could be improved by 

conjugating the peptide to a larger 'carrier' protein, i.e., human serum albumin (HSA; 67 kDa). 

Molecular weight-dependent tissue accumulation and clearance has been systematically 

investigated for dextrans [27] and polyethyleneglycols (PEGs) [28]. For PEGs it was found that 

the circulatory half-life of PEG increased from 18 min to 1 day as the PEG molecular weight 

increased from 6 kDa to 190 kDa. However, although renal clearance decreased, hepatic 

clearance increased with increasing PEG molecular weight. For dextrans in a molecular-weight 

range of 4 kDa to 150 kDa, renal clearance decreased with increasing molecular weight, whereas 

hepatic clearance was maximal at 70 kDa and a further increase in molecular weight resulted in a 

decrease of liver uptake. Conjugation of smaller molecules to larger carrier molecules, e.g. HSA, 

has been shown to be effective in increasing bioavialablity for reasons, beyond an increase in 

size, e.g., changes the molecular hydrophobicity. For instance this was demonstrated by 

conjugating the well-known and hydrophobic chemotherapeutic agent paclitaxel to HSA [29]. 

Because anginex is readily soluble in water [16], this latter point is moot with regards to 

explaining in vivo effects from the HSA-anginex conjugate. The HSA-anginex conjugate shows a 

substantial improvement in efficacy. Whereas a sub-optimal dose of free anginex proved to be 

ineffective, a molar equivalent dose of anginex conjugated to HSA inhibited tumor growth by 

about 65%. Although we did not measure serum levels of anginex or of the HSA-anginex 

conjugate, treatment with the conjugate presumably led to prolonged circulation in the serum 

merely due to the increase in size. This, in turn, relates to improved bioavailability of the drug. 

Mechanistically, anginex functions in vitro as an anti-angiogenic agent [16]. 

Immunohistochemical results on cross-sections of exercised tumors from anginex-treated and 

untreated animals, demonstrate that tumor growth inhibition by anginex is indeed mediated by its 

ability to inhibit angiogenesis. Here, this has been quantified by microvessel density and digital 

analysis of vessel architecture. Microvessel density in tumors, but not in other tissues, is 

significantly decreased in anginex-treated animals compared to control tumors. In addition, 

anginex-treated tumors have smaller vessels and the analysis of vessel architecture reveals 

decreased branching and less differentiation of the vascular bed. Furthermore, TUNEL analysis 
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shows an increased amount of cell death within tumors exposed to anginex. This increased cell 

death most Hkely results from a reduction in angiogenesis, i.e., vessel density reduction, because 

in vitro data demonstrate that anginex only affects angiogenically-activated endothelial cells [16] 

Therefore, apoptosis of tumor cells is not a direct effect of anginex treatment, but rather it is an 

indirect effect due to a reduction in the number of endothehal cells in the tumor, hi studies with 

other anti-angiogenics, similar observations were made. For example, treatment with C225, an 

antibody to the EGF receptor showed that inhibition of tumor-induced angiogenesis led to tumor 

cell apoptosis and regression which, in turn, led to a significant antitumor effect against human 

pancreatic carcinoma in nude mice [30]. 

For several reasons, anginex shows promise for clinical use as a therapy against cancer. 

Anginex is a potent anti-tumor agent that demonstrates no signs of toxicity in mice. Moreover, 

the peptide is synthetically produced and has a very long shelf-life either as a powder or in 

solution. Currently, we are using the NMR structure of anginex and derived structure-function 

relationships to design a small molecule mimetic of the peptide. 
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Table 1. 
Vessel density quantification and related parameters 

Vessel Density End Points Branchpoints'" Vessel length 

Vehicle          56785 ± 23790     20.3 ± 10.2 17.1 ± 9.9 22.7 ± 7.4 

Anginex         27576 ± 13304^     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. 
""Mean number of vessel end points D standard deviation as determined after skeletonization of the 
images. 
'^ Mean number of vessel branch points/nodes per image in pixels ± standard deviation as determined 
after skeletonization of the images. 
■"Mean total vessel length per image in pixels ± standard deviation as determined after skeletonization of 
the images. 
^p < 0.05. Experimental group compared to vehicle, using the student t test. 
^p < 0.01. Experimental group compared to anginex, using the student t test. 
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Figure legends 

Fig. 1,        Anginex causes significant tumor growth inhibition. The mean tumor growth of 

human MAMS ovarian carcinoma is shown for athymic mice treated with a dose-range of 

anginex (- ▼ -: 5 mg/kg/day, n = 14; - • -: 10 mg/kg/day, n = 16; -♦-: 20 mg/kg/day, n = 8) 

administered via mini-pumps implanted in the left flank of animals. Controls contained PBS with 

BSA (-0-; n = 13) and PBS with Bpep-28 5 mg/kg/day (-0-; M = 8) and 10 mg/kg/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 horizontal arrow in the figure. Data were taken from three independent 

studies and represent the mean tumor volume in mm^ (± SE). 

Fig, 2,       Effect of different routes of administration for anginex. (A) Tumor growth of 

human MA148 ovarian carcinoma in athymic mice treated with anginex (10 mg/kg/day) that was 

administered in alginate beads (-•-;» = 10) or via osmotic mini-pumps (-▼ -; n = 9) implanted 

in the left flank of animals. Tumors grew on the right flank of animals. The alginate control 

group (-D-) used 4 mice, whereas the mini-pump control group used 5 mice (-A-). (B) The mean 

tumor growth of human MAMS tumors in athymic mice treated with anginex (-▼ -: 5 mg/kg/day 

or - • -: 2.5 mg/kg/day b,i,d.) that was administered by daily loco-regional injection near the site 

of the tumor. Controls were performed using PBS with BSA (-D-) and PBS with Bpep-28 (-0-: 5 

mg/kg/day). 10 mice were present in all groups except controls, which used 9 mice. Horizontal 

arrows in both panels indicate the treatment period, which was initiated on day 17 post- 

inoculation when palpable tumors were present and lasted until day 45, Data have been taken 

from two independent studies and represent mean tumor volume in mm' ± SE. 

Fig. 3. Enhanced tumor growth inhibition using HSA-conjugated anginex. (A) 

Proliferation data is shown which was measured after 72 hours of culture in the presence of free 

anginex or conjugate anginex in different concentrations by analysis of [^H]-thymidine 

incorporation. (B) The mean tumor growth plotted for human MAMS ovarian carcinoma in 

athymic mice. Treatment consisted of anginex (- • -; 2,5 mg/kg/day; n = 11) or HSA-conjugated 

anginex (-▼ -; 41,5 mg/kg/d; n = 18) that was administered via osmotic mini-pumps implanted in 

the left flank of animals. Tumors grew on the right flank of animals. Control animals were 

treated with free HSA in PBS (-0-; n = 17). The horizontal arrow indicates the treatment period. 
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which was initiated on the same day as inoculation (day 0) and lasted for 28 days (prevention 

model). Data were pooled from three independent studies and represent mean tumor volume in 

mm^ ± SE. 

Fig. 4.        Histochemical analysis. Tumor cross-sections were stained for vessel density 

(panels A, B, C) and for apoptosis (panels D, E, F). Microvessel density (MVD) is revealed by 

PE-labelled anti-CD31 antibody staining. Apoptosis staining is revealed by using the TUNEL 

assay. Panels A and D exemplify tumor tissue cross-sections taken from control-treated mice; B 

and E exemplify tumor tissue cross-sections taken from anginex-treated mice, and C and F 

exemplify tumor tissue cross-sections taken from HSA-conjugate-treated mice. Data in panels G 

and H show the mean of white pixels per image (± SE), MVD and apoptosis, respectively. Black 

bars represent results from control tumors; right diagonal striped and the left diagonal striped 

bars represent tumors treated with anginex (respectively 2.5 mg/kg/day and 10 mg/kg/day), and 

horizontal striped bars represent tumors treated with HSA-conjugated anginex at 41.5 mg/kg/day. 

Statistical analysis was performed using the student-t-test, where the asterix 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 X200; scale bar = 50 ^.m. 

Fig, 5.        Anginex inhibits in vitro angiogenesis in a collagen matrix. BCE were cultured on 

gelatin coated Cytodex-3 beads in a collagen matrix. Sprouting was induced by addition of 20 

ng/ml bPGF (A), (B) Sprouting of BCE in the presence of 20 ng/ml bFGF and 25 juM anginex. 

Quantification of results (C) was performed by NIH-image software {n = 3, *p<0.013). 
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ABSTRACT 

l^L^^^tl ^^ project to evaluate the mechanism by which ovarian cancer cell spread 
with xn the peritoneal cavity.  Ovarian cancer cells adhere to mesothellal cells and their 
W^?f^H   L"^^^^f    "^^ ^^^  peritoneum. Characterizing the cell surface molecules 
involved m this interaction will facilitate development of methods to inhibit ovarian 
cancer spread and perhaps limit their growth as well ovarian 

165 



Table of Contents 

Cover..............,...................................„„„.....„....„.,.......,,___^ ,^^ 

SF298...................................„.........„...„..............„................._.^ 

Table of Contents........................................................ ,,,.|QQ 

Introduction............................................................ ,__.^^ 

Body...................................... .......................................................167 

Key Research Accomplishments.....................................................  ,,,,170 

Reportable Outcomes..............................,,........,,,,,....,,,,,,.,..,, „,,_,    171 

Conclusions  

References.... 

 ..173 

..........173 

Appendices.... .................................................................................. 174 

166 



DOD Progress Report 10-02 Amy P.N. Skubitz. Ph.D. 

(4) 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 Pl integrin subunit [1]. We hypothesized that CD44 and the pi 
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 year, we have addressed the following aims: (i) determine the 
role of CD44 and the pi integrin subunit in the adhesion, migration, and invasion of primary 
ovarian carcinoma cells, specifically spheroids, toward mesothelial cells and their associated 
ECM; (ii) evaluate the rote of CD44 and the pi integrin subunit in ovarian carcinoma cell 
adhesion, migration, and invasion using both ovarian carcinoma cell lines and populations of 
ascites cells isolated from patients with ovarian carcinoma; and (iii) determine whether ovarian 
carcinoma cells isolated as "floaters" from ascites fluid have different levels of expression of 
CD44 and the pi integrin subunit, growth properties, or levels of apoptosis. 

(5) BODY: 

Task#l: Determine the role of CD44 and the pi integrin subunit in the adhesion and invasion of 
ovarian carcinoma cell lines toward mesothelial cells and their associated extracellular matrix. 
This task has essentially been completed. However, since we have shown that CD44 affects 
ovarian carcinoma cell adhesion [1] and migration [2, 3], and others have reported that the 
carbohydrate moieties on CD44 regulate cell adhesion, [4, 5] we expanded these studies to 
examine the role of cell membrane glycosylation in ovarian carcinoma metastasis. 

Task #la: Evaluate reagents for their ability to inhibit the adhesion of ovarian carcinoma cells to 
extracellular matrix components and/or monolayers of mesotheUal cells. 
• NIH:OVCAR5 cell membrane glycosylation mediated cell adhesion to ECM components 

[Appendix 1, Figures 1, 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, 

• NIH:0VCAR5 ovarian carcinoma cell adhesion to live mesothelial monolayere was 
augmented by the removal of chondroitin sulfate chains, but was unaffected by the removal 
of hyaluronan or sialic acid residues [Appendix 1, Figure 3], This suggests that chondroitin 
sulfate proteoglycans may inhibit ovarian carcinoma cell adhesion to mesothelial cells in 
vivo. 

Task #lb: Evaluate reagents for their ability to inhibit the migration of ovarian carcinoma cells 
through extracellular matrix components. 
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• NIH:OVCAR5 cell migration toward fibronectin was increased by tlie removal of 
chondroitin sulfate chains, but was decreased by the removal of sialic acid residues 
[Appendix 1, 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. 

Task #lc: Evaluate reagents for their ability to inhibit the invasion of ovarian carcinoma cells 
through a monolayer of mesothelial cells. 
• NIH:OVCAR5 ovarian carcinoma cell invasion through Matrigel toward fibronectin, 

collagen type IV, and laminin was inhibited by the removal of sialic acid residues from the 
cells' surface [Appendix 1, Figure 5], The removal of chondroitin sulfate chains or 
hyaluronan had no effect on cell invasion through Matrigel, 

• We designed a cell-based invasion assay in which LP9 peritoneal mesothelial cells were 
grown to confluence in tissue culture wells, and then fixed to the plates with dimethyl 
sulfoxide, NIH:OVCAR5 ovarian carcinoma cells were added atop the fixed mesotheUal cell 
monolayers. Ovarian carcinoma cell invasion through the mesothelial cells was monitored 
daily for up to 7 days. The extent of invasion was visualized with trypan blue dye, which 
imparted a blue color to the dead, fixed mesothelial cells. Live NIH:0VCAR5 cells, which, 
excluded the dye, were easily distinguished as unstained patches of cells. Single cell 
suspensions of NIH:0VCAR5 cells required 3-4 days to establish initial foci of invasion 
through the mesothelial cell monolayers, and widespread invasion was observed by 7 days 
[Appendix 2, Figure 1], 

• Putative inhibitors of invasion were added to the single cell suspensions of NIH:0VCAR5 
ovarian carcinoma cells in the cell-based invasion assay described above [Appendix 2, 
Figures 2, 3]. Ovarian carcinoma cell invasion through fixed mesothelial cell monolayers was 
inhibited by the addition of ROD peptides or a blocking mAb against the pi integrin subunit. 
This suggests that pi integrins may participate in ovarian carcinoma invasion in vivo. 
Blocking mAbs against the a2, a3, a4, oc5, or a6 integrin subunits had no effect on invasion, 
suggesting that pi integrin-mediated signal transduction is required for invasion, rather than 
interactions between particular integrins and ligands. Invasion was also blocked by GM6001, 
a broad-spectrum inhibitor of matrix metalloproteinases (MMPs). Taken together, this data 
suggests that Pl integrin signal transduction may mediate ovarian carcinoma cell invasion by 
regulating the expression and/or activity of MMPs. 

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 have not been able to conduct the chicken model experiments. 

Task #3: Evaluate the role of CD44 and the Pl 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 nondetectable levels of CD44 and/or and the pi 
integrin subunit. 
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Task #3a: By fluorescent-activated cell sorting (FACS), sort ascites cells into populations of cells 
with high or nondetectable levels of expression of CD44 and/or the pi 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. We have performed subsequent experiments using all of 
the ovarian carcinoma cells that we isolated from the patient ascites fluid. 

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 pi 
integrins on ascites cells. 

• By immunohistochemistry, we have observed that both CD44 and pi integrins are expressed 
on the surface of patients' ascites tumor cells, 

• We confirmed our preliminary observations that spheroids obtained from ovarian carcinoma 
patient ascites samples adhered to chamber slides coated with laminin, fibronectin, collagen 
type I, and type IV collagen (Appendices #4,5). 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 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. 

• Win preliminary studies, we determined the ability of ovarian carcinoma spheroids to adhere 
to glycosaminoglycans commonly found in cell ECMs: hyaluronan, hyaluronan fragments, 
and chondroitin sulfate. Patient ascites spheroids 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). Patient ascites spheroids may adhere to 
secondary tumor sites via interactions with glycosaminoglycans or proteoglycans. 
Carbohydrate moieties present upon the ovarian carcinoma cells may provide an alternative 
mechanism of cell adhesion; alternatively, spheroids may bind to at secondary tumor site in a 
nonspecific manner. 

• We previously reported that blocking mAbs against integrin subunits inhibited 
NIH:0VCAR5 spheroid adhesion to ECM proteins [6, 7]. In preliminary studies, we 
observed that blocking monoclonal antibodies against the pi, a2, a5, and a6 integrin 
subunits partially inhibited patient ascites spheroids adhesion to fibronectin, laminin, and 
collagen type IV (Appendices #4,5). This implies ovarian carcinoma spheroid adhesion to 
ECM proteins is partially mediated by integrins. 

• We have observed that a blocking mAb against CD44, used either alone or in conjunction 
with the blocking mAb against the pi-integrin subunit, had no significant effect on patient 
ascites spheroid adhesion to laminin, fibronectin, or collagen type IV. 

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 pi integrin, 
growth properties, or levels of apoptosis compared to ovarian carcinoma cells isolated as 
"floaters" from the ascites fluid of patients. 
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Task #4a. Determine the levels of CD44 and Bl integrins on primary ovarian carcinoma cells. 
• Ovarian carcinoma tumor cells isolated from the ascites of patients diagnosed with stage III 

or IV ovarian carcinoma were analyzed by immunohistochemistry. Our continuing studies 
show that both CD44 and pi integrins are expressed on the surfaces of ovarian carcinoma 
cells. 

Task #4b. Ouantitate the growth of ovarian carcinoma cells on ECM components 
• NIH:0VCAR5 cell adhesion to 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 1, Figure 
4]. 

Task #4c. Ouantitate the growth of ovarian carcinoma cells on mesothelial cells. 
• We developed a novel cell-based assay to study ovarian carcinoma cell invasion described in 

Task #lc. We have observed that the ovarian carcinoma cells adhered to and invaded through 
the fixed mesothelial cell monolayers. In some cases, the ovarian carcinoma cells grew to 
confluence, displacing the mesothelial cell monolayers [Appendix 1, Figure 1]. 

Task #4f. Determine whether the subpopulation of ovarian carcinoma cells isolated from ascites 
fluid and/or solid tumors that are not undergoing apoptosis will survive when thev are 
maintained in suspension. 
• We have confirmed our preliminary observations that spheroids isolated from the ascites of 

ovarian carcinoma patients remained viable for up to 1 month when cultured in tissue 
culture-treated flasks or in suspension. We have observed that both adherent and nonadherent 
spheroids remained viable for up to 1 month. 

Status of Project Schedule: 
Task #1 (months 1-18): This task has been completed, but successful results have prompted us to 
expand the studies initially proposed for this task. 
Task #2 (months 1-48): This task has proven to be unfeasible and will not be completed. 
Task #3 (months 6-48): Tasks 3a and 3b have been completed. Task 3c will not be completed. 
Task #4 (months 24-48): Tasks 4a, 4b, and 4f have been completed, although the constant influx 
of additional primary patient samples will result in periodic updating of our results. Tasks 4c, 4d, 
and 4e remain to be completed. 

(6) KEY RESEARCH ACCOMPLISHMENTS: 

• We confirmed our preliminary observations that spheroids obtained from ovarian carcinoma 
patient ascites samples adhered to ECM components (laminin, fibronectin, collagen type I, 
type IV collagen, hyaluronan, hyaluronan fragments, and chondroitin sulfate), with 
maximum adhesion to fibronectin. We observed that patient samples exhibited heterogeneous 
range of adhesive ability. Since spheroids exhibit resistance to radio- and chemotherapies [8, 
9], our results suggest that they may comprise a source of metastasis that is not effectively 
eradicated by current treatment strategies. 
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• We determined that adhesion to ECM proteins by spheroids obtained from ovarian carcinoma 
patients was partially mediated by pi integrins, but not by CD44, 

• In preliminary studies, we have observed that both NIH:OVCAR5 and patient ascites 
spheroids adhered to confluent monolayers of live mesothelial cells. 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. 

• NIH:OVCAR5 cell adhesion to 96-well plates coated with ECM components did not affect 
cell proliferation, suggesting that ovarian carcinoma cell proliferation occurs independently 
of the substrata to which the cells adhere. 

