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INTRODUCTION

Ovarian cancer is the most deadly gynecologic malignancy. About 26,500 women are diagnosed with
this cancer each year and have an overall 5-year survival rate of only 47% (1, 2). For most patients, surgery
alone does not cure the cancer due to the spread of tumors beyond the confines of the ovary, and management in
the clinic often requires use of toxic chemotherapy regimens. The progressive growth of ovarian cancer depends,
in part, on the formation of an adequate blood supply, and tumor angiogenesis has been reported to have
prognostic significance in epithelial ovarian cancer (3). Therapy directed toward the vasculature of solid tumors
is now being pursued as an important new direction in cancer treatment, because avascular tumors exhibit limited
growth (4,5) and tumor aggressiveness and metastatic potential commonly correlate with tumor vascularity (6).

Vascular endothelial growth factor (VEGF) is produced by most solid tumors and elicits a mitogenic
effect on tumor-associated endothelial cells (7, 8). VEGF binding to receptor tyrosine kinases triggers
activation of downstream signaling enzymes, including p42/p44 MAP kinase, which, in turn, regulate gene
expression and specific endothelial cell responses including proliferation, migration, differentiation and
apoptosis (9,10). VEGF plays an important role in progression of ovarian cancer (3, 11, 12), and the ability of
VEGF to increase vascular permeability (7, 8, 13) may also promote formation of malignant ascites (14).
Growth factor pathways, such as those dependent on the HER-2 receptor, appear to up-regulate VEGF
production in some solid tumors (15). Since HER-2 receptor is overexpressed in a significant number of
ovarian cancers (16, 17), it may also play a role in promoting further growth of ovarian malignancy by
increasing VEGF-dependent tumor angiogenesis.

Squalamine, a sterol from tissues of dogfish shark (18), has significant anti-angiogenic and antitumor

o .o activity in laboratory models of brain, breast and lung cancer

o‘s“o (19-22). Squalamine is a 7,24-dihydroxylated 24-sulfated
cholestane steroid conjugated to spermidine at C-3 (see
chemical structure at left), and it blocks endothelial cell
growth and exhibits inhibitory activity in chick embryo
chorioallantoic membrane and rabbit corneal micropocket
S~ ol assays (19, 20,23). This anti-angiogenic agent may have
H good potential for clinical application because it inhibits
endothelial cell proliferation induced by a wide range of growth factors, including VEGF (19). This inhibition
may result, in part, from its interaction with endothelial cell surface proton pumps, thereby altering intracellular
pH and impeding signaling by growth factors (24, 25). When administered as a single agent in nude mice with
lung cancer xenografts, squalamine has limited antitumor activity, but the anti-angiogenic steroid significantly
enhances the antitumor efficacy of cisplatin and carboplatin/paclitaxel chemotherapies (20-22). Since platinum-
based treatments are often used for human ovarian cancers (1, 2), squalamine in combination with cisplatin or
carboplatin was studied to assess its utility as part of a coordinated attack against human ovarian cancers and
their blood supply. One additional feature we were particularly interested in was the consequence of HER-2
oncogene overexpression for squalamine modulation of growth in ovarian tumor xenografts. Amplification
and/or overexpression of HER-2 oncogene in human cancers, including ovarian cancers, is often associated with
poor clinical outcome (16,17), and human ovarian tumor cells with overexpression of HER-2 membrane
receptor also exhibit resistance to cisplatin and carboplatin (26). We therefore examined whether the level of
HER-2 expression in paired HER-2-transfected and non-transfected ovarian cancers influenced the degree of
tumor growth inhibition seen with squalamine with or without concomitant platinum-based treatment.

+
N\/\/\N#\/\N*

BODY: RESEARCH PROGRESS
AIM 1) Evaluation of angiogenic activity due to HER-2 gene overexpression in human ovarian cells.

1.a. Squalamine Does not Affect VEGF Secretion in vitro for Ovarian Cancer Cells with or without HER-2
Gene Overexpression.

HER-2 overexpression is generally thought to lead to tumor development through its effects on promoting
uncontrolled cancer cell growth. However, recent findings suggest that HER-2 may also regulate cell survival
4
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functions such as angiogenesis by promoting tumor production of VEGF (15). To explore how HER-2 may
contribute to angiogenesis in ovarian cancer, we evaluated HER-2 effects on in vitro VEGF secretion by human
ovarian tumor cells. Parent and HER-2-overexpressing ovarian 2008 cells were incubated for 72 h in vitro, and
secretion of VEGF into conditioned media was measured by use of established enzyme-linked immunosorbant
assay (see Fig. 6 in ref. 27). Parent ovarian cancer cells show significant secretion of VEGF, and, after trans-
fection of ovarian cells with HER-2 gene to high levels, a further increase in VEGF secretion was found. In
parallel in vitro studies, treatment of ovarian cancer cells with squalamine had no significant effect on VEGF
secretion (27). Thus, HER-2 overexpression may contribute to angiogenesis through up-regulation of VEGF
secretion in ovarian cancer, but squalamine is not antiangiogenic at this step in tumor angiogenesis since it does
not appear to directly affect VEGF secretion by ovarian tumor cells. This research aim has been completed.

AIM 2) Assessment of biologic activities of squalamine, a newly-synthesized anti-angiogenic steroid, using
human vascular endothelial cells ir vitro.

2.a. Squalamine Blocks VEGF-Stimulated Proliferation of Endothelial Cells in vitro.

To assess potential biologic mechanisms for antiangiogenic and antitumor effects of squalamine noted

previously, human umbilical vein endothelial cells (HUVEC) were grown in vitro. VEGF elicits significant