• Cell membrane glycosylation mediates metastatic events in ovarian carcinoma. The 
enzymatic removal of carbohydrate moieties from the surface of NIH:0VCAR5 ovarian 
carcinoma cells partially affected the cells' ability to adhere, migrate, and invade. However, 
cell viability was not affected by enzymatic treatment. 

• We developed a novel cell-based assay to study ovarian carcinoma cell invasion. Briefly, 
human mesothelial cells were grown to confluence in tissue culture plates and fixed with 
dimethyl sulfoxide. Single cell suspensions of NIH:0VCAR5 cells were cultured atop the 
fixed mesothelial cell monolayers for up to 7 days, Tryp.an 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 confirmed preliminary studies in which we observed that NIH:OVCAR5 invasion 
through fixed mesothelial monolayers was inhibited by ROD peptide and a blocking mAb 
against the 01 integrin subunit, but not mAbs against the a2, a3, a4, a5, or a6 integrin 
subunits or CD44. pi integrin-mediated signal transduction may be required for ovarian 
carcinoma cell invasion, rather than interactions between particular integrins and ligands. 

(7) REPORTABLE OUTCOMES: 

Manuscripts: 

1. Casey RC, Burleson KM, Pambuccian S, Skubitz K, Oegema T, Skubitz APNS. (2001) pi 
integrins regulate the formation and adhesion of ovarian carcinoma multicellular spheroids. 
The American Journal of Pathology 159:2071-2080. 

2. Casey RC, Oegema TR, Skubitz KM, Pambuccian SE, Skubitz APN. Cell membrane 
glycosylation mediates the adhesion and migration of ovarian carcinoma cells toward 
extracellular matrix components and mesothelial cell monolayers. [Submitted] 

3. Casey RC, Koch K, Oegema TR, Skubitz KM, Pambuccian SE, Grindle SM, Skubitz APN. 
(2002) Establishment of an in vitro assay to measure the invasion of ovarian carcinoma cells 
through mesothelial cell monolayers. [Submitted] 

4. A fourth manuscript describing potential biomarkers of ovarian cancer: Skubitz APN, 
Grindle SM, Pambuccian S, Casey RC, Burieson KM, Hibbs KA, Skubitz KM. Gene 
expression in ovarian cancer. [In preparation] 

5. A fifth manuscript describing the results that we have observed with the metastatic properties 
of multicellular spheroids obtained from ovarian carcinoma patient primary ascites: 
Burleson KM, Skubitz APN [In preparation]. 
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Abstracts and Presentations: 
1. Burleson KM, Casey RC,Oegema TR, Skubitz KM, Pambuccian S, and Skubitz APN. The 

metastatic potential of ovarian carcinoma spheroids. The Molecular, Cellular, Developmental 
Biology and Genetics Fall 2001 Poster Session and Retreat. The results from this study were 
presented as a poster presentation in Minneapolis, MN on October 12,2001, 

2. 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", October 24,2001, Minneapolis, MN. 

3. Burieson KM. "The metastatic potential of ovarian carcinoma spheroids". Molecular, 
Cellular, Developmental Biology & Genetics Interactive Television seminar. The results 
from these studies were presented as a televised seminar in Minneapolis and St. Paul MN on 
March 6,2002. 

4. Casey RC, Oegema TR, Skubitz KM, Pambuccian SE, Skubitz APN. (2002) "Cell membrane 
glycosylation mediates the adhesion and migration of ovarian carcinoma cells toward 
extracellular matrix components and mesothelial cell monolayers." 93"* Annual Meeting of 
the American Association for Cancer Research. The results from this study were published in 
the Proceedings 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. 

5. Casey RC, Oegema TR, Skubitz KM, Pambuccian SE, Skubitz APN. (2002) "Cell membrane 
glycosylation mediates the adhesion, migration, and invasion of ovarian carcinoma cells 
toward extracellular matrix components and mesothelial cell monolayers." 3'^ Annual 
University of Minnesota Cancer Center Spring Poster Session & Symposium. The results 
from these studies were presented as a poster session in Minneapolis, MN on Mav 16-19, 
2002. 

6. Burieson KM, Casey RC, Pambuccian SE, Skubitz KM, Oegema TR, Skubitz APN. (2002) 
"Comparisons of ovarian carcinoma multicellular spheroids from cell lines and patient 
ascites: Dp spheroids have metastatic potential?" 3'** Annual University of Minnesota Cancer 
Center Spring Poster Session & Symposium. The results from these studies were presented as 
a poster session in Minneapolis, MN on May 16-19,2002. 

7. Burieson KM, Casey RC, Pambuccian S, Skubitz KM, Oegema TR, and Skubitz APN. 
Comparison of ovarian carcinoma multicellular spheroids from cell lines and patient ascites: 
Do spheroids have metastatic potential?" American Association for Cancer Research 
Pathobiology of Cancer Workshop. The results from this study were presented as a poster 
presentation on July 14-21,2002. 

8. Burleson KM, Casey RC, Grindle S, Pambuccian SE, Skubitz KM, Oegema TR, Skubitz, 
APN. Ovarian carcinoma ascites spheroids are capable of adhesion to extracellular matrix 
proteins and mesothelial monolayers. To be presented at the AACR special conference in 
Cancer Research, "Proteases, Extracellular Matrix, and Cancer" at Hilton Head Island, SC on 
October 9-13,2002. 

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. 
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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. 

Awards 
1. Rachael C. Casey: American Association for Cancer Research Minority Scholar, 2002. 

Competitive award to present data at 93"* Annual AACR meeting. 
2. Kathryn M. Burieson: 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. Burieson: 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. Burieson. $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. Burieson. $1000 AACR Scholar-in-Training Award to defray costs of attending 
the AACR special conference in Cancer Research, "Proteases, Extracellular Matrix, and 
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Abstract 

We have previously shown that ovarian carcinoma cell adhesion to mesothelial cell monolayers 

and migration toward fibronectin, collagen type IV, and laminin is partially mediated by CD44, a 

proteoglycan known to affect the fimctional 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:0VCAR5 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 mesothehal cell monolayers, migrate toward extracellular 

matrix proteins, and invade through Matrigel was assessed. We observed that the loss of different 

carbohydrate moietfes resulted in altered ovarian carcinoma cell adhesion, migration, and/or 

invasion toward extracellular matrix components or mesothehal cell monolayers. Glycosidase 

treatment did not alter the molecular weight of CD44 in NIH:OVCAR5 cells in Western blots, 

suggesting that CD44 did not contain the carbohydrate residues responsible for the phenomena 

observed. Gene array analysis of NIH:0VCAR5 cells revealed the expression of several 

proteoglycans, including syndecan 4, decorin, and perlecan. In tissue samples obtained fi-om 

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 carcmoma 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 

^condary tumor growth in ovarian carcinoma. 
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Introduction 

Proteoglycans are major components of the extracellular matrix (ECM) that mediate interactions 

with other ECM and cellular components. Proteoglycans have been shown to regulate cell 

adhesion,* cell signaling,^ and apoptosisl In cancer, altered glycosylation is a common feature of 

malignancy, and some of these alterations contribute to metastatic proces^s, including cell 

adhesion, migration, and invasion, 

CD44, a proteoglycan found on ovarian carcinoma cells,'*"* binds the ECM 

glycosaminoglycan hyaluronan with high affmity^ and also has a weak affinity for fibronectin, 

type IV collagen, and laminin.* Hyaluronan is a high molecular weight glycosaminoglycan that 

is present m the ECM of the mesothelial cells that line the peritoneum.' We have previously 

reported that ovarian carcmoma cell adhesion to mesothelial cell monolayers and migration 

toward the extracellular matrix proteins fibronectin, type IV collagen, and lammin is partially 

mediated by interactions betw^n CD44 and hyaluronan.*' ' Interactions between CD44 and 

hyaluronan affect cell adhesion,* migration,^'' and tumor growth*" in ovarian carcinoma cells. In 

some ovarian carcinoma cell lines, CD44 is heavily glycosylated, and the removal of 

carbohydrate moieties from the cells' surfaces resulted in altered cell adhesion to hyaluronan." 

Other proteoglycans have also been implicated in cancer cell functions. Syndecan-1, a 

heparan sulfate proteoglycan, has been shown to mediate the invasion of myeloma cells.*^ 

Ovarian carcinoma cell adhesion to fibronectin and collagen type I is mediated by heparan 

sulfate and chondroitin sulfate proteoglycans synthesized by the cells." Versican, a chondroitin 

sulfate proteoglycan, contains a hyaluronan-bmding domain," stimulates cell growth, and 

inhibits human melanoma cell adhesion to fibronectin and collagen type I," possibly faciHtatmg 
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tumor cell detachment and proliferation. Decorin, another chondroitin sulfate proteoglycan that 

binds collagen fibrils, has been shown to inhibit the growth of ovarian cancer cells.^* Clearly, 

proteoglycans and their carbohydrate residues mediate many tumor cell functions; however, their 

exact roles in cancer metastasis are poorly understood. 

The purpose of this study was to examine the roles of cell membrane glycosylation upon 

the adhesive, migratory, and invasive abilities of ovarian carcinoma cells. Our results suggest 

that proteoglycans, particularly those with chondroitin sulfate or sialic acid moieties, may affect 

the ability of ovarian carcinoma cells to interact with mesothelial cells and proteins found in their 

ECMs, and thus may affect the ability of ovarian carcinoma tumor cells to metastasize. 



Methods 

Unless otherwise stated, all standard reagents and materials were obtained from Sigma Chemical 

Company (St. Louis, MO). Unless otherwise specified, aU experiments were performed a 

minimum of three times. 

Cell culture. The human ovarian carcinoma cell line NIH:OVCAR5, which mimics the 

progression of ovarian carcinoma when injected into in vivo mouse models," was maintained in 

RPMI1640 medium, 10% fetal bovine serum (FBS), 2 mM glutamine, 0.2 U/ml insulin, and 50 

U/ml penicillin G/streptomycin. The ovarian carcinoma cell line NIH:OVCAR5 was originally 

established by Dr. Thomas Hamilton (Fox Chase Cancer Center)" and obtained from Dr. Judah 

Folkman, Harvard Medical School. The human peritoneal mesothelial cell line LP9 (Coriell Cell 

Repositories, Camden, NJ) was maintained in a medium containing a 1:1 ratio of M199 and 

MCDB 10 media, 15% FBS, 2 mM glutamine, 5 ng/ml epidermal growth factor, 0.4 jtg/ml 

hydrocortisone, and 50 U/ml penicillin G/streptomycin. Both cell lines were maintained in 75- 

mm^ tissue culture flasks in a humidified incubator with 5% CO2 at 37°C. 

Human tissue samples. Tissue samples from 50 normal ovaries, 20 primary ovarian carcinomas, 

17 ^condary omental metastases, and 7 normal omentas were obtained from the Tissue 

Procurement Facility of the University of Minnesota Cancer Center. Samples were obtained 

using protocols approved by the University of Minnesota Institutional Review Board. All 

samples were identified, dissected, and snap fmmn in liquid nitrogen within 30 min of removal 

from the patient. Tissue sections of each sample were prepared before freezing, and were 
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examined by a pathologist by light microscopy after H&E staining to confirm the pathologic 

nature of the sample. None of the samples were necrotic. 

ECM Molecules. Collagen type IV, isolated from mouse Engelbreth-Holm-Swarm (EHS) tumor, 

was purchased from Trevigen, Gaithersburg, MD. Mouse EHS laminin, prepared as previously 

described," was provided by Dr. Leo Furcht, University of Minnesota. Human plasma 

fibronectin, purified as described,^" was provided by Dr. James McCarthy, University of 

Minnesota. Human umbilical cord hyaluronan, chondroitin sulfate A, and ovalbumin were 

purchased from Sigma. Matrigel was purchased from Becton Dickinson, Bedford, MA. 

Glycosidase treatment, Chondroitinase ABC from P. vulgaris, hyaluronidase from bovine testes, 

and neuraminidase from C. perfringem were purchased from Sigma Chemical Company. 

NIH:0VCAR5 cells were grown in monolayer cultures, released with 0.5% trypsin, 2 mM 

ethylenediaminetetraacetic acid as previously described,^* and resuspended in base medium at a 

concentration of 10* cells/ml. The cells were incubated in the presence of chondroitinase ABC 

(0.5 U/ml), hyaluronidase (200 U/ml), or neuraminidase (10 mU/ml) in h&m medium for 30 min 

at 37°C prior to their use in further assays. Chondroitinase ABC was used to remove chondroitin 

sulfate resides and neuraminidase was used to remove termmal sialic acid residues. Bovine 

testicular hyaluronidase primarily cleaves hyaluronan, but also may cleave chondroitin sulfate 

residues. Heat-inactivated enzymes had no effect on cell adhesion, migration, or invasion (results 

not shown). 
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Cell-ECM adhesion assay. The ability of the glycosidase-treated ovarian carcinoma cells to 

adhere to ECM components was quantified as previously descrited.' Clear-bottom 96-well plates 

were coated with 5 Hg/ml fibronectin, collagen type IV, or laminin, or with 1 mg/ml ovalbumin, 

chondroitin sulfate A, or hyaluronan in phosphate buffered saUne (PBS) for 16 hr at 37°C. 

Nonspecific binding sites were blocked with 2% ovalbumin in PBS. NIH:OVCAR5 cells were 

radiolabeled with L-[''S]methionine for 24 hr, trypsinized, washed, and subjected to glycosidase 

treatment. The cells (10^ cells/l(X) yX) were added to the coated 96-well plates and incubated for 

30 min. Nonadherent cells were removed by washing and the radioactivity was counted. These 

experiments were performed three times each in eight replicates. 

Cell-cell adhesion assay. The ability of glycosidase-treated ovarian carcinoma cells to adhere to 

monolayers of the human mesothelial LP9 cell line was determined as previously described.' The 

assays were performed as described above in the cell-ECM assay, except that the clear-bottom 

96-well microtiter plates were coated with LP9 cells grown to confluence for 48 hr in complete 

medium. Prior to the addition of ovarian carcinoma cells, the mesothelial cell monolayers were 

rinsed twice with RPMI 1640 medium. The^ experunents were performed three times each in 

eight replicates. 

Cell migration assay. Chemotaxis of glycosidase-treated ovarian carcinoma cells m response to 

ECM molecules was quantitated in modified Boyden chambers, using 8 ^.m pore sire 

polycarbonate polyvinylpyrrolidine-free filters (Fisher Scientific, Itasca, IL) determmed as 

previously described.^ Base medium containing fibronectin (5 p.g/ml), type IV collagen (2.5 

|ig/ml), or laminin (5 |lg/ml) was added to the lower compartments. Glycosidase-treated 
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NIH:OVCAR5 cells (10,(XX) cells/50 pi) were added to the upper chamber compartments. After a 

5-hr incubation at 3TC, the filters were stained with Diff-Quik (Dade Behring, Newark, DE) and 

nonmigratory cells were removed from the tops of the filters. The number of migrating cells is 

expressed as the sum of cells counted in five fields at a 40x magnification. 

Cell invasion assay. The ability of glycosidase-treated ovarian carcinoma cells to invade through 

Matrigel was assessed. Glycosidase-treated cells were washed, resuspended at lO' cells/100 ^.1 

in base medium containing 1% FBS, and were applied atop Transwells® (Coming Inc., 

Bloomington, MN) coated with 1 mg/ml Matrigel®. The bottom chambers were filled with 10 

Hg/ml fibronectin, collagen type IV, or laminin in base medium. After a 20-hr incubation at 

ST^C, the filters were stained with Diff-Quik and noninvasive cells were removed from the tops 

of the filters. The number of invading cells is expres^d as the sum of cells counted in five fields 

at a 40x magnification. 

Gene expression analysis of NIH:0VCAR5 cells. The gene expression of NIH:OVCAR5 cells 

was determined using protocols described in the Affymetrk GeneChip® Expression Analysis 

Manual. Briefly, total RNA was isolated from NIH:OVCAR5 cells using the RNeasy Total RNA 

Isolation kit (Qiagen Inc., Valencia, CA). Double-stranded cDNA was synthesired from 8 |ig of 

total RNA using the Superscript Choice system (Gibco BRL, Gaithersburg, MD). First-strand 

cDNA synthesis was pruned with a T7-(dT24) oligonucleotide primer (Genset Corp., La JoUa). 

The cDNA was then extracted with phenol/chlorofomi and precipitated with ethanoL From 10 p.g 

of cDNA, cRNA was synthesized and biotinylated using the BioArray™ HighYield™ RNA 

Transcript Labeling kit (Affymetrix). The resulting cRNA was purified according to the RNeasy 
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Mini kit protocol (Qiagen) and then fragmented in 40 mM Tris-Acetate, pH 8.1, 30 mM 

magnesium acetate, and 100 mM potassium acetate for 35 min at 94°C. The fragmented cRNA 

was applied to Affymetrix GeneChip® U_133 arrays representing more than 39,(XM) transcripts 

derived from approximately 33,000 well-substantiated human genes or EST sequences. The 

sub^uent processing, scanning, and quality control of the fragmented cRNA were performed 

by the Biomedical Genomics Center, University of Minnesota, according to Affymetrix 

protocols. The data was analyzed using Microarray Suite, version 5.0 (Affymetrix), and 

GeneData Analyst, version 3.1 (GeneData AG, Basel, Switzerland). This experiment was 

performed in quadruplicate. 

Gene egression analysis of human tissues. RNA was prepared and gene expression was 

determined at Gene Logic Inc. (Gaithersburg, MD) using Affymetrix GeneChip® U_95 arrays 

(Santa Clara, CA) containing approximately 12,000 known genes and 48,000 ESTs. Gene 

expression analysis utilized the Gene Logic Gene Express® Software System. 

Statistical Analysis. Student's t-test was performed as a test of significance with the use of 

Microsoft Excel 1997 (Microsoft Co., Redmond, WA). P values of < 0.01 were considered to 

indicate statistically significant differences. 



Page 11 

Results 

Ovarian carcinoma cell adhesion to ECM components is altered by glycosidase treatment. 

The effect of cell membrane glycosylation upon the ability of ovarian carcinoma cells to adhere 

to ECM proteins was measured in an in vitro adhesion assay (Fig. 1). Pretreatment with 

chondroitinase ABC inhibited cell adhesion to fibronectin, collagen type TV, and laminin. This 

suggests that proteoglycans that contain chondroitin sulfate residues may augment ovarian 

carcinoma cell adhesion to ECM proteins. Hyaluronidase pretreatment augmented cell adhesion 

to fibronectin and laminin, suggesting that the presence of cell-surface hyaluronan may inhibit 

cell adhesion to fibronectin and laminin, but not collagen type IV. Neuraminidase treatment had 

no effect on cell adhesion to ECM proteins, suggesting that sialic acid residues may not affect 

ovarian carcinoma cell adhesion to ECM proteins. 

The ability of glycosidase-treated ovarian carcinoma cells to adhere to the 

glycosaminoglycans chondroitin sulfate A or hyaluronan was also determined (Fig. 2). 

Chondroitinase ABC pretreatment augmented cell adhesion to hyaluronan, which suggests that 

chondroitin sulfate proteoglycans may partially inhibit ovarian carcinoma cell adhesion to 

hyaluronan, which has been shown to coat mesothelial cells.' The other glycosidases had no 

effect on ovarian carcinoma adhesion to chondroitin sulfate A or hyaluronan. 

To ensure that glycosidase treatment did not induce cell death, ahquots of each 

enzymatically treated cell population were stained with trypan blue following both enzymatic 

treatment and the completion of the assays. In all cases, the cells excluded trypan blue stain, 

indicating that alterations in cell function were not attributable to the induction of cell death. 
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Ovarian carcinoma cell adhesion to mesothelial cells is partially mediated by chondroitin sulfate 

moieties. 

The role of cell membrane glycosylation on ovarian carcinoma cell adhesion to mesotheUal cells 

was determined (Fig. 3). The adhesion of ovarian carcinoma cells was inhibited by 

chondroitinase ABC pretreatment, but not by pretreatment with hyaluronidase or neuraminidase. 

This suggests that chondroitin sulfate proteoglycans may facilitate ovarian carcinoma cell 

adhesion to mesotheHal cells. 

Ovarian carcinoma cell migration toward ECM proteins is altered by glycosidase treatment. 

The role of cell membrane glycosylation on ovarian carcinoma cell migration toward fibronectin, 

collagen type IV, and laminin was determined (Fig. 4). Ovarian carcinoma cell migration toward 

all three ECM proteins was increa^d by pretreatment with chondroitmase ABC. This suggests 

that the presence of chondroitin sulfate proteoglycans on the surface of ovarian carcinoma cells 

may impede cell migration toward ECM proteins, possibly by increasing their adhesion to ECM 

molecules (Fig. 1 and Fig. 3). Neuraminidase pretreatment resulted in decreased cell migration 

toward fibronectin, but had no effect on cell migration toward collagen type IV and laminin. 

These results suggest that sialic acid-modified proteoglycans may specifically mediate cell 

migration toward fibronectin. Hyaluronidase pretreatment had no effect upon ovarian carcinoma 

cell migration toward ECM proteins. 



Rige 13 

Ovarian carcinoma cell invasion is altered by glycosidase treatment. 

Ovarian carcinoma cells were treated witli glycosidases before their addition to the invasion 

assays, Pretreatment with neuraminidase inhibited cell invasion through Matrigel toward 

fibronectin, collagen type IV, and laminin (Figure 5). This suggests that sialic acid-modified 

glycoproteins may mediate ovarian carcinoma cell invasion. Chondroitinase ABC and 

hyaluronidase treatment had no effect on cell invasion through Matrigel, 

Many proteoglycans are differentially expressed in normal ovary cells and ovarian carcinoma 

cells. 

The relative expression of proteoglycan gene transcripts in NIH:0VCAR5 cells are listed in 

Figure 6. Proteoglycan transcripts that were detected in high amounts m NIH:0VCAR5 cells 

included syndecan 4, decorin, pertecan, and bamacan. Also expressed, although in lower 

amounts, were transcripts of the proteoglycans CD44, glypican 1, syndecan 1, secretory granule 

proteoglycan (PG) 1, glypican 4, versican, and syndecan 2, 

We also examined the gene expression of proteoglycan transcripts in relevant human 

samples: normal ovaries, primary ovarian carcinoma tumors, secondary ovarian carcinoma 

metastases found in the omentum, and normal omentum. Almost all of the proteoglycans 

detected in NIH:0VCAR5 cells were also expressed in both primary and secondary ovarian 

carcinoma tumor tissues (Table I), except for syndecan 2 and syndecan 4. Syndecan 2, which 

was detected a very low levels in NIH:OVCAR5 cells, was expressed also at very low levels in 

normal ovaries and omenta; however, syndecan 2 was not detected in primary ovarian carcinoma 
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or secondary omental metastatic tumor samples. Expression of the syndecan 4 transcript was 

detected at high levels by the Affymetrix U_133 gene chips used to screen NIH:0VCAR5 cells, 

but we were not abte to quantitate the expression of syndecan 4 in the human tissues since this 

protes for this gene transcript were not present on the Affymetrix U_95 gene chips used to 

«;reen them. 

The relative expression of some proteoglycan transcripts underwent significant 

alterations in normal ovarian tissue compared to primary ovarian tumors. Versican and 

neuroglycan C, which contain chondroitin sulfate modifications, and the heparan sulfate 

proteoglycan syndecan 1 and biglycan were significantly up-regulated in primary ovarian 

tumors, compared to normal ovaries (Table I). The expression of glypican 3 decreased 4.2-fold 

and lumican expression decreased 2.7-fold. Although syndecan 2 transcript expression was 

absent from both primary ovarian carcinoma tumors and secondary omental metastases, it was 

detected in both normal ovaries and normal omenta, suggesting that the transformation of 

ovarian epithelial cells may result in termmation of the expression of syndecan 2 gene products. 

The expression of all other proteoglycan transcripts listed in Table I were altered by 2-fold or 

less, as indicated by NC for "no change". 

Alterations of the relative expression of proteoglycan transcripts in normal omenta and 

omental metastases were also observed. Significant increases in the expression of syndecan 1, 

biglycan, versican, and neuroglycan C were observed m secondary omental tumors, compared to 

normal omentum tissues. In constrast, the expression of glypican 3 and secretory granule PGl 

was significantly lower in the secondary omental metastases compared to the normal omenta 

(Table I). As in normal ovaries and primary ovarian carcinoma tumors, the expression of 

syndecan 2 was low in normal omentum, but completely absent from secondary omental 
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metasta^s. The alterations in gene expression of these proteoglycans may reflect tlie ECM 

rearrangement frequently observed in tumor cells. They may also indicate responses to tumor 

cells or may identify effectors of ovarian carcinoma metastatic behavior. 
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Discu^on 

In this study, we attempted to elucidate the role of cell membrane glycosylation in cellular 

functions that mediate ovarian carcinoma secondary tumor growth. The effects of glycosidase 

treatment upon the functional abilities of NIH:OVCAR5 cells to adhere to ECM components and 

mesothelial cell monolayers, migrate toward ECM proteins, and invade through Matrigel are 

summarired in Table II. In short, glycosidase treatment alters ovarian carcmoma cell adhesion, 

migration, and invasion. This suggests that proteoglycans, or to te more precise carbohydrate 

modifications of proteoglycans, may contribute to the activation or suppression of these 

metastatic processes. Different carbohydrate moieties may mediate different cellular functions in 

ovarian carcinoma cells. Several proteoglycans and their glycosyl modifications may contribute 

to or inhibit the formation of secondary tumor growths in ovarian carcinoma. 

Many studies specifically describe roles for the proteoglycan CD44, and its ligand 

hyaluronan, in ovarian carcinoma cell adhesion and migration. Cell-cell adhesion between 

ovarian carcinoma cells and mesotheUal cells are mediated by CD44-hyaluronan mteractions.^'' 

The removal of cell membrane-associated carbohydrate residues resulted in altered cell adhesion 

to hyaluronan in some ovarian carcinoma cell lines." CD44-hyaluronan interactions have been 

shown to mediate ovarian carcinoma cell migration via signal transduction through c-src kmase, 

Ras, and Rac 1."' ^^ Disruptions of the CD44-hyaluronan interactions altered the ability of 

ovarian carcmoma cells to migrate toward ECM proteins.* For these reasons, we considered the 

proteoglycan CD44 a likely candidate as a carbohydrate-mediated modifier of cell functions. 

However, in the NIH:0VCAR5 cell line, CD44 was not extensively modified with sialic acid or 

chondroitin sulfate groups, as shown by Western blot analysis. This suggests that other 
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proteoglycans pre^nt in the NIH:0VCAR5 cells' ECM may be responsible for the altered 

cellular ftinctions that we descrited here. 

Proteoglycans are mediators of cell function in both normal and cancer cells. In normal 

cells, the chondroitin sulfate proteoglycan versican enhances cell proliferation, at least in part 

through binding to the EGF receptor.^^ Versican also inhibits cell adhesion in astrocytoma 

cells. The chondroitin sulfate proteoglycan decorin can inhibit growth in ovarian carcinoma 

cells^* and syndecans, a family of heparan sulfate proteoglycans, mediate cell adhesion^ and 

invasion in myeloma cells. Syndecans also bind and modulate activity of fibroblast growth 

factor^'' ^^ and promote oligomerization of bound ligands, which enhances activation of primary 

signaHng receptors.^' Overexpression of the chondroitin sulfate proteoglycan bamacan resulted 

in the transformation of normal mouse fibroblasts.'® Ovarian carcinoma cells synthesize both 

chondroitin sulfate and heparan sulfate proteoglycans that mediate cell adhesion to fibronectin, 

collagen type I, and collagen type III." Here we report that cell surface proteoglycans with 

chondroitin sulfate or sialic acid residues mediate the adhesion, migration, and invasion of 

ovarian carcinoma cells. 

In particular, the loss of chondroitin sulfate residues resulted in decreased cell adhesion to 

the ECM proteins fibronectin, collagen type IV, and laminin and to mesothelial cell monolayers. 

Coupled with our observation that the removal of chondroitm sulfate residues resulted in 

increased cell migration, our results suggest that chondroitin sulfate proteoglycans promote 

ovarian carcinoma cell adhesion toward mesothelial cells and their associated ECM proteins. 

This is consistent with reports that the melanoma chondroitin sulfate proteoglycan modulates the 

adhesive abilities of integrin (X4P1'* and matrix metalloproteinase-dependent invasion into 

collagen type I in melanoma cell lines.'^ Ovarian carcinoma cell adhesion to hyaluronan 
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increased after the digestion of chondroitin sulfate residues. This suggests that some chondroitin 

sulfate proteoglycans may act as negative effectors of cell adhesion. We observed gene 

expression of versican, which contains chondroitin sulfate residues, and a hyaluronan-bmding 

domain,^ in the NIH:0VCAR5 cell line. Taken together, these results suggest that ovarian 

carcinoma cell adhesion may te mhibited by versican- hyaluronan interactions. We also report 

that versican expression is significantly up-regulated in primary and secondary ovarian 

carcinoma tumors, which suggests that ovarian carcinoma cell interactions with mesotheUal cell 

hyaluronan may mediate ^condary tumor growth. Further studies are required to determine the 

contributions of individual chondroitin sulfate proteoglycans that result in their net effect upon 

ovarian carcinoma cell adhesion and migration. 

The removal of sialic acid residues from the surface of NIH:OVCAR5 cells resulted in 

decreased cell migration toward fibronectin and decreased invasion through MatrigeL Taken 

together, these results suggest that proteoglycans with sialic acid residues may promote a more 

invasive phenotype in ovarian carcinoma. 

The removal of hyaluronan resulted in increased adhesion to ECM proteins and 

mesothelial cell monolayers, but did not affect cell migration or invasion. We have previously 

shown that the NIH:OVCAR5 cells have a hyaluronan-rich pericellular matrix that can be 

cleared by hyaluronidase treatment.' The clearance of hyaluronan from these tumor cells may 

unmask the integrins that are present on the cells' surfaces,* thus facilitating the increased 

adhesion to ECM proteins and mesothelial cell monolayers that we observed. However, bovine 

testicular hyaluronidase can also cleave chondroitin sulfate residues. Our data suggests that the 

net increased cell adhesion that resulted from hyaluronan digestion was greater than the 

decreased cell adhesion that may have resulted from the concurrent removal of chondroitin 
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sulfate residues, thus indicating that few chondroitin sulfate residues were cleaved during 

treatment with hyaluronidase. 

To identify proteoglycans potentially responsible for the altered cellular functions that 

were reported here, gene expression analysis of the NIH:OVCAR5 cell line was performed. The 

expression of several proteoglycan transcripts, including syndecans, glypicans, decorin, perlecan, 

and bamacan was detected. We also screened patient samples for the expression of proteoglycan 

genes in primary ovarian carcinoma tumors and secondary omental metastases, a common site of 

metastasis in ovarian carcinoma. The^ values were compared to those of samples obtained from 

normal ovary and omental tissues. Except for syndecan 4, whose expression was not measured in 

the Affymetrfac gene chips used to screen the human tissues, and syndecan 2, all of the 

proteoglycan transcripts detected in the NIH:OVCAR5 cell line were detected in primary ovarian 

carcinoma cell lines. These data suggest that this cell line expresses proteoglycan transcripts in a 

fashion similar to that of primary ovarian carcinoma tumors. Syndecan 2 gene expression was 

absent from normal ovaries and omenta, but was expressed in both primary and secondary 

ovarian carcinoma tumors. 

In addition to their detection in NIH:0VCAR5 cells, versican, syndecan 1, and biglycan, 

gene expression values increased more than 2-fold in primary and secondary ovarian tumors 

compared to normal ovarian and omental tissues. These alterations in gene expression may 

indicate roles for these proteoglycans in ovarian carcinoma metastasis. In human ovarian tumors, 

we also observed significant decreases in the gene expression of glypican 3 and lumican, 

compared to normal ovaries. Glypican 3 expression was also significantly down-regulated in 

secondary omental metastases, suggesting that its loss may be a general feature of ovarian 

carcinoma. Interestingly, decreased lumican expression was noted only in primary ovarian 
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carcinoma tumors, but not in secondary metastases. The loss of lumican expression in primary 

ovarian carcinoma tumors may reflect early-stage events in the development of the disea^, 

rather than events associated with secondary tumor growth. 

The gene expression of CD44 was unchanged in primary ovarian tumors, compared to 

normal ovaries, but glycosyl residues of CD44 have been implicated in tumor cell adhesion." 

CD44 from both NIH:OVCAR5 cells incubated in base medium alone or glycosidase-digested 

cells was immunoprecipitated and subjected to Western blotting. In all cases, CD44 exhibited a 

relative mobility of approximately 90 kDa, which is consistent with the standard isoform of 

CD44 (not shown). The failure of all three glycosidase treatments to alter the relative mobility of 

CD44 suggests that the CD44 present on NIH:0VCAR5 cells was not extensively glycosylated 

with carbohydrate residues sensitive to these enzymes. This does not, however, preclude the 

possibility that CD44 on the surface of NIH:OVCAR5 cells may contain small amounts of sialic 

acid or chondroitin sulfate groups, below the detection limits of this assay. 

We ob^rved no significant change in the gene expression of other proteoglycans in 

ovarian carcinoma tumors compared to normal ovaries. These findings contradict another study 

that reported significantly decreased gene expression of decorin in ovarian carcinoma tumors, 

compared to the pooled brushings of ovary epithelial cells from patients without cancer.'^ 

However, alterations of gene expression observed in several proteoglycan transcripts suggest that 

the modulation of ovarian carcinoma metastasis is a complex phenomenon mediated by several 

proteoglycans. Here, we identify several proteoglycans that may be involved in secondary tumor 

growth. They may reflect alterations in tumor cell ECM or may mediate the formation of 

secondary tumor growths in ovarian carcinoma. Further study is required to determine whether 
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alterations of the proteins encoded by these transcripts are also altered in ovarian carcinoma 

tumors and cell lines. 

Many of the cellular functions attributed to proteoglycans are due to post-translational 

modifications. Both syndecans and glypicans bind fibroblast growth factor via their heparan 

sulfate moieties.'*'" The ability of glypicans to target apical surfaces is partially dependent upon 

the extent of their glycosylation.'* In heahng wounds and several carcinomas, antigenic epitopes 

of decorin were masked by the addition of chondroitin sulfate chams,'^ Further studies are 

required to elucidate the roles of carbohydrate moieties in the cellular fimctions of proteoglycans. 

In this study, we report that cell membrane glycosylation mediates cellular functions 

associated with ovarian carcinoma ^condary tumor growth. Glycosidase treatment altered the 

functional abilities of NIH:0VCAR5 cells to adhere to ECM components and mesotheUal cell 

monolayers, migrate toward ECM proteins, and invade through Matrigel. This suggests that the 

carbohydrate residues of several proteoglycans contribute to the activation or suppression of cell 

adhesion, migration, and mvasion in ovarian carcinoma cells. Further study is required to 

identify the roles of individual proteoglycans that may participate in the formation of secondary 

tumor growths in ovarian carcinoma. 
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Figure Legends 

Figure 1. Ovarian careinoma cell adhesion to ECM proteins is altered by glycosidase 

treatment. Untreated ovarian carcinoma cells (open bars) were incubated with glycosidases 

(solid bars) before their addition to the adhesion assays. Pretreatment with chondroitinase ABC 

inhibited cell adhesion to fibronectin, collagen type IV, and laminin, while hyaluronida^ 

pretreatment augmented cell adhesion to fibronectin and laminm. Neuraminidase treatment had 

no effect on cell adhesion to ECM proteins. * P < 0.001 and t P < 0,01. 

Figure 2. Ovarian carcinoma cell adhesion to hyaluronan is augmented by removal of 

chondroitin sulfate chains. Untreated ovarian carcinoma cells (open bars) were incubated with 

glycosidases (soUd bars) before their addition to the adhesion assay. Chondroitinase ABC 

pretreatment augmented cell adhesion to hyaluronan. | P < 0.01. 

Figure 3. Ovarian carcinoma cell adhesion to mesothelial cells is inhibited by the removal 

of chondroitin sulfate chains. Ovarian carcinoma cells were untreated (open bar) or treated with 

chondroitinase ABC (dotted bar), hyaluronidase (striped bar), or neuraminidase (solid bar) 

before their addition to the adhesion assays. Adhesion of ovarian carcinoma cells was inhibited 

by chondroitina^ ABC pretreatment, but not by pretreatment with hyaluronidase or 

neuraminidase. t P < 0.01 compared to untreated controls. 

Figure 4. Ovarian carcinoma cell migration toward ECM proteins is altered by glycosidase 

treatment. Ovarian carcinoma cells were treated with chondroitinase ABC, neuraminidase, or 
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hyaluronidase, then allowed to migrate toward ovalbumin (circles), fibronectin (triangles), 

collagen type IV (diamonds), or kminin (squares). Ovarian carcinoma cell migration toward 

fibronectin was increased by pretreatment with chondroitinase ABC and was inhibited by 

pretreatment with neuraminidase. Chondroitinase ABC pretreatment resulted in increa^d cell 

migration toward collagen type IV and laminin. * P < 0.001, | P < 0.01, and § P < 0.05. 

Figure 5. Ovarian caranoma cell invasion through Matrigel is altered by glycosidase 

treatment. Ovarian carcinoma cells were untreated (open bar) or treated with chondroitinase 

ABC (dotted bar), hyaluronidase (striped bar), or neuraminidase (solid bar) before their addition 

to the invasion assays. Pretreatment with neuraminidase mhibited cell invasion through Matrigel 

toward fibronectin, collagen type IV, and laminm. Chondroitina^ ABC and hyaluronidase 

treatment had no effect on cell invasion through Matrigel | P < 0.01, and § P < 0.05. 

Figure 6. Gene expression of proteoglycans in ovarian cardnoma cells. Mean intensity 

values of proteoglycan transcripts that were present m NIH:OVCAR5 cells. For each transcript, 

the intensity values are expressed as the mean and standard deviation of quadruplicate samples, 

each performed in duplicate. 
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Table I. Many proteoglycan genes are differentially expressed in ovarian carcinoma. 

Ovarian carcinoma Secondary omental 
tumor vs. normal metastases vs. 

Gene ovary normal omenta 
expressed Mean Fold Change Mean Fold Change 
versican 4.9 t 2.7 t 
syndecan 1 2.6! 4.4 t 
biglycan 2.3 t 4.4 t 
neuroglycan C 2.11 1.7 t 
glypican 4 NC NC 
CD44 NC 2.14 
perlecan NC 1.91 
decorin NC NC 
glypican 3 4.2 i 6.4 4 
lumican 2.7 4 NC 
bamacan NC NC 
glypican 1 NC NC 
feretory granule PGl NC 2.2 i 
syndecan 2 * * 

The mean fold change ratio differences tetween tumor and normal samples are listed in Table I. 

Unchanged tumormormal mean fold changes are denoted as NC. *Becau^ syndecan 2 gene 

expression was not detected in ovarian carcinoma tumors or omental metastases, the 

tumormormal mean fold change could not be computed. 
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Table 11. Effects of glycosidase treatment on ovarian carcinoma cell metast^is. 

En^me Collagen Mesothelial 
treatment Fibronectin type IV Laminin Hyaluronan      monolayer 

Chondroitinase ABC ■J'4'4' 4^4^4^ I t                    i 

1 Hyaluronidase t ~ ttt .. 
^ 

Neuraminidase ~ ~ ~ — 

& o Chondroitinase ABC ttt t tt 
k Hyaluronidase ~ — — 

^ Neuraminidase u ~ ~ 

i Chondroitinase ABC ~ ~ ~ 

1 
> Hyaluronidase ~ — — 

M Neuraminidase u 4'4'4' 4,4'4' 

This table summarizes the changes observed in NIH:OVCAR5 cell adhesion, migration, and 

invasion toward fibronectin, collagen type IV, laminin, hyaluronan, and mesothelial cell 

monolayers after glycosidase treatment. Increased cellular function is denoted by upward arrows 

(t) and decreased cellular function is denoted by downward arrows (4-). 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). 
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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, v^e developed an in vitro cell- 

based model system in which mesothelial cells were cultured as monolayers and fixed, and then 

ovarian carcinoma cells were added. The cultures were stained with tiypan blue dye, which 

enabled the visualization of ovarian carcinoma cell invasion through fixed monolayers of 

mesothelial cells. Ovarian carcinoma cell invasion was inhibited for up to 7 days by the addition 

of ROD peptides or a blocking monoclonal antibody against the pi integrin subimit. Cell 

invasion was also inhibited by 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 met^tases, 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 novel assay described here is a suitable tool for its study. 



Introduction 

Ovarian cancer is the leading cause of gynecologic malignancy and the fifth leading 

cause of cancer death among women in the United States^ In ovarian carcinoma, cancer cells 

detach fi-om the surface of the tumor into the peritoneal cavity. Subsequent peritoneal implants 

are characterized by the invasion of the tumor cells through the mesothelial cells that line the 

peritoneum and underlying organs. However, the mechanisms that contribute to ovarian 

carcinoma invasion are not well understood. 

Currently, cancer cell invasion is studied with Matrigel invasion ^says^. Matrigel is 

comprised of extracellular matrix (ECM) extracted from mouse Engelbreth-Holm-Swarm (EHS) 

sarcoma cells, and is believed to mimic the basement membrane through which tumor cells 

mvade , Several factors make this procedure a less than ideal method to study ovarian carcinoma 

cell invasion. Matrigel is murine m origin, not human. It is made by tumor cells, which 

synthesize and organize their ECMs differently than normal cells. Most importantly, the Matrigel 

invasion assay measures only cell-ECM interactions, and can not be used to examine cell-cell 

interactions between the tumor cells and target cells. Finally, Matrigel is synthesized by sarcoma 

cells, which are not typical targets of ovarian carcinoma metast^is. The Matrigel invasion assay 

provides only an approximation of the in vivo conditions found at sites of metastasis. 

Ovarian carcinoma metastasis is mediated by interactions between ovarian cancer cells 

and ECM components of the mesothelial cells at sites of secondary tumor growth. It has 

previously been shown that ovarian carcinoma cell adhesion and migration are mediated by 

interactions between pi integrins and fibronectin, coUagens, and laminin,^' ^ and interactions 

between CD44 and hyaluronan.^' ' Pretreatment of lung adenocarcinoma cells with blocking 



monoclonal antibodies against pi integrins inhibited the formation of lung metastases in murine 

models. Up-regulation of pi integrin expression promoted matrix metalloproteinase-dependent 

cell invasion in ovarian carcinoma cells.^ Perturbation of CD44-hyaluronan interactions 

decreased the invasive ability of human breast cancer cells '** and inhibited murine mammary 

carcinoma cell growth." The addition of hyaluronan into Matrigel resulted in increased glioma 

cell invasion in Matrigel invasion assays,*^ Together, these studies suggest that pi integrin- and 

CD44-mediated cell-ECM interactions may contribute to ovarian carcinoma cell invasion. 

Cancer cell invasion is mediated by a complex balance between degrMative enzymes, 

including matrix metalloproteinases (MMPs), tissue inhibitors of matrix metalloproteinases 

(TIMPs), and ADAMs (a disintegrin and metalloprotease). MMPs are proteolytic enzymes that 

play an important role in cancer cell invasion through the degradation of ECM proteins, such as 

fibronectin and coUagens.'^' '"* Increased activity of MMPs has been linked to the invasive 

potential of tumor cells."' *^ hi ovarian carcinoma, increased secretion and activity of MMP 2, 

MMP 9, and MTl-MMP have been reported."' ** However, the expression of TIMP 1 was 

shown not to be altered in ovarian carcinoma.*'' ^^ These studies suggest that elevation of MMP 

secretion, relative to the concentrations of MMP inhibitors, can facilitate ovarian cancer cell 

invasion. The ADAMs are a recently discovered family of cell adhesion receptors, most of which 

are composed of pro-, metalloprote^e, disintegrin-like, cysteine-rich, EGF-like repeat, 

transmembrane and cytoplasmic tail domains.^*' " Type I and type II procoUagens can be 

degraded by an ADAMTS (a disintegrin and metalloprotease with thrombospondin type I 

repeat). ADAM 12 was detected immunohistochemically in breast, colon, and lung carcinomas, 

and overexpression of disintegrin domains of ADAM 12 and ADAM 15 promoted cell adhesion 



in melanoma cells.   Interactions between MMPs, TIMPs, and ADAMs are believed to regulate 

cancer cell inv^ion, but their particular interactions are not folly understood. 

In this report, we describe an in vitro assay that examines the ability of ovarian carcinoma 

cells to invade through mesothelial cell monolayers. This new ^say more closely mimics in vivo 

conditions than the currently used cell invasion assays. In addition, gene expression analysis was 

performed to determine whether the expression of genes associated with cell mvasion (such as 

MMPs, TIMPs, and ADAMS) were differentially expressed in ovarian carcinoma compared to 

normal ovaries. Our results suggest that complex cell-cell and cell-ECM interactions between the 

tumor cells and their target cells mediate ovarian carcinoma cell invasion, and that this assay 

may be a suitable tool for its study. 



Methods 

Unless otherwise stated, all standard reagents and materials were obtained from Sigma Chemical 

Company (St. Louis, MO), all pictures were photographed with a Nikon Coolpix 950 camera, 

and all experiments were performed in triplicate and repeated a minimum of three times. 

Cell culture. The human ovarian carcinoma cell line NIH:0VCAR5, which mimics the 

progression of ovarian carcinoma when injected into in vivo mouse models,^' was maintained in 

RPMI1640 medium, 10% fetal bovine serum (FBS), 2 mM glutamine, 0.2 U/ml insulin, and 50 

U/ml penicillin G/streptomycin (Life Technologies, Grand Island, NY). The ovarian carcinoma 

cell Ime NIH:0VCAR5 was originally established by Dr. Thomas Hamilton (Fox Chase Cancer 

Centerf ^ and obtained from Dr. Judah Folkman, Harvard Medical School. The human 

peritoneal mesothelial cell line LP9 (Coriell Cell Repositories, Camden, NJ) was maintained in a 

medium containing a 1:1 ratio of M199 and MCDB 10 media, 15% FBS, 2 mM glutamine, 5 

ng/ml epidermal growth factor, 400 ng/ml hydrocortisone, and 50 U/ml penicillin 

G/streptomycin. Both cell lines were maintained in 75-mm^ tissue culture flasks in a humidified 

incubator with 5% CO2 at 3TC. 

Ovarian carcinoma cell invasion through live mesothelial cell monolayers. The ability of 

NIH:OVCAR5 ovarian carcinoma cells to invade through live mesothelial cell monolayers was 

assessed. Each cell line mm labeled with a different fluorescent stain. LP9 mesotheUal cells were 

grown to confluence in twelve-well tissue culture plates (Becton Dickinson, Franklin Lakes, NJ) 

and rinsed twice with phosphate buffered saHne (PBS). The mesothelial cells were labeled with 



10 ng/ml 5-chloromethylfluorescein diacetate (Molecular Probes, Inc., Eugene, OR), a green 

fluorescent stain, in PBS for 30 min at 37°C, and then rinsed twice with PBS. The 

NIH:OVCAR5 cells were released from tissue culture flasks with 0.5% trypsin, 2 mM EDTA as 

described previously,^' and resuspended in PBS at a concentration of 10* cells/ml. The 

NIH:OVCAR5 cells were labeled with 10 ^ig/ml carboxy SNARF-1 (Molecular Probes, Inc.), a 

red fluorescent stain, in PBS for 30 min, and then rinsed twice with PBS. The NIH:0VCAR5 

cells were added to the live mesothelial cell monolayers at a concentration of 10,000 

cells/ml/well. The cocultures were maintained in a 1:1 ratio of complete media for each cell type. 

At 24 hr intervals, the wells were gently washed twice with PBS, and the cells were visualized 

with a Nikon Eclipse TE200 fluorescent microscope. 

Ovarian carcinoma cell invasion through fixed mesothelial cell monolayers. The ability of 

NIH:OVCAR5 ovarian carcinoma cells to invade through fixed monolayere of the human LP9 

mesothelial cell line mm assessed. LP9 cells (10,000 cells/well) were added to twelve-well tissue 

culture plates and grown to confluence for 48 hr in complete medium. The mesothelial cell 

monolayers were rinsed twice with 1 ml PBS, fixed with 250 |A1 dimethyl sulfoxide for 30 min, 

and rinsed twice with 1 ml PBS. Single cell suspensions of NIH:0VCAR5 cells were 

resuspended in complete cell culture media and added to the fixed mesotheUal monolayere. At 24 

hr intervals for 7 days, the media was removed and the wells were gently washed twice with 1 ml 

PBS. 500 nl of 0.2% trypan blue solution (Sigma) was applied to each well for 15 min, and 

genfly rinsed with 1 ml PBS. At 24 hr intervals, the wells were gently washed twice with PBS, 

and the cells were visualized with a light microscope. 



Inhibition of ovarian carcinoma cell invasion through mesothelial cell monolayers. 

NIH:0VCAR5 cells were allowed to invade through mesothelial cell monolayers as described 

above, except that the cells were incubated in the presence of: 25 mM GM6001, a chemical 

inhibitor of MMP-1, -2, -3, -8, and -9 ^* (Chemicon International, Temecula, CA); 100 ng/ml 

GRGDSP or GRGESP peptides (Life Technologies); 1 \x%lm\ of normal mouse immunoglobulin 

(IgG); monoclonal antibody (mAb) P5D2, which blocks the adhesive activity of human pi 

integrin subunits (provided by Dr. Leo Furcht, University of Minnesota); and mAb IM7, which 

blocks the hyaluronan-binding site of CD44 (Pharmingen, San Diego, CA). The putative 

blocking agents were replenished daily. 

ECM Molecules. Collagen type IV, isolated from mouse Engelbreth-Holm-Swarm (EHS) tumor, 

was purebred from Trevigen, Gaithersburg, MD. Mouse EHS laminin, prepared as previously 

described,^' was provided by Dr. Leo Furcht, University of Minnesota. Human plasma 

fibronectin, purified as described,'" was provided by Dr. James McCarthy, University of 

Minnesota. Human umbilical cord hyaluronan, chondroitin sulfate A, and ovalbumin were 

purchased from Sigma. Matrigel wm purchased from Becton Dickinson, Bedford, MA. 

Cell proliferation assay. 96-well plates were coated with 50 ^ig/ml of fibronectin, laminin, 

collagen type IV, or ovalbumin or with 1 mg/ml hyaluronan in PBS (100 |il/well) at 4°C for 16 

hr. Nonspecific binding sites were blocked with 2 mg/ml ovalbumin in PBS at 4°C for 1 hr (200 

|xl/well), and then rinsed twice with PBS. Single cell suspensions of NIH:0VCAR5 cells in 

complete medium were added at a concentration of 500 cells/200 jil/well and cultured for up to 7 

days. At various time points, 2 mg/ml WST-1 (Boehringer-Mannheim Corporation, Indianapolis, 



IN) was added to each well and incubated for 2 hr. The resulting formazan product was 

quantitated by a SpectaMax 250 scanning multi-well spectrophotometer (Molecular Devices 

Corporation, Sunnyvale, CA) by me^uring absorbance at 450 nm. These experiments were 

performed in quadruplicate. 

Human tissue samples. Tissue samples from 50 normal ovaries, 20 primary ovarian carcinomas, 

17 secondary omental metastases, and 7 normal omenta were obtained from the Tissue 

Procurement Facility of the University of Minnesota Cancer Center. Samples were obtained 

using protocols approved by the University of Minnesota Institutional Review Board. All 

samples were identified, dissected, and snap frozen in liquid nitrogen within 30 min of removal 

from the patient. Tissue sections of each sample were prepared before freezing, and were 

examined by a pathologist by light microscopy after H&E staining to confirm the pathologic 

nature of the sample. None of the samples were necrotic. 

Gene expression analysis of human tissues. The relative expression of genes associated with cell 

invasion in normal ovaries, primary ovarian carcinoma, secondary omental metastases, and 

normal omenta w^ studies. RNA was prepared from the human tissue samples described above 

and gene expression w^ determined at Gene Logic Inc. (Gaithersburg, MD) using Affymetrix 

GeneChip® U_95 arrays (Santa Clara, CA) containing approximately 12,000 known genes and 

48,000 ESTs, Gene expression analysis utilized the Gene Logic GeneExpress® Software 

System. Genes associated with cell inv^ion were selected for fiirther analysis if their mean 

expression changed at least 2-fold and if they were ^signed mean expression intensity values 
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greater than or equal to 100. Clustering of the gene expression data w^ performed with Eisen 

Cluster and TreeView software (available at http://rana.lbl.gov/EisenSoftware.htm). 



11 

Results 

Ovarian carcinoma cells invade through mesothelial cell monolayers. 

To determine the invasive ability of ovarian carcinoma cells, we developed an in vitro 

Msay that we believe more closely mimics in vivo conditions than the commonly used Matrigel 

mvMion assay. Namely, in our in vitro invasion assay, the invasive ability of ovarian carcinoma 

cells is.determined by their ability to invade through monolayers of mesothelial cells that line the 

peritoneum. Our initial strategy involved the use fluorescently labeled cocultures of live cells. In 

these assays, the ovarian carcinoma cells and mesothelial cells were labeled with two different 

colored fluorescent dyes (Figure 1). At 3 days, the two cell types are indistinguishable from each 

other (Figure IC) when viewed with a phase microscope. When viewed with fluorescent filters, 

the NIH:OVCAR5 cells (Figure IB) could be distinguished from the mesothelial cell monolayers 

(Figure IC). One cluster of NIH:OVCAR5 cells, highlighted with arrows, was observed under 

phase and fluorescent filters (Figure lA, IB), and its absence w^ noted from the visualized 

mesothelial cell monolayer (Figure IC). The ovarian carcinoma tumor cells had invaded through 

the mesothelial cell monolayer and adhered to the tissue culture plate, creating a focal point of 

mvasion. For up to 3 days, the cells were e^ily visuaHzed with the fluorescent microscope. 

However, the fluorescent dyes diluted to undetectable levels after approximately 6-8 cell 

divisions and could not be used for longer time points. Furthermore, when we added putative 

inhibitors of cell invasion, such as ROD peptides, blocking antibodies, and chemical MMP 

inhibitors, the unfixed mesothelial cells detached from the tissue culture plates. Therefore, it was 

necessary to fix the mesothelial cell monolayers used in all subsequent assays, since fixed 
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mesothelial cells were not susceptible to detachment. In addition, we opted to use trypan blue 

dye, which stained the fixed monolayers, but did not stain the living, invasive ovarian carcinoma 

cells. 

In the model system described here, ovarian carcinoma cells were allowed to invade 

through monolayers of fixed human mesothelial cells (Figure 2). At 24 hr intervals, nonadherent 

ovarian carcinoma cells were gently rinsed away, and the cultures were subjected to trypan blue 

dye staining. The fixed mesothelial cells, which were unable to exclude the stain, were dyed 

blue. In contr^t, the live ovarian carcinoma cells remained unstained. By 1 day, ovarian 

carcinoma cells adhered to the surface of the mesothelial cell monolayers. By 4 days, initial 

inv^ion by the carcinoma cells through the mesothelial monolayers was observed (Figure 2, 

arrows). By 7 days, the foci of invasion had increased in size (Figure 2, arrows), in some cases 

displacing the majority of the mesothelial cell monolayers. 

Ovarian carcinoma cell invasion through mesothelial cell monolayers is inhibited by an MMP 

inhibitor. 

Ovarian carcinoma cell invasion has been shown to be mediated, in part, by the induction 

of MMPs, ' ' Ovarian cancer cell inv^ion through mesothelial cell monolayers was inhibited 

by the addition of a broad-spectrum MMP inhibitor, GM6001 (Figure 2). In the presence of 25 

mM GM6001, ovarian carcinoma cell invasion was completely inhibited for up to 4 days. 

However, by 7 days, ovarian carcinoma cell invasion was observed in the presence of GM6001 

(arrows), but the areas of invasion were much smaller than those observed in the absence of the 

MMP inhibitor. Furthermore many noninvasive cells adhered to and spread upon the mesothelial 
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cell monolayers. These results suggest that ovarian carcinoma cell invasion through mesothelial 

cell monolayers requires MMP activity. 

Ovarian carcinoma cell invasion through mesothelial cell monolayers is mediated by integrins. 

We have previously shown that pi integrins and CD44 mediate ovarian carcinoma 

adhesion ^' ^ and migration '* to ECM components. To determine whether integrins affect ovarian 

carcmoma cell invasion through mesothelial cell monolayers, we performed the assays in the 

presence of exogenous ROD peptide, a ligand bound by many integrins (Figure 2)?'^ At 4 days, 

cell invasion was partially inhibited in the presence of 100 ng/ml ROD peptides, compared to 

cells incubated in the presence of RGE control peptides (Figure 2). The addition of the RGD 

peptide mhibited most ovarian carcinoma cell invasion (not shown), but it did not completely 

prevent tumor cells from adhering to the mesothelial cell monolayer. By 7 days, small areas of 

invasion were observed, although much smaller than those present in the RGE peptide control. 

To determine whether pi integrins or CD44 mediate ovarian carcinoma cell invasion 

through fixed mesothelial cell monolayere, the assays were performed in the presence of normal 

mouse IgG or blocking antibodies against the binding sites of the pi integrin subunit or CD44 

(Figure 3). The blocking mAb against the pi integrin subunit inhibited cell invasion by 4 and 7 

days, while the blocking mAb against CD44 had no effect, compared to IgG controls. Taken 

together, these data suggest that pi integrins, but not CD44, may mediate ovarian carcinoma cell 

invasion through mesothelial cell monolayers. 

The composition of the adhesive substratum does not affect the proliferative abilities of ovarian 

carcinoma cells. 
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To examine the effects of adhesive substrata on the proliferative ability of the ovarian 

carcinoma cells, NIH:0VCAR5 were cultured as monolayers in 96-well plates that were coated 

with different ECM components found in mesothelial cells: fibronectin, laminin, collagen type 

rv, and hyaluronan (Figure 4)/* ^^ We observed that the NIH:OVCAR5 cells proHferated equally 

well in the presence of all of these ECM components as adhesive substrata. 

Differential expression of gems associated with cell invasion in normal and malignant tissues. 

Since cancer cell inv^ion is thought to be mediated by a complex interaction between 

MMPs, ADAMs, and TIMPs, we decided to determine whether these genes are differentially 

expressed in ovarian carcinoma tissues, compared to normal ovaries, GeneLogic Inc. quantitated 

the expression levels of 12,000 known genes and 48,000 ESTs using Affymetrix GeneChip® 

U_95 arrays on RNA samples obtained jfrom 20 primary ovarian carcinoma tumors, 17 

secondary omental metastases, 50 normal ovaries, and 7 normal omenta. 

Fluorescent intensity values and gene expression profiles were generated for each sample. 

The expression values for several gene transcripts ^sociated with cell inv^ion, ADAM 8, 

ADAM 9, MMP 7, MMP9, and MMP 11, were highly expressed in both primary ovarian 

carcinomas and secondary omental metastases, compared to normal ovaries and omenta (Figure 

5). Comparison of the expression values assigned to these gene transcripts confmned significant 

mean fold mcreases of these transcripts m tumor samples compared to normal tissues (Table I): 

the expression of MMP 7 transcripts increased over 90-fold; the expression of MMP 9 transcripts 

incre^ed over 5-fold; and the expression of ADAM 8, ADAM 9, and MMP 11 transcripts 
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increased over 2-fold. In contrast, the expression of gene transcripts of TIMP 2, MMP 25, TIM? 

1, MMP 2, and ADAMTS 1, was down-regulated in tumor tissues, when compared to normal 

samples (Figure 5 and Table I). Notably, ADAMTS 1, MMP 25, TIMP 2, and MMP 2 gene 

expression was 2-fold to 64-fold less in tumor samples compared to normal samples. 
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Discussion 

Currently, cancer cell invasion is most commonly measured by the ability of the cells to 

invade through Matrigel,^ a mixture of matrix components synthesized by mouse EHS tumors 

that approximates the basement membrane ECM through which cancer cells invade. ^ While the 

Matrigel invasion assay provides 'an ECM through which cancer cells can invade, there are 

several caveats to this procedure, Matrigel is a mixture of ECM components synthesized by 

mouse sarcoma cells, which is a less than ideal milieu to examine metastasis in human ovarian 

carcinoma cells. More unportantly, this assay measures interactions between tumor cells and 

ECM components, but not cell-cell interactions between tumor cells and target cells. Here, we 

present an alternative inv^ion model that we believe more closely mimics in vivo conditions 

than the currently used Matrigel invasion assay. 

The in vitro cell-based ovarian carcinoma cell invasion ^say described here has several 

advantages over the Matrigel inv^ion assay. First, the in vitro invasion model described herein 

is comprised of components of human origin, unlike Matrigel, which is murine in origin. 

Matrigel is not completely characterized, and may contain murine-specific components that may 

alter the function of human cells. Interestingly, others have shown that the addition of exogenous 

hyaluronan to Matrigel alters glioma cell invasion,'^ suggestmg that the precise composition of 

the invasive matrix is critical in the accurate assessment of tumor cell invasion. Second, unlike 

the Matrigel invasion assay, this in vitro invasion model is a cell-based assay that allows 

interactions to occur between tumor cells and fixed target cells. Although not as ideal as live 

mesothelial cells, the use of the fixed cells as an invasive matrix more closely approximates in 

vivo conditions than the mixture of ECM components that comprise Matrigel. Thus, our in vitro 

inv^ion model may provide a more accurate gauge of metastatic events. Third, our in vitro 
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model facilitates interactions between ovarian carcinoma cells and mesothelial cells, their most 

likely in vivo targets of metast^is, providing a more optimal environment in which to study 

ovarian carcinoma cell invasion. Furthermore, this model could easily be adapted to measure the 

invasive capacities of other types of tumor cells. 

We initially attempted to perform invasion assays using live mesothelial monolayers. 

Ovarian carcinoma cells and mesothelial cells were labeled with different fluorescent dyes prior 

to their use in the assay. However, the fluorescent dyes dilute to undetectable levels after 

approximately 6-8 cell divisions, rendering this assay unsuitable within a few days. Furthermore, 

the addition of RGD peptides or blocking mAb against the pi integrin subunit resulted in 

detachment of the mesothelial monolayere from the tissue culture plates, presumably by 

disrupting integrin-mediated mesothelial cell adhesion to the ECM they had established on the 

tissue culture plates. For these reasons, we used fixed mesothelial monolayers as a matrix of 

invasion. 

The involve process w^ easily visualized in this cell-based model. Ovarian carcinoma 

cells readily adhered to, spread upon, and invaded through the mesothelial cell monolayers. After 

the formation of invasive foci, the cancer cells proliferated and displaced the fixed mesothelial 

cells. Interestingly, the fixed mesothelial cells did not stimulate contact inhibition in the invading 

ovarian carcinoma cells. It is still possible, however, that mesothelial cells may provide an 

inhibitory effect upon ovarian carcinoma cell invasion or proliferation in vivo. 

The pericellular matrices that coat mesothelial cell monolayers is comprised of numerous 

of ECM components, including glycoproteins and proteoglycans.*' ' To determine whether 

adhesion to a particular substrata may affect ovarian carcinoma cell proliferation, the cells were 

cultured atop 96-well plates coated with fibronectin, collagen type IV, laminin, or hyaluronan. 
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major components of mesothelial cell ECM.» The ovarian carcinoma cells aflhered to all of the 

substrata and pew to confluence. The composition of the adhesive substrata failed to affect the 

cells' ability to proliferate, which suggests that the general phenomenon of cell adhesion 

mediates ovarian carcinoma cell proliferation, rather than adhesion to a particular substratum. 

Further studies are required to determine the role of the mesothelial cells as positive or negative 

effectors of secondary tumor growth in ovarian cancer. 

Ovarian carcinoma cell invasion was partially inhibited by the addition of GM6001, a 

potent chemical inhibitor of MMPs. The presence of this inhibitor slowed cell invasion, although 

the phenomenon w^ not completely halted at 7 days. This may be due to the activity of other 

degradative enzymes to the accumulation of sufficient concentrations of MMPs to overcome 

GM600rs inhibitory effect. The use of the MM? inhibitor did not negatively affect ovarian 

carcinoma cell adhesion to the mesothelial cell monolayers, or subsequent spreading of the 

adherent tumor cells. 

We have previously shown that the pi integrins play a major role in the adhesion of 

ovarian carcinoma cells to mesothelial cell monolayers.^ In addition, we have also shown that the 

Pl integrins play a major role in ovarian carcinoma cell migration toward ECM components.^* 

Because it has been shown that CD44 also mediates ovarian carcinoma cell adhesion,^'' we 

expected the CD44 mAb to affect cell invasion due to its ability to partially mhibit cell adhesion 

to mesothelial monolayers. We observed that ovarian carcinoma cell invasion through 

mesothelial cell monolayers was inhibited by the addition of an RGD peptide or a blocking mAb 

against the pl integrin subunits, but not by the addition of a blocking mAb against CD44. This 

suggests that ovarian carcinoma cell invasion through mesothelial cell monolayers may be 

mediated by p 1 integrins, but not CD44. 
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Because tumor cell invasion has been attributed to alterations in the net expression of 

MMPs, T.MP, and ADAMs. the expression of these gene transcripts was exanrined in ovarian 

carcinoma tumors, secondary metastases, nomral ovaries, and normal omenta. Several genes 

associated with cell invasion were differentially expressed. ,n primary ovarian carcinoma tumors 

and secondary omental metastases, the level of expression of ADAM 8, ADAM 9, MMP 7, 

MMP 9, and MMP 11 Conscripts was much greater than that of nonnal ovaries and cmenta 

(Table I), High levels of gene expression of TIMP 1, TIMP 2, MMP 2, MMP 25, and ADAMTS 

1 were observed in samples obtained fem normal ovaries and omenta. TIMPs complex with and 

inactivate MMPs. Although relatively high levels of MMP-2 were also detected in nonnal 

tissues, the simultaneous expression of the TIMPs suggest that the MMP may be present in an 

inactive state, or that the TIMPs are present in adequate amounts to tohibit MMP activity. 

In ovarian carcinoma, increased secretion and activity of MMP 2 and TIMP 1, but not 

TIMP 2 has been reported.'"" Increased expression of MMP 7 ''■ " and MMP 25 " mRNAs 

have also been observed in ovarian cancers. Tlre ADAMs are a recently discovered family of cell 

adhesion receptors, most of which are composed of pr.-, metalloprotease, disintegrin-iike. 

cysteine-rich, EGF-like ..pea, transmembrane and cytoplasmic tail domains.-. - Type I and 

type II procollagens can be degraded bv an AHAMTQ 23    , • , giduea Dy an ADAMTS,    which may augment cancer cell 

invasion. Since it is not Icnown whether ADAMTS collagenase activity is susceptible to effectors 

of MMP activity, such as GM6001. members of the ADAM family may provide an alternate 

degradative pathway Btat contributes to cancer cell invasion. Upregulation of ADAM 12 and 

ADAM 15 domains in melanoma cells resulted in enharrced cell adhesion." Cell migration in 

fibroblas. cells was increased by the binding of an ADAM 9 fusion protein via integrin aSpi." 

The role of ADAMs in cancer metastasis is not well understood, but their ability to affect cellular 
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functions suggests that they may contribute to cancer cell mvasion. MMPs, TIMPs, and ADAMs 

are believed to regulate cancer cell invasion, but their particular mteractions are not fully 

understood. 

In this study, we report the development of a novel in vitro cell-based assay to study 

ovarian carcinoma cell mvasion. It's primary advantages over the commonly used Matrigel 

invasion assay lie in its similarity to in vivo conditions found in ovarian carcinoma. The use of 

mesothelial monolayers as an invasive matrix enables cell-cell interactions that are not available 

in Matrigel assays. Using this assay, we observed that integrins and MMPs mediate ovarian 

carcinoma cell invasion. Gene expression analysis revealed differential expression of MMP, 

TIMP, and ADAM genes in ovarian carcinoma tumors, which may help elucidate the events that 

regulate metastasis. The novel invasion assay described here will enable future studies of ovarian 

carcinoma cell invasion. 
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Figure Legends 

Figure 1. Ovarian carcinoma cell invasion through live mesothelial cell monolayers. 

NIH:OVCAR5 ovarian carcinoma cells were allowed to invade through monolayers of live 

mesothelial cells. After 3 days, the ^says 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:0VCAR5 

cells that have invaded through the mesothelial cell monolayer. Bar = 100 nm. 

Figure 2. Ovarian carcinoma cell invasion through mesothelial cells monolayers is inhibited 

by an MMP inhibitor and RGD peptide. NIH:OVCAR5 ovarian carcinoma cells were placed 

atop monolayers of fixed mesothelial cells in complete media alone or in the presence of or 25 

mM GM6001,100 ng/ml RGD peptide, or 100 fig/ml RGE peptide. The ovarian carcinoma cells 

adhered to the mesothelial cell monolayer by 1 day. In the presence of media or the RGE 

peptide, ovarian carcinoma cell invasion is observed at 4 and 7 days (arrows). In the presence of 

GM6001 or the RGD peptide, cell invasion is completely inhibited for 4 days, and is still partly 

inhibited by 7 days (arrows). Bar = 200 nm. 

Figure 3. Ovarian carcinoma cell invasion through mesothelial cells monolayers is inhibited 

by monoclonal antibodies against the pi integrin subunit. NIH:0VAR5 ovarian carcinoma 

cells were placed atop monolayers of fixed mesothelial cells in the presence of 1 |ig/ml mouse 

IgG, blocking mAb against the pi integrin subunit, or blocking mAb against CD44, In the 

presence of mouse IgG or a blocking mAb against CD44, the NIH:OVCAR5 cells invaded 
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through the mesothelial cell monolayers (arrows). In the presence of a blocking mAb against the 

Pl integrin submit, invasion through the mesothelial cell monolayer was almost completely 

inhibited on day 4, and still significantly inhibited on day 7. Bar = 200 nm. 

Figure 4. Ovarian carcinoma cell proliferation is not affected by the composition of 

adhesive substrata. 96-well plates were coated with fibronectin (diamonds), collagen type IV 

(squares), laminin (triangles), hyaluronan (circles), or ovalbumin (crosses). NIH:0VCAR5 cells 

were added to ECM-coated wells at a concentration of 500 cells/well for up to 7 days. The levels 

of proliferation were quantitated as described m the Material and Methods. Data are expressed 

are mean ± SD. 

Figure 5. Analysis of cell invasion genes discriminating ovarian carcinomas from normal 

ovaries. Columns represent individual human tissue samples; rows represent individual genes. 

Each cell in the matrix represents the expression level of a single transcript m 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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Table I. Genes associated with cell inTasion are differentially expressed in ovarian 

carcinoma. 

Protein 1° tumor;ovarv 2° tnmonovarv 2° tumor:omentnm 
MM? 7 90.lt 97.01 37.41 
MM? 9 5J t 9.51 7,9 f 
MM? 11 2.31 461 -— 
ADAM 8 2.31 2^01 
ADAM 9 — 2.01 
TIMPl — 3.3 4 
ADAMTS 1 3.9 4^ 4.1 4 4.4 4 
MMP25 3.5 4 64.5 4 52.2 4 
TIMP2 2.2 4   —.»— 

MMP2 2.0 4   .— 

The mean fold change ratio differences in gene expression were compared between 20 primary 

ovarian carcinoma tumors and 50 normal ovaries, and between 17 secondary omental met^tases 

and 7 normal omenta. Unchanged tumor:normal tissue mean fold changes are denoted as —. 
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inhiM glioma cell mUw^m to MaWgel nor did it affect ttie acBvity of matrix 
tnetelioproteinases PMPs) secreted by glioma cells ^^monsfrated by wmog- 
IS.Lr i^ "'t"^ modulate the w^He^ion leva«of ti^ue InhiMw of MMPs 
^SfSlS*^ mwmbrane-twse 1 MMP ^m-MM»^ *own by Western blottinq 
and FACS an^rs. respeoHwIy. In mo wouyfymm a^ay demorwhated that 
2MZ ' C^r^ f^*** ^ ""gi**" of cNm4amw glioma cells on Matrigel. but 
it m rwt block motility of otv^-n^^ giioma cells. Furttier, treatrSrt of 
ovps-pMitive arid not avp3-hegatlve^ioma cells wltti CN msirtted in mwpho- 

S2i= ^- '^'f^°' ^" ^ ""^ ^ wdlsWbufion of hscal adhwion 
pwteins Mditional stadies derrarfistrated that CN stimulates phosfrfior^ation of 
focal ^hesKHi kinase FAIQ i%397 and Ty,S76 in «wp3-pcS gSoelte 

Sf^^rl^^^l' ^^ •» *«=• Src-catalyzed FAK phosphoty- 
2K,i™ S ^^^^'S** «as shown to hyperphosj^wrylate the foil 
ta ^T^ Jl^^S" '^^P°«t«'e. but not avp3-negaMve gitoma cells. It 
B concluded tertnhibibon of miration of ovp3-positive glioma cells by CN is 
Jkely a dirert^lt of dysregulatton of focal adh^lon proteins and cytoskeletal 
disniptiwi^^ious studies have *own that CN is an eBectlve inhibitor of 
wigic^^s ,n several types of coicer. Tlius, CN may be an effective anti-tumor 
thera»& for gliwna by virtue of its ability to n^ativrty aWect tumor cell invasion 

gi(^ier>esrs. 

#1827 Co-ejq>«sslon of N-cadherin and E-cartierin ta iwwtate carci- 
r^ *^l ''"iirf'ff." •"'S'^toiy pheno^pe. Nelson R. Wexander, Nhan L 
Tran, and Ronald L. Heimark. Univmsify ofMzona, Tucson AZ 

Loss of E-cadhwn ftincMon and expr»sston is a late event in.^state cancer 
prc^t^wi, and this de-regulation of E-cadherin is thougwC contribute to 

?«^J ^?',5l!^f • *^'" ** N-cadherin expresstalcorTeiates v»ith in- 
creasing grade of frostate cancer. It has been propw^ that expression of 
N^dhenn in advanced prostate careinwtia confers a^fetlve advantage to the 
cete.Jow,ng them to metastesbe. The purpose ojlteiudy was to Sucidate 
^tha- m co-expression of both N and E-^dmtn m impart a migratory 
phenotype to a prostate cancer cdl line that rmrtially expresses only E-caSherftf 
An exf^on vector cwitaning a humat^cadherin-GFP fuaon wotein was 
JK^ '" ** "«i-metastaslzing cettS^ Du145. Three categories of st^le 
ctones expiring the N-cadherin-GwT fusion protein were iSed; cells ex- 
pr^ing high tevels of N-cadherin;^ual levels of N and E-cadherir;. S l^w 
~ite ta !hL "^I" E-cadhenn levrt«rTlie N-cadherin-QFP ftiaon protein in Du145 
S= In^Sn JPT *° ^""cMwis and Msociate with the catenins dpha, 
tam„S„Ki N-«adh«lf''P'«sslng ctones display membrane ruffling, anj 
2212th ^f"** ^^ '^^ modulations in the compo^ion of focal con- 
tacts at the cell penp^. Acconlingly, ttie aotin cytoskeleton ^peare changed 
mdones ^pr^s^-cadherin, while the relative levels of S^SnfS 

S2« «S^J^^'S^*'5?"'.*^ ^° P^-^'ly of GTPases. remahHrnchang^ 
taSf^^nnl^f theN-cadhenn-GFP fusion protein migrate faster than pJen- 
ff^j!^3r^ vMtor control in both a sewm ftee linear migration ass^and 
LSt^Zf™^^ chamber assay In response to FGF1. ImmunoiweclpitaWon 
^penmftits in cells expressing both N and E cadherlns show the larger feoform 
of pt20 catenin has a higher affinity for N-cadherin ttiai for E-cadhlrin These 

oroSe'EM * 'f ""T ^^"^ '=°"'^«' "y N-oadhenn ex^ssto^n 

mSa%*^dl*n" *"'""'* *° *^ "'P""^"" °' ""9'*'°" f^^^ 

#18S   lirt^rin QS-CDK complex is regulated bMlH-alycosylaUon of CD82. 

MStS^^H'^f^' ?^^ vrithers^J-ftSSHTklSn-S 
Med/M/ Scftoo/ rocW0-ten, j^oarj. Pacffic No^est Reseanh Institute Seat- 
tle. WA, and UnmrsHy of Washington, SeaUUfWA • 

n,^? JSf ^■?^\ '"°"'i*y * «»!I^' by metastasis suppressor gene 
product CD82 with its glycosylation^iCfCancer Research 59.23M-2339) Tet- 
SlStS?^*KP2'*"u*° *I^^'^2 belongs, interacts with Integrin family, 
^ri toSfn rm5**^*'l'!!J^^""^*««''«o»«°"*el"terac5nof CD82 
finP rK °^ was^tartTfected to ldlD14 cell, a CHO mutant deficient in 
uup-tiic 4-epimerase Jpfliis cell, co-lmmunoprecipltatlon of CD82 and Inteqrina 
LSrflifnif^-^'™ °' L"~'"P'^«« glycosylatlon, but not complete ^yco- 
fmf S llT^Ji" *^ "^^"'o" *^'*°"* «^to acid, integrin al co- 

T^K?#®^ ^^ ^°^^- T° clarify the responsible glycosyMon site we 
Sll hSir^ST'l '^i'S N-llnked consensus gSe mutaln SfSSusli 
cp82 ha^ffng both Asn129 and Asn198 mutation co-lmmunopreclpitated with 
mtegnn „5, Interaction of CD82 and integrin „5 is controlled by CD82 gteosyl- 
^a Especially the GD82 glycosylatlon sites of Asn129 and 4n198 arl implr- 

^^^-i^^^""**""* alyco^ation mediates *e adhesion and migratior. 
^rt^wn oaroinoma cells toward extmcellular matrix componerls and 

S^Si ^Iff?"^- '^*^^.^- '^^- ™^°'« R- 0«9«Sa. *•. Keith 
m^ls%K       '^*"'^«=«"- ^ ^ P- Skubte. Um^lty of Minnesota, 

^JT^ Prewusly shown that ovarian carcinoma cell adhesion towwd me- 
s^elml Mil monrtayers and migration toward m extracellular matrix (ECM) 
cK?nf„'^^'"K?^ ^ ^""^^en. and lamlnln is partially mediated by CD44 
* .^„„ 11 ,f '3^.'^ alycos^ated proteoglycans have been shov«i to affect the 
functional abilities of ovarian c«:lnoma cells. The purpose of this study was to 
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Amy P.N.  Skubitz 

ctetemilne the role of cell membrane glycos^ation In the adhesive and mlgratwv 
S™*'K°''"'^" '=^'"°'"a cells. Single-cell suspensions of radioiabeW m 
OVCAR5 huTOn ovanan carcinoma cells were treated with neuramlnldase. chon^ 
droitinaseJ«C. m hyaluronidase to remove cartjohydrate moieties from mote- 
f "Jf ^°"i^ ^"^^ "' *® **"s- Th» adhesive abilities of the treated cells w« 
teted with an ,„ w*o adhesion assay In which 96-well plates were coated wS 
fibronecbn. t^je IV collagen, laminin. or confluent tfionolayeis of LP-9 human 
pentonea mesothelial cells. The radioi^seled. glycosldase-treated ovarian carS 
noma wlls were then monitored for their adhesive abilities. In addition glycosi- 
. :IS^*' '"'^^" cafcwo'wa cells were tested fw their ability to migrate 
toward flbronectin. t^Je IV coliagei. or lamlnln in modified Boyden chambers We 
observ«J ftat neui^lnidase pretreatment had no effect on ovaian carcinoma 

SLH if'""' ^r.^^"^^ *« <»"s' migration toward the ECM proteins 
ChonWtinMe ABC treataent decreased adhesion of ovarian carcinoma cells to 

SS2^" S?M'"' ^f- ""^^IW cell monolayers. yet increased cell migration 
£^^ M.f"S^- ^ '*™^' »f CD44's chief ligand, hyaluronan, by 
h^lura,^ tte^ment increased adhe^on of ovarian carcinoma cells to the 
ECM protans aid me«rtheli=J cM monolayers. but had no effect upon cell 

'TZtT: r *°^;**' •'^ •**•"* ^Sgest that the glycosylatlon of ovarian 
carcinoma ceB membrane protec^lycans affects the cells' ability to adhere and 
migrate toward ECM proteins and mesothelial cell monolayers. and may affect the 
formation and spread of secondary tumor growth. 

#iaM Verolcan-WHitalnina flbroblast condWoned medium inhibits pros- 
tate caiww- Mil adhesion to flbronectin but not laminin. Davkfj. Horefall 
^drew J. Sakko. Cann^a Ricciwdelll, Keiko Mayne, Wayne D. Titt4 and Vlllis R' 
Marshall. Dept ofSurgmy, Flinders University of South AustraMBedfoni Park 

Hr^S^' i^* chondroltin sulfate proteoglycan sw^lzed by stromal fl- 
broWMte. including prostetic fibroblasts, is a candld^prognostlc mariner for 
^ate cancer. Increased deposition of verslc^^^to extrac^lulw matrix of 
peritumwal stroma is associated with eariy reiap«^of patients treated by radical 
^^JZ Pr«u»TOd organ-confined pro^cancer. Although verslcan is a 
7^^ If:?" ««'f'«S'^e mdecule to^alous mesenchymal cell types In- 
citing freb lasts smootti muscle and^rve cells and hence reportedly modu- 
lates cell motility. the effect of verslc^on the attachment of prostatic adenocar- 
cinoma ceHs to components of e^fecellular matrix is unknown. In this study, 
TOnditi^ medium fr«n in vteTcuitured prostate fibroblasts. containing unpu- 
SS,S t^'®"^"" wasfo<fid to inhibit the attachment of LNCaP. PC3 and 
DU145 prostate cancerMffs to flbronectin-coated, but not laminin-coated sur- 
S^'i Pft'al characterifatlon of the bioactive molecule(s) present in prostate 
flbrob ast condrtiona^medium revealed that chondroltin sulfate side chains were 
MsentBl for inhibjU&n of prostate cancer cell attachment to fibronectin. Further- 
nSkS^ fibrj?^" Peptide sequence RGD partally reversed the inhibition of 
gostate caraj§r cell attachment, indicating the specificity of cellular binding. 
l»fl ^"''S' vf i^'can being Involved In modulating prostate cancer cell 
attach™^ to extraMllular matrix. Because versican apparently modulates can- 
cer ceTadhesion to fibronectin but not laminin. It Is possible that in mo verslcan 

promote local invasion of prostatic stroma by prostate cancer cells, rather 
I penetration of the basement membrane. 

S=^,\„ri! '""'"C"'* basis of inflammatory breast carcinoma. Sanford H. 
Bwsky and Mary L Alpaugh. UCLA School of Medicine, Los ^geies CA 

Inflammatory breast cancer flBC) Is a pooriy understood, little studied foi 
breast cancer which is very aggressive and partlculariy devastating In dlsadvan- 
taged minonty women. IBC Is characterized by florid tomor emboli w^lym- 
phovascular spaces, a phenotype which distinguishes it from otb# fonns of 
oreast cancer. Using a novel human-scld model of IBC we h* 
divided this phenotype Into three parts: 1) The tumor cell ei 
fomis on the basis of an Intact and overexpressed E-cadhi 

ISSL'"^'^*? *""'°'' cell-tumor cell adhesion walM^us to the embryonic 
^^* J"^,^'"^"*! ^°' '"'* *^ compactne^f the embolus and its 
complete dissolution with antl-E-cadherin antibodj^ absent Ca++ or E-cad- 
herin dominant-negative mutant approaches. D^olutlon of the tumor cell em- 
bolus by any of ttiese approaches Induces aM^osis via an anolWs pathway ine 
compactney of the embolus results in Itsn^stance to chemotherapy / radiation 
ft«apy and Its efficiency at metast^fomiatlon and therefore therapeutic 
strategies which disadhere it are higW^esirable. 2) The tumor cell embolusflBC 
^eroid), in contrast, fails to bir^the sun^unding vascular endothelial cells 
because of decrease) sialyl-Lej^SX/A ca*ohydrate llgand-binding epitopes on 
Its overexp-essed MUC1 w^ are necessary for binding endothelial cell E- 
selartin^This natural tum^ll-endothellal cell aversion of the tumor cell embolus 
(IBC spheroid) ftjrttier mffiributes to the compactness of ttie IBC spheroid and a 
Ktl^Th "°" we twm^assive metastasis, 3) The tumor cell embolus finds Itself 
within the vascutei^lumen in the first f^ace because it stimulates a vascular 
„„ -ri   .     T^.^ " '^^^' ^^ intravasating into pre-existing lymphatics or 
capillanes. Tt^enveloplng vascular channel does not form from anglogenesls but 
imn K^ seulogenesis as evidenced by experimente vrfiere tumor cell ^boli 
(IBC, spyoids) are mixed with murine embryonal fibroblasts labeled with green 
fluore^nt protein (GPP) and injected into sold mice. GFP-labeled fibroblasts 

' devoid of endothelial cell markers are observed within the tumor sfroma- 
turner emboli are also observed within lymphovascular spaces \^ere the lining 

conceptually 
s (IBC spheroid) 
a,p-catenin axis 
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Comparison of Ovarian Carcinoma Multicellular Spheroids From Cell Lines and 
Patient Ascites: Do Spheroids Have Metastatic Potential? 

Kathryn M. P. Burleson* I, Rachael C. Casey 1, Stephen E. Pambuccian 1, Keith M. 
Skubitz 2, Theodore R. Oegema, Jr. 3, and Amy P.N. Skubitz 1 
From the Departments of Laboratory Medicine and Pathology 1, Medicine 2, and 
Orthopedic Surgery 3, University of Minnesota, Minneapolis, Minnesota 

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:0VCAR5 ovarian carcinoma cell line forms spheroids comparable to 
the multicellular aggregates recovered from the ascites fluid of ovarian carcinoma 
patients. These NIH:0VCAR5 cell spheroids adhere to laminin, fibronectin, and type IV 
collagen. This adhesion is partially mediated by the a2, a5, a6, and pi integrin subunits. 
hi 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:0VCAR5 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 laminin. or type IV 
collagen. Monoclonal antibodies against the pi integrin subunit partially inhibited 
adhesion to all three proteins, suggesting that the pi integrin subunit plays only a partial 
role in ascites spheroid adhesion. Furthermore, NIH:0VCAR5 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. 

Presented at AACR meeting "Pathobiology of Cancer Workshop" 
Keystone,  CD 
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Ovarian Carcinoma Ascites Spheroids Are Capable of Adhesion to Extracellular Matrix 
Proteins and Mesotheliai Monoiayers 
Kathryn M. Burlesonl Rachael C. Caseyl Suzanne M. Grindle. Stephan E. PambuccianS 
Keith M. Skubitz . Theodore R. Oegema. Jr. *\ and Amy P.N. Skubitz* 
From   the   Departments  of Laboratory   Medicine  and   Pathology*,  Medicine'   and 
Orthopedic Surgery \ University of Minnesota, Minneapolis, Minnesota 

Ovarian carcinoma cells form multicellular aggregates, or spheroids, in the peritoneal 
cavity ot patients with late-stage disease. Spheroids tend to be overlooked in the 
metastatic process of ovarian carcinoma, and their adhesive abilities have yet to be 
determined. Previously, we have shown that spheroids can be generated in vitro using 
the NIH:0VCAR5 ovarian carcinoma cell line, and form multicellular aggregates similar 
to those recovered from the ascites fluid of ovarian carcinoma patients. NIH-0VCAR5 
spheroids are capable of adhesion to laminin, fibronectin. and type IV collagen, and their 
adhesion is partially mediated by the a2, a5, a6, and pi integrin subunits. In this studv 
ovanan carcinoma ascites spheroids from eleven patients were tested for their ability to 
adhere to extracellular matrix proteins, and were sorted into three groups depending on 
their adhesiveness. Most ascites samples showed moderate adhesion to fibronectin, and 
reduced adhesion to type IV collagen or laminin. Monoclonal antibodies against the pi 
integrin subunit partially inhibited adhesion to all three proteins, implying that the Bl 
integrin subunit plays a partial role in the adhesion of ascites spheroids. Additionally 
NIH:0VCAR5 and patient ascites spheroids adhered to live, but not fixed, mesotheliai 
monoiayers, at higher levels than to extracellular matrix proteins alone. We examined the 
gene expression of ovarian cancer ascites samples, and solid tissues from primary ovarian 
carcinomas, secondary ovarian carcinomas, and normal ovaries. RNA was prepared and 
gene expression was determined at Gene Logic Inc. (Gaithersburg, MD) using 
Affymetnx GeneChip® U 95 arrays. Gene expression analysis was performed with Gene 
Logic GeneExpress® Software System. A gene set of approximately 200 genes was 
generated 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 cell 
adhesion 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 in 
adhesion between ascites samples may be due to altered cell adhesion molecule 
expression between ovarian cancer patients. This adhesion may be further enhanced by 
interaction with the cells lining the mesothelium, thus implicating spheroids as a potential 
metastatic threat in ovarian carcinoma. 

Presented at the AACR Special Conference in Cancer Research,  "Proteases< 
Extracellular Matrix, and Cancer"    October 9-13, 2002 
The Westin Resort,  Hilton Head Island,  SC 
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P1-lntegrins Regulate the Formation and Adhesion 
of Ovarian Carcinoma IVIulticellular Spheroids 

Rachael C. Casey,* Kathryn M. Burleson,* 
Keith M. Skubitz.t Stefan E, Pambucclan,* 
Theodore R. Oegema, Jr.,* Laura E. Ruff,* and 
Amy P. N. Skubitz* 
Prom the Departments o/Laboratoty Medicine and Pathology* 

Medicine,* and Orthopaedic Sm-gety* Vnitjersity of Minnesota, 
Minneapolis, Miiitwsota 

Ovarian carcinoma multicellular spheroids are an in 
vitro model of micrometastasis whose adhesive abil- 
ities have not been elucidated. In this study, we iden- 
tifled adhesion molecules that mediate the formation 
of ovarian carcinoma spheroids and their subsequent 
adhesion to extracellular matrix proteins. The NIH: 
OVCAR5, but not the SKOV3, ovarian carcinoma cell 
line formed spheroids similar to multicellular aggre- 
gates isolated from patient ascitic fluid. NIH:OVCAR5 
spheroid formation was augmented by a pi-integrin- 
stimulating monoclonal antil>ody or exogenous fl- 
bronectin, but was inhibited by blocking monoclonal 
antibodies against the a5- or fll-integrin subunits. By 
immunohistochemical staining, a2-, a3-, a5-, aS-, 
and pi-integrin subunits, CD44, and flbronectin were 
detected in NIH:OVCAR5 spheroids. NlH:OVCAR5 
spheroids adhered to flbronectin, laminin, and type 
IV collagen, and this adhesion was partially inhibited 
by blocking antibodies against the a5-, a6-, and a2- 
integrin subunits, respectively. A blocking monoclo- 
nal antibody against the pi-integrin subunit com- 
pletely inhibited adhesion of the spheroids to all 
three proteins. These results suggest that interactions 
between the aS^l-integrin and flbronectin mediate 
the formation of ovarian carcinoma spheroids and 
that their adhesion to extracellular matrix proteins at 
sites of secondary tumor growth may be mediated by 
a complex interaction between multiple integrins and 
their ligands.   (AmJ Pathol 2001, 159:2071-^080) 

Ovarian cancer Is the leading cause of gynecological 
malignancy and the fifth leading cause of cancer death 
among women in the United States."' In ovarian carci- 
noma, cancer cells detach from the surface of the tumor 
into the peritonea! cavity. Subsequent peritoneal implants 
are characterized by the adhesion, migration, and Inva- 
sion of the tumor cells into the peritoneum and underlying 
organs. Free-floating tumor cells are found in the perito- 
neal cavity both as both single cells and as multicellular 

aggregates.^ However, because they are difficult to 
study and manipulate compared to single-cell suspen- 
sions, ovarian carcinoma multicellular aggregates have 
been primarily ignored in most studies. 

Many human tumor cells and cell lines can be cultured 
as multicellular aggregates, which are spherical, me- 
chanically stable, and viable.^ 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- 
sue culture.'* More recently, spheroids have been suc- 
cessfully generated from some ovarian cancer cells and 
cell lines, and used as three-dimensional in vitro models 
to study'the efficacy of therapeutic strategies,^'^ Cells in 
ovarian carcinoma spheroids exhibit changes in their 
position in the cell cycle and are protected from radiation- 
induced'^'® and taxol-induced^-® apoptosis, compared to 
cells cultured as monolayers. However, the phenomena 
that mediate the formation of ovarian carcinoma multicell- 
ular spheroids and their subsequent abilities to adhere, 
migrate, invade, and proliferate at secondary growth 
sites have not been investigated, and their contributions 
to secondary tumor growth, if any, have not been as- 
sessed. It still remains unclear whether the floating mul- 
ticellular aggregates found in patients' ascites fluid are 
capable of adhering to the extracellular matrix (ECM) of 
mesothelial cells or whether they are merely nonadhe- 
sive, and therefore noninvasive or benign, counterparts 
to the malignant ovarian carcinoma cells that adhere to 
the peritoneal lining. 

Many cell-cell and cell-matrix interactions are regu- 
lated by integrins, a family of heterodimerlc transmem- 
brane receptors.^° ECM proteins, which include flbronec- 
tin, type IV collagen, and laminin, affect the in vitro 
growth, morphology, survival, and differentiation of nor- 
mal and malignant cells via their interactions with Inte- 
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grins.■'■' In ovarian carcinoma, integrins have been shown 
to mediate the organization of ECM,''^ adhesion to ECM 
components,""''^ and cell motility.''^"''^ Integrins have 
also been shown to mediate interactions between ovarian 
carcinoma cells and the mesothelial cells that line the 
abdominal organs.''^ CD44, another cell surface receptor 
found on ovarian carcinoma cells,''^■''^•■'^ binds the ECM 
glycosaminoglycan hyaluronan with high affinity^" and 
also has a weak affinity for fibronectin, type IV collagen, 
and laminin.^'' Interactions between CD44 and hyaluro- 
nan affect cell adhesion,''^ migration,"'^•■'^ and tumor 
growth^^ in ovarian carcinoma cells. 

The purpose of this study was to elucidate the biolog- 
ical properties of ovarian carcinoma spheroids by devel- 
oping an in vitro model from established ovarian carci- 
noma cell lines. We examined the roles of integrins, 
CD44, and ECM proteins in the formation of ovarian car- 
cinoma spheroids. The proliferative ability and viability of 
ovarian carcinoma cells cultured as spheroids were also 
determined and compared to that of the same cell lines 
cultured as monolayers. We examined the expression of 
adhesion molecules in NIH:0VCAR5 spheroids. We as- 
sessed the ability of ovarian carcinoma spheroids to ad- 
here to ECM molecules and identified integrin subunits 
that mediated these interactions. The results from this 
study identify adhesion molecules that participate in the 
formation of ovarian carcinoma spheroids and suggest 
that their subsequent adhesion to secondary sites of 
tumor growth may be integrin-dependent events. Our 
findings suggest that ovarian carcinoma cells present as 
free-floating multiceilular aggregates may exhibit mark- 
edly different behavior than ovarian carcinoma single 
cells or monolayers. It is possible that these differences 
may then translate into different metastatic abilities in vivo 
and/or responses to treatments. 

Materials and Methods 

Unless otherwise stated, all standard reagents and ma- 
terials were obtained from Sigma Chemical Company (St. 
Louis, MO), all pictures were photographed with a Nikon 
Coolpix 950 camera (Melville, NY), and all experiments 
were performed in triplicate and repeated a minimum of 
three times. 

Cell Culture 

The human ovarian carcinoma cell lines NIH:0VCAR5 
and SK0V3 were chosen for their ability to mimic the 
progression of ovarian carcinoma when injected into in 
vivo mouse models.^^ These cells have also been shown 
to adhere to peritoneal mesothelial cells in in vitro mod- 
els.^"*'^^ The ovarian carcinoma cell line SK0V3 was ob- 
tained from Dr. Robert Bast, Jr., M.D. Anderson Cancer 
Center, University of Texas, Houston, TX. These cells 
were maintained in McCoy's 5A medium supplemented 
with 15% fetal bovine serum, 2 mmol/L L-glutamine, and 
50 U/ml penicillin G/streptomycin (Life Technologies, 
Grand Island, NY). The ovarian carcinoma cell line NIH: 
0VCAR5 was originally established by Dr. Thomas Ham- 

ilton (Fox Chase Cancer Center, Philadelphia, PA)^® and 
obtained from Dr. Judah Folkman, Harvard Medical 
School, Boston, MA. This cell line was maintained in RPMI 
1640 medium supplemented with 10% fetal bovine se- 
rum, 2 mmol/L L-glutamine, 0.2 U/ml insulin, and 50 U/ml 
penicillin G/streptomycin. Both cell lines were maintained 
in 75-mm^ tissue culture flasks in a humidified incubator 
with 5% CO2 at 37°C. 

Purification of Primary Ovarian Carcinoma Cells 

Primary ascites fluid samples from six patients diagnosed 
with serous ovarian adenocarcinoma were obtained with 
the approval of the University of Minnesota Institutional 
Review Board from the University of Minnesota Cancer 
Center Tissue Procurement Facility. Tumor cells were 
collected by centrifugation (1000 x g, 10 minutes). To 
lyse erythrocytes, the cells were resuspended in 10 
mmol/L potassium bicarbonate, 155 mmol/L ammonium 
chloride, 0.1 mmol/L ethylenediaminetetraacetic acid, pH 
7.4, for 5 minutes. The remaining cells were collected by 
centrifugation (1000 X g, 10 minutes). The tumor cells 
were layered on Ficoll-Paque Plus (Pharmacia Biotech, 
Uppsala, Sweden) and centrifuged at 2000 x g for 15 
minutes. The tumor cells were removed from the top of 
the Ficoll layer and washed with RPMI 1640 medium. 

Spiieroid Culture 

The method used to generate spheroids was based on 
the liquid overlay technique.^''' To prohibit cell adhesion 
to a substratum, the wells of 24-well tissue culture plates 
(Becton Dickinson, Franklin Lakes, NJ) were coated with 
200 IJL\ 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- 
CAR5 or SK0V3 cells were grown in monolayer cultures, 
released with 0.5% trypsin, 2 mmol/L ethylenediaminetet- 
raacetic acid as described previously,^^ and resus- 
pended in complete cell culture media at 5000 to 50,000 
cells/ml. Cell suspensions were layered onto the top of 
the solid agarose-coated plates at a volume of 1 ml/well, 
and then incubated for 48 hours at 37°C. By this tech- 
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 
hours, the resulting spheroids were gently removed from 
the surface of the solidified agarose and centrifuged at 
300 X g for 3 minutes to remove single cells before use in 
subsequent experiments. 

Antibodies 

Purified monoclonal antibodies (mAbs) that block the 
adhesive activity of human integrin subunits al (clone 
FBI2), a2 (clone P1E6), a3 (clone P1B5), a4 (clone 
P1H4), a5 (clone P1D6), a6 (clone GoH3), and av/33 
(clone LM609) were purchased from Chemicon Interna- 
tional (Temecula, CA). A purified mAb against the human 
^1-integrin subunit that stimulates cell adhesion to ECM 
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proteins (clone 21C8) was also purchased from Chenni- 
con International. Purified Immunoglobulin (IgG) of 
mouse mAb P5D2, which blocks the adhesive activity of 
human pi-integrln subunits, was provided by Dr. Leo 
Furcht (University of Minnesota). Affinity-purified IgG of 
mAb IM7, which blocks the hyaluronan-binding site of 
CD44, was purchased from Pharmingen (San Diego, 
CA), Polyclonal rabbit IgG against human fibronectin was 
purchased from Galbiochem-Novabiochem Corporation 
(San Diego, CA). Normal mouse IgG and normal goat 
serum were purchased from Sigma. 

ECM Molecules 

Type IV collagen, isolated from mouse Engelbreth-Holm- 
Swarm tumor, was purchased from Life Technologies. 
Mouse Engelbreth-Holm-Swarm laminin, prepared as 
previously described,^^ was provided by Dr. Leo Furcht, 
University of Minnesota. Human plasma fibronectin, pu- 
rified as described,^° was provided by Dr. James Mc- 
Carthy, University of Minnesota. 

Proliferation Assays 

Single-cell suspensions of NIH:0VCAR5 or SK0V3 cells 
were added to 24-well tissue culture plates to form mono- 
layers, or to agarose-coated 24-well plates to form sphe- 
roids, at a density of 500 cells/200 /xl. The cells were 
cultured In complete cell culture media for up to 21 days. 
At various time points, 2 mg/ml WST-1 (Boehringer-Mann- 
heim Corporation, Indianapolis, IN) was added to each 
well and incubated for 2 hours. WST-1 is a tetrazolium salt 
that is reduced by mitochondrial dehydrogenases to form 
a formazan dye. The formazan product was quantitated 
by a SpectaMax 250 scanning multiwell spectrophotom- 
eter (Molecular Devices Corporation, Sunnyvale, CA) by 
measuring absorbance at 450 nm. These experiments 
were performed in quadruplicate. 

Role of Adhesion Molecules in Multicellular 
Aggregation 

To examine the role of cell surface receptors in ovarian 
carcinoma spheroid formation, single-cell suspensions of 
NIH:0VCAR5 or SK0V3 cells in serum-free media were 
added to agarose-coated 24-well plates at a density of 
5000 cells/200 ^1 in the presence of 10 ^g/ml of normal 
mouse IgG or mAbs against integrin subunits or CD44. 
To examine the effect ECM proteins on spheroid forma- 
tion, the cells were Incubated in the presence of 25 /xg/ml 
of fibronectin, laminin, type IV collagen, or ovalbumin. 
The cells were incubated at 37°C for up to 24 hours in a 
humidified incubator, examined under a light micro- 
scope, and photographed. 

Expression of Cell Surface Receptors and ECM 
Molecules In Spheroids 

NIH:0VCAR5 spheroids were collected by centrifugation 
at 300 X g for 3 minutes and resuspended in 80 /xl of 

expired human plasma (American Red Cross, Minneap- 
olis, MN). To suspend the spheroids in a semisolld clot 
suitable for embedding, 40 /xl of 10 U/ml of human throm- 
bin was added to the suspension. Alternately, NIH:OV- 
CAR5 spheroids were suspended in 1% agarose. After 
polymerization, the clots were embedded in OCT frozen 
embedding material (Fisher Scientific, Pittsburgh, PA) on 
dry-ice. Six ^m-thick sections were cut on a cryostat and 
collected on poly-t-iyslne-coated slides. The sections 
were washed with phosphate-buffered saline (PBS), pH 
7.6, and blocked with normal goat serum for 30 minutes. 
The samples were then incubated with 1 ^g/ml of the 
primary mouse IgG for 1 hour, followed by incubation with 
the secondary goat anti-mouse biotinylated antibody for 
30 minutes. Endogenous peroxidase was quenched by 
Incubating the sections in 0.3% H2O2 in PBS for 30 min- 
utes. The sections were incubated for 30 minutes with 
Vectastain ABC reagent (Vector Laboratories, Burlin- 
game, CA) and developed with the peroxidase substrate 
solution to obtain optimal color. The enzymatic reaction 
was quenched with excess PBS, and the sections were 
fixed in 2% formaldehyde, followed by mounting with 
Cytoseal (Fisher Scientific), and examination under a light 
microscope. In some cases, the samples were counter- 
stained with methyl green stain (Vector Laboratories) ac- 
cording to the manufacturer's instructions. 

Adhesion Assays : 

Glass chamber slides (Nalge Nunc International, Naper- 
ville, IL) were coated with 50 ^g/ml of fibronectin, laminin, 
type IV collagen, or ovalbumin in PBS for 16 hours at 
37°C. The slides were blocked with 2 mg/ml ovalbumin in 
PBS for 1 hour at 37°C. Approximately 50 to 80 NIH: 
OVCAR5 spheroids in 200 fil of serum-free medium were 
added to the slides and incubated for up to 4 hours at 
37°C. The total number of spheroids in each sample was 
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 
Behring Inc., Newark, DE), sealed with Cytoseal, and 
manually counted under a light microscope. 

Inhibition of Spheroid Adhesion 

NIH;0VCAR5 spheroids were allowed to adhere to glass 
chamber slides as described above, except that the 
spheroids were incubated in the presence of 10 jtg/ml of 
normal mouse IgG or mAbs against the a2-, aS-, oB-, or 
pi-Integrin subunits, or CD44. After a 2-hour Incubation, 
the total number of spheroids that were present in each 
chamber was manually counted before the nonadherent 
cells were removed as described above. The adherent 
spheroids were fixed, stained, manually counted, and 
expressed as a percentage of the total spheroids initially 
added to each chamber. 

Statistical Analysis 

Student's f-test was performed as a test of significance 
with the use of Microsoft Excel 1997 (Microsoft Co., Red- 
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Figure 1. Ovarian carcinoma spheroid formation. Ovarian carcinoma cells 
obtained from patients' ascitic fluid, the NIH:OVCAR5 ovarian carcinoma cell 
line, or the SKOV3 ovarian carcinoma cell line were cultured in 0.5% agarose- 
coated 24-well plates at a density of 20,000 cells/well for 48 hours then 
photographed. These pictures were representatives of ovarian carcinoma 
cells obtained from one of the six different patients diagnosed with serous 
ovarian carcinoma (a), the NIH:OVCAR5 cell line (b), and the SKOV3 cell 
line (c). Scale bar, 250 fim. 

mond, WA). P values of <0.01 were considered to indi- 
cate statistically significant differences. 

Results 

Formation of Ovarian Carcinoma Sptieroids 

Multicellular aggregates of ovarian carcinoma cells were 
observed in Xhe ascitic fluid obtained from six different 
patients diagnosed with stage III or stage IV ovarian 
carcinoma. The sizes of the multicellular aggregates in 
the patient samples ranged from 50 to 750 /xm in diam- 
eter; a representative sample is shown in Figure 1a. All of 
the patients' samples contained spheroids of varying 
sizes, and the range of sizes of the spheroids varied from 
patient to patient. Typically, however, the spheroids 
ranged in size from a score of - \o++ (see Table 1), with 
the majority of the spheroids scoring as + + . It was not 
possible to disaggregate these spheroids into a single- 
cell suspension, even when the spheroids were physi- 
cally manipulated (via repetitive pipetting) and treated 
with trypsin (not shown). 

Ovarian carcinoma cell lines were cultured in agarose- 
coated plates to determine whether spheroid phenotypes 
could be generated in the absence of an adhesive sub- 
stratum. After 48 hours, the NIH:0VCAR5 ovarian carci- 
noma cell line formed spheroids (Figure 1b) that ap- 
peared similar to the multicellular aggregates found in 

Table 1.    Qiiantitation of Spheroid Forination 

Number of cells 
in spheroid Score 

Description 
of spheroid 

1 
2 to 5 
6 to 20 
>20 

- None 
+ Small 
+ -I- Medium 
+ + + Large 

In order to maintain the ovarian carcinoma cells In suspension and 
prohibit cell adhesion to the bottom of tissue culture plates, the wells of 
24-well tissue culture plates were coated with agarose and allowed to 
solidify as described in the Materials and Methods section. Cell 
suspensions were layered onto the top of the solid agarose, and then 
incubated for 48 hours at 37°C. By this technique, cells remained afloat 
in the media, and did not become incorporated or implanted in the 
solidified agarose that coated the wells. After 48 hours, the resulting 
spheroids were gently removed from the surface of the solidified 
agarose and centrifuged to remove single cells before use in 
subsequent experiments. The sizes of the spheroids formed in the 
experiments were quantified based on the above scoring system. 

4 7 10 
Time (Days) 

4 7 10 
Time (Days) 

Figure 2. Proliferative index of ovarian carcinoma cells grown as monolayers 
or spheroids. NIH:OVCAR5 (a) and SKOV3 cells (b1 were added to agarose- 
coated wells at a concentration of 500 cells/well and cultured as .spheroids 
(open circles) or as monolayers (filled squares) for up to 21 days. The 
level of proliferation was quantitated as descril>ed in the Material and IVIeth- 
ods. Data are expressed are mean ± SD. 

ovarian carcinoma patients' ascites samples (Figure 1a) 
and were similarly resistant to physical manipulation and 
trypsin treatment. In addition, like the multicellular aggre- 
gates obtained from the patients' ascites samples, NIH: 
OVCAR cells formed spheroids of varying sizes that 
ranged from 60 to 400 jam in diameter, with a score of + -l- 
in size. 

In contrast, the SK0V3 ovarian carcinoma cell line 
formed irregular multicellular aggregates (Figure 1c) that 
dispersed when subjected to mild agitation. These 
SK0V3 cell aggregates were significantly larger than 
those found in patients' ascites samples; SK0V3 sphe- 
roids contained hundreds of cells and scored as + -t- -i- by 
our criteria (Table 1). In all cases, the cells were viable, as 
determined by trypan blue staining (data not shown). 

Aggregation into Multiceliuiar Splieroids 
Decreases the Proiiferative Abiiities of Ovarian 
Carcinoma Celi Lines 

To more fully examine the effects of multicellular aggre- 
gation on the viability and proliferative ability of the cells, 
NIH:0VCAR5 and SK0V3 cells were cultured as mono- 
layers or multicellular aggregates for up to 21 days (Fig- 
ure 2). When cultured in tissue culture-treated plates as 
monolayers, the proliferation rates of the NIH:0VCAR5 
cells (Figure 2a, filled squares) and SK0V3 cells (Figure 
2b, filled squares) increased until 4 days, when conflu- 
ence was achieved. In striking contrast, the proliferative 
rates of both NIH:0VCAR5 cells (Figure 2a, open circles) 
and SK0V3 cells (Figure 2b, open circles) cultured in 
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Figure 3. Formation of ovarian carcinoma spheroids is mediated by pi- 
integrins. Single-cell suspensions of NIH:OVCAR5 cells at a density of 5000 
cells/200 id were added to aga rose-coated wells for 8 hours (a-c) or 24 
hours idr-f). The cells were inatbated in serum-free medium (a and d) or in 
the presence of 10 (ig/nil of a mAb that stimulates pi-integrin subunits (b 
and e), or 10 jig/ml of a mAb that blocks pi-integrin subunits (c and f). Scale 
bar, 250 /im. 

agarose-treated 24-well plates, which prohibited the ad- 
hesion of the cells to a substratum, were initially much 
lower. The proliferative rates of the NIH:0VCAR5 sphe- 
roids and the SK0V3 multlcellular aggregates slowly in- 
creased until they approached that of the monolayers by 
21 days. The multlcellular aggregates and monolayers 
that formed were viable, as determined by trypan blue 
and propidium iodide staining, which identify dead cells, 
and immunohistochemlcal staining for annexin V, which 
identifies apoptotic cells (data not shown). Furthermore, 
samples were inspected under a light microscope to 
ensure nearly complete Incorporation of cells into sphe- 
roids and that monolayers had not formed either beneath 
or atop the agarose applied to the wells (not shown). 

Spheroid Formation Is Mediated by a5- and 
fil-lntegrin Subunits 

We have previously shown that pi-integrin subunits me- 
diate the adhesion of single-cell suspensions of ovarian 
carcinoma cells to ECM molecules and mesothelial 
cells.''^ We therefore hypothesized that pi-integrins also 
play a role in ovarian carcinoma spheroid formation. Sin- 
gle-cell suspensions of NIH:0VCAR5 cells were Incu- 
bated In serum-free medium in the presence or absence 
of mAbs that blocked or stimulated the 01-integrln sub- 
unit for up to 24 hours (Figure 3). At 8 hours, spheroids 
began to form In serum-free medium (Figure 3a), scored 
as -H-. Spheroid formation was accelerated by a mAb 
that stimulates the adhesive abilities of human pi-integrin 
subunits (Figure 3b), scored as -I--I--I-. Spheroid forma- 
tion was inhibited by a mAb that blocks the binding site of 
the pi-integrin subunit (Figure 3c), scored as +/-. At 24 
hours, large spheroids, scored as -H--I-, had formed in 
serum-free medium (Figure 3d) and in the presence of 
the pi-integrln-stimulating mAb (Figure 3e). The pi-inte- 
grin-blocking mAb continued to partially retard spheroid 

Figure 4. Formation of ovarian carcinoma spheroids is mediated by the 
aS-integrin subunit. NIH:OVCAR5 cells at a density of 5000 cells/200 /ill were 
added to agarose-coated wells in .serum-free medium in the presence of 10 
jig/ml of mouse IgG (a) or 10 /ng/ml of blocking mAbs against the al- 
integrin subunit (b), a2-integrin subunit (c), a3-integrin subunit (d), 
04-integrin subunit (e), a5-integrin subunit (f), afi-integrin subunit (g), 
integrin mfii (h), or CD44 (i) for l6 hours. Scale bar, 500 (im. ^ 

formation (Figure 3f), scored as ++/+++. These mAbs 
had similar effects on the aggregation of SK0V3 cells into 
multlcellular aggregates (not shown). These data sug- 
gest that pi-integrin subunits may mediate the initial 
formation of ovarian carcinoma spheroids. 

We have previously shown that a-integrin subunits and 
CD44 also mediate the adhesion of ovarian carcinoma 
cells to ECM molecules and mesothelial cells.''^ To de- 
termine the role of these cell surface receptors In ovarian 
carcinoma spheroid formation, single-cell suspensions of 

a 

"■'1 f '-j*;'.."??)« 

. ■•'.;i ^ inf    '■''?• A ^ 

Figure 5. Addition of exogenous ECM proteins alters the formation of ovar- 
ian carcinoma spheroids. A single-cell su.spension of NIH:OVCAR5 cells at a 
density of 5000 cells/200 jil was cultured in agarose-coated plates in serani- 
free medium with 25 ftg/ml of ovalbumin (a), fibronectin (b), laminin (c), or 
type IV collagen (d) for 16 hours and then photographed. Scale bar, 250 iim. 
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Figure 6. Spheroids express adhesion molecules. NIH:OVCAR5 spheroids were suspended in thrombin clots, embedded in OCT, sectioned at 6 /xm thick, and 
stained with mouse IgG (a) or mAbs against the al-integrin subunit (b), a2-integrin siibunit (c), a3-integrin siibunit (d), a'i-integrin subunit (e"), a5-integrin 
subunit (f), a6-intcgrin subunit (gX |31-integrin subimit (hi, or CD44 (D. Scale bar, 1 mm. 

NIH:0VCAR5 cells were incubated in serum-free medium 
in tlie presence of normal mouse IgG or blocking mAbs 
against a-integrin subunits, integrin av/33, or CD44 (Fig- 
ure 4). Spheroid formation was inhibited by a mAb 
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) 
or mAbs against the a1-integrin subunit (Figure 4b), a2- 
integrin subunit (Figure 4c), a3-integrin subunit (Figure 
4d), a4-integrin subunit (Figure 4e), a6-integrin subunit 
(Figure 4g), integrin avj33 (Figure 4h), or CD44 (Figure 
41). These mAbs had similar effects on the aggregation of 
SK0V3 cells into multicellular aggregates (not shown). 
This suggests that the a5^1 -integrin may mediate ovarian 
carcinoma spheroid formation. 

To examine the effect of ECM proteins, the ligands of 
integrins, on spheroid formation, single-cell suspensions 
of NIH:0VCAR5 cells were cultured at a density of 5000 
cells/well in agarose-coated wells in serum-free media in 
the presence of 25 /n,g/ml fibronectin, laminin, or type IV 
collagen (Figure 5). The addition of exogenous fibronec- 
tin enhanced spheroid formation (Figure 5b), scored as 
-I--I--I-, compared to the ovalbumin control (Figure 5a), 
scored as +1+ + . Enhanced spheroid formation was also 

observed in the presence of laminin (Figure 5c), scored as 
+ ++, but not in the presence of type IV collagen (Figure 
5d), scored as +I++. These results suggest that ECM 
proteins affect ovarian carcinoma spheroid formation. 

Immunolocalization of Adhesion Molecules in 
Spheroids 

The expression of integrin subunits and CD44 on NIH: 
0VCAR5 spheroids was analyzed by immunohistochem- 
Istry (Figure 6). The ovarian carcinoma spheroids, which 
were embedded in thrombin clots, stained positively for 
integrin subunits a2 (Figure 6c), a3 (Figure 6d), a5 (Fig- 
ure 6f), a6 (Figure 6g), and p^ (Figure 6h). In addition, the 
ovarian carcinoma spheroids stained positively for GD44 
(Figure 6i). In contrast, the integrin subunits a^ (Figure 6b) 
and a4 (Figure 6e) were not detected in the spheroids. 

The potential interaction of the a5j31-integrin and its 
ligand, fibronectin, in fully formed NIH:0VCAR5 ovarian 
carcinoma spheroids was also assessed by immunohis- 
tochemical staining (Figure 7). Because the human 
plasma used to make thrombin clots contains fibronectin, 
the spheroids in this set of experiments were embedded 
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Figure 7. Localization of the a5- and pi-integrin siibunits and fibronectin in 
spheroids. NIH:OVCAR5 spheroids were suspended in agarose clots, embed- 
ded in OCT, sectioned at 6 jim thick, and stained with normal mouse IgG (a), 
a mAb against the «5-integrin subunit (b), a mAb against the pi-integrin 
subunit (c), or a polyclonal antibody against fibronectin (d). The slides m'ere 
then counterstained with methylene green. The cx5- and pi-integrin subunits, 
as well as fibronectin, localized to the cell surface and were concentrated at 
points of cellular contact. Scale bar, 100 ixm. 

In agarose clots. Also, the samples were counterstained 
with nnethyl green stain after immunostaining. The a5- 
and pi-lntegrin subunits were detected on the surface of 
individual NIH;0VCAR5 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 
«5pi-lntegrin and fibronectin may continue to mediate 
early adhesion events in ovarian carcinoma spheroids. 
No staining was observed on the surface of cells incu- 
bated in the presence of normal mouse IgG (Figure 7a). 

Ovarian Carcinoma Sptieroid Adhesion to ECM 
Proteins Is Mediated by Integrins 

The ability of NIH;0VCAR5 spheroids to adhere to ECM 
components was assessed as a model to determine 
whether spheroids are inherently unable to adhere, which 
would explain the free-floating multioellular aggregates 
found in ovarian carcinoma patients' ascites fluid. Only 
NIH:0VCAR5 cells were used in the following series of 
experiments, because of their phenotypic resemblance 
to patient ascites cells, In that the NIH:0VCAR5 sphe- 
roids remained intact after manipulations, unlil<e the 
SK0V3 multioellular aggregates, which dispersed with 
even minimal manipulation. To determine the ability of 
ovarian carcinoma spheroids to adhere to ECM proteins, 
NIH:0VCAR5 spheroids were allowed to adhere to glass 
chamber slides coated with 50 ju,g/ml of fibronectin, lami- 
nin, or type IV collagen for up to 4 hours (Figure 8). 
Spheroid adhesion to all three ECM proteins occurred in 
a time-dependent manner, with maximum adhesion at- 
tained by 4 hours. Approximately 90% of the spheroids 
adhered to fibronectin (Figure 8, squares) and laminin 
(Figure 8, triangles) at 4 hours, and -80% of the sphe- 
roids adhered to type IV collagen (Figure 8, circles) at 3 
hours. The spheroids failed to adhere to chamber slides 
coated with ovalbumin (Figure 8, diamonds). These data 
suggest that ovarian carcinoma spheroids have the abil- 
ity to adhere to ECM glycoproteins, despite the fact that 
many ovarian carcinoma multioellular aggregates are 
found floating in the ascitic fluid of patients and seem- 
ingly fail to adhere In vivo. 

The role of integrin subunits in NIH;0VCAR5 spheroid 
adhesion toward fibronectin, laminin, and type IV colla- 
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Figure 8. Adh&sion of NIH;OVCAK5 spheroids to ECM proteins. NIH:OV- 
CAR5 spheroids were incubated on glass cliamber slides coated with 50 
fig/ml of ovalbumin (diamonds), fibronectin (squares), laminin (trian- 
gles), or type IV collagen (cireles) for up to 4 hours. Nonadlierent cells were 
washed away, and the remaining adherent cells were fixed, stained, and 
photographed. Scale bar, 250 fim. Data are expres.sed as mean ±SD. 

gen was investigated (Table 2). Spheroids were allowed 
to adhere to the ECM proteins or ovalbumin for 2 hours in 
the presence of blocking mAbs against integrin subunits. 
Spheroid adhesion to all three ECM proteins was almost 
completely inhibited in the presence of a blocking mAb 
against the pi-integrin subunit (P < 0.001). In addition, a 
mAb against the a5-integrin subunit inhibited spheroid 
adhesion to fibronectin by 60% (P < 0.005), a mAb 
against the a6-integrin subunit decreased spheroid ad- 
hesion to laminin by 40% (P < 0,01), and a mAb against 
the «2-integrin subunit decreased spheroid adhesion to 
type IV collagen by 55% (P < 0.01). Spheroid adhesion 
to all three ECM proteins was slightly increased in the 
presence of a pi-integrin-stimulatlng mAb, but was not 
significantly affected by blocking mAbs against the aS- or 
a4-integrin subunits, integrin av^3, or CD44 (data not 
•shown). These results suggest that spheroid adhesion to 
secondary growth sites is a complex, multivalent phe- 
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Table 2.    Spheroid Adhesion to ECM Proteins Is Mediated i:)y 
Integrins 

mAb Fibronectin Laminin Type IV collagen 

IgG 69+ 12 56 + 8 55 ±4 
a2 71+9 71+9 24 ± 10* 
a5 25 ± 13+ 50 + 3 31 ±8 
a6 64 ± 18 35 ±9* 38 + 7 
P1 2 ±9* 3 ±5* 0 + 0* 

Glass chamber slides were coated with 50 ng/ml of fibronectin, 
laminin, type IV collagen, or ovalbumin. NIH:0VCAR5 spheroids were 
Incubated on the coated slides in serum-free medium for 2 hours in the 
presence of 10 pig/ml of mouse IgG or 10 jig/ml of blocking mAbs 
against the a2-, a5-, aG-, or pl-integrin subunits. Values are expressed 
as a percentage of the total number of spheroids that adhered to each 
substrate. Fewer than 5% of cells adhered to ovalbumin under any 
conditions. Data are expressed as mean ± SD. 

*P< 0.001. 
+P < 0.005. 
*P < 0.01, compared to the normal mouse IgG control. 

nomenon that is mediated by multiple cell-matrix interac- 
tions between integrins and ECM components. 

Discussion 

In ovarian carcinoma, both single cells and multicellular 
aggregates are found in patients' ascitic fluid.^ Extensive 
research has been performed using single-cell suspen- 
sions of cell lines derived from primary ovarian carcinoma 
tumors and ascites cells. However, because multicellular 
aggregates of ovarian carcinoma cells are not suited for 
assays that require single-cell suspensions, they have 
been primarily overlool<;ed by the scientific community. In 
this study, we generated ovarian carcinoma cell sphe- 
roids, which are intermediate in complexity between 
monolayers and solid tumors, and more closely approx- 
imate the in vivo conditions of ovarian carcinoma patients 
than single-cell suspensions or monolayers. We used this 
model to identify adhesion molecules that mediate the 
formation of ovarian carcinoma spheroids and their sub- 
sequent adhesion to ECM proteins. 

Early attempts to create spheroids from ovarian cancer 
cells were unsuccessful.'* Ovarian carcinoma spheroids 
were eventually created; however, some primary tumor 
cells and cell lines required weeks to form stable sphe- 
roids, whereas others did not form multicellular aggre- 
gates at all.^'""^ In this study, we used the liquid overlay 
method^^ to show that the N1H:0VCAR5 ovarian carci- 
noma cell line formed stable spheroids within 48 hours. 
These spheroids appeared similar to those present in vivo 
in patients' ascites samples. In contrast, the SK0V3 ovar- 
ian carcinoma cell line failed to form stable spheroids 
unless incubated for more than 14 days (not shown). 
Another group was able to generate SK0V3 spheroids in 
10 days using an alternate method.^ This disparity may 
reflect the heterogeneity of ovarian carcinoma cells, even 
within well-defined cell lines. It is also important to note 
that cell lines, which are selected for their ability to pro- 
liferate and adhere, may form spheroids at a much faster 
rate than ovarian carcinoma cells in vivo. 

Condensation into spheroids or multicellular aggre- 
gates decreased the proliferative abilities of the NIH: 

0VCAR5 and SK0V3 ovarian carcinoma cell lines when 
compared to the same cells cultured as monolayers. Both 
cell lines underwent a marked decrease in proliferation 
in the absence of adhesion to a substratum. However, 
the proliferative rates of the spheroids eventually ap- 
proached those of the confluent monolayers. The cells in 
the spheroids and monolayers remained viable, as de- 
termined by staining for markers of cell death and apo- 
ptosis. Previous reports show that increased percent- 
ages of ovarian carcinoma monolayer cells accumulate in 
Gg/M phase compared to spheroid cells when exposed 
to Taxol.^ The spheroid cells may be arrested at an earlier 
step of the cell cycle, which may inhibit both cell prolif- 
eration and apoptosis. The slower proliferative rate of 
ovarian carcinoma spheroids may protect them from ther- 
apies directed against fast-growing tumor cells. 

Although several groups have generated spheroids 
from ovarian carcinoma cells,^^^ the biological mecha- 
nisms by which the spheroids formed have not been 
defined. The NIH:0VCAR5 and SK0V3 ovarian carci- 
noma cell lines express a variety of adhesion molecules 
on their surfaces, including integrins, ICAM-1, and 
CD44.''^''"' In this study, we report that a functional block- 
ing mAb against the /31-integrin subunit inhibited the 
formation of spheroids by N1H:0VCAR5 cells at an 8-hour 
time point, whereas a mAb that stimulates j31-integrin- 
mediated cell adhesion hastened the phenomenon. 
These data suggest that j31-integrin subunits mediate the 
initial formation of ovarian carcinoma spheroids. The in- 
complete inhibition of the /31-integrin subunits at the 24- 
hour time point suggests that if the j31-integrin subunits 
are inactivated, the ovarian carcinoma cells may possess 
a compensatory mechanism to facilitate spheroid con- 
densation. However, it is also possible that the mAbs 
against the /31-integrin subunits may simply be internal- 
ized by 24 hours, eventually allowing the ovarian carci- 
noma cells to condense into spheroids. We also report 
that a functional blocking mAb against the a5-integrin sub- 
unit inhibited the formation of spheroids by N1H:0VCAR5 
cells. Monoclonal antibodies that blocked the functional 
sites of the al-, a2-, a3-. aA-, and a6-integrin subunits, 
integrin avj33, or CD44 had no effect on spheroid formation. 
This suggests that ovarian carcinoma spheroid formation 
may be regulated by the integrin a5/31. 

The chief ligand of the a5/31-integrin is fibronectin.^'' 
Fibronectin has been reported to promote the adhesion 
of ovarian carcinoma cells^^'^^ and may crosslink these 
cells via their a5/31-integrin receptors. In our hands, the 
addition of exogenous fibronectin promoted ovarian car- 
cinoma spheroid formation, which supports our theory 
that ovarian carcinoma spheroid formation may be medi- 
ated by the a5/31-integrin. Interestingly, the addition of 
exogenous laminin also enhanced spheroid formation, 
whereas type IV collagen inhibited spheroid formation. It 
is possible that these adhesion molecules may indirectly 
alter spheroid formation, perhaps by signal transduction 
mechanisms. 

By immunohistochemistry, we detected a5-integrin 
subunits, pi-integrin subunits, and fibronectin in regions 
of cell-cell contact on the surface of N1H:0VCAR5 sphe- 
roids generated after 48 hours in tissue culture. These 
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results are consistent with our finding tliat the aS^I- 
integrin nnediates NiH:0VCAR5 spheroid formation. Al- 
though we observed fibronectin on the surface of ovarian 
carcinonna spheroids, we did not determine whether the 
fibronectin was secreted by the ovarian carcinoma cells 
themselves or whether it was incorporated into their peri- 
cellular matrix from the complete medium in which they 
were initially cultured. Fibronectin has been detected in 
peritoneal fluids obtained from both normal and ovarian 
cancer patients, and elevated expression of fibronectin 
has been measured by others in malignant ascites 
fluid.®" Therefore, we decided to perform the spheroid 
formation portion of this assay In the presence of sera, 
because this would more closely approximate in vivo 
conditions. Interestingly, NIH;0VCAR5 cells grown in fl- 
bronectin-free serum substitute media for 48 hours did 
form spheroids when cultured in agarose-coated wells 
(data not shown). Altered ECM composition has been 
reported in glioma cell spheroids, which were found to 
contain fibronectin and a small proteoglycan not de- 
tected when the cells were cultured in monolayers.®^ 
Such alterations may facilitate spheroid formation, sug- 
gesting that the cells themselves can manufacture the 
additional ECM needed or incorporate it from exogenous 
sources. These results suggest that cell surface a5^1- 
integrins may mediate ovarian carcinoma cell aggrega- 
tion via interactions with fibronectin that the cells have 
synthesized and retained on their surfaces or seques- 
tered from their environment. 

The a5pi-fibronectin interaction may later be aug- 
mented or replaced by other cell-cell interactions, includ- 
ing the gap Junctions, tight junctions, and desmosomes 
detected in mature spheroids.®^"^^ Squamous epithelial 
cells grown as spheroids express significantly less epi- 
dermal growth factor receptors than squamous cell 
monolayers.®^ Altered levels of expression of ICAM-1, 
CD44, and LFA-1 have been reported in cancer cells 
grown as spheroids compared to monolayers.'*° By flow 
cytometric analysis, we previously detected a1-, a2-, a3-, 
aS-, a6-, and ^1-integrin subunits on the surface of sin- 
gle-cell suspensions of the NIH;0VCAR5 cell line.''^ In 
this study, we report that the a2-, a3-, a5-, a6-, and 
P1-integrin subunits, but not a1-integrin subunits, were 
detected on NIH:0VCAR5 spheroids by immunohisto- 
chemistry. Taken together, these data suggest that con- 
densation into multlcellular aggregates resulted in de- 
creased expression of the al-integrin subunit, which in turn 
may result in a similarly decreased ability to adhere to a 
substratum. The condensation of ovarian carcinoma cells 
into spheroids or multlcellular aggregates may induce other 
alterations in adhesion molecule expression or ECM com- 
position, with concurrent effects on their adhesive abilities. 

An earlier study of single-cell suspensions of NIH: 
0VCAR5 cells reported >90% adhesion of these cells to 
fibronectin, lamlnin, and type IV collagen within 30 min- 
utes'"^ However, in this study we found that NIH:0VCAR5 
spheroids required 4 hours to achieve maximum adhe- 
sion. Factors that may contribute to the longer time period 
required for spheroid adhesion to various substrates in- 
clude: decreased expression of receptors, decreased 
avidity of receptors, competing cell-cell and cell-matrix 

interactions within the spheroids, physical constraints 
that limit the cells' ability to spread onto the anchoring 
surfaces, and the effects of mechanical forces on a struc- 
ture with a greater surface area/volume ratio. Any of these 
factors may contribute to the presence of free-floating 
multlcellular aggregates found in ovarian carcinoma pa- 
tient ascites.'^ 

In this study, we report that the adhesion of ovarian 
carcinoma spheroids to ECM components Is a pi-inte- 
grin-mediated event. The nearly complete inhibition of 
adhesion by a blocking mAb against the pi-lntegrln sub- 
unit, coupled with partial inhibition In the presence of 
blocking mAbs against a-integrln subunits, suggest that 
multiple integrln-ECM interactions are involved in the pro- 
cess. Our results suggest that the interactions of the 
a5pi-integrin with fibronectin, the a6pi-lntegrin with 
laminin, and the a2pi-integrin with type IV collagen me- 
diate ovarian carcinoma spheroid adhesion. Recently, 
Kawano and colleagues,'*'' reported that the a2pi-, 
a6pi-, a3^1-integrins mediated the adhesion of squa- 
mous epithelial multlcellular aggregates to type I colla- 
gen, laminin 1, and laminin 5, respectively. Taken to- 
gether, these data suggest that spheroid adhesion is an 
integrin-dependent event, although the precise integrin- 
ligand interactions involved may be tissue-specific. How- 
ever, additional cell-matrix and cell-cell Interactions, 
which have been reported In spheroids generated from 
other cell types,^®"*° may mediate the initial formation 
and continued maintenance of spheroid morphology as 
they progress with time. 

The examination of multlcellular aggregates in ovarian 
carcinoma may be of clinical importance. This study 
demonstrates that ovarian carcinoma cells cultured as 
spheroids exhibit decreased proliferative and adhesive 
properties compared to ovarian carcinoma cells cultured 
as monolayers. Ovarian carcinoma spheroids are less 
sensitive than monolayers to cancer drugs and ionizing 
radlatlon,'*'^'^'''^ which may be partly because of the low 
proliferative rates we report In this study. Also, the kinet- 
ics of drug absorption are altered In ovarian carcinoma 
spheroids, compared to ovarian carcinoma monolay- 
ers.'*® Taken together, these data suggest that spheroids 
may represent a tenacious, long-term source of second- 
ary tumor growth in ovarian carcinoma that is not ad- 
dressed by current therapeutic strategies, which target 
highly proliferative cancer cells. The biological properties 
of ovarian carcinoma spheroids require further study to 
better understand their significance in secondary tumor 
growth and to effectively eradicate them during the treat- 
ment of the disease. The model of ovarian carcinoma 
spheroid formation and adhesion presented In this study 
will also lay the groundwork for future studies in which 
ovarian carcinoma spheroids isolated from patient as- 
cites fluid can now be monitored for their cell surface 
receptors and adhesive properties. 
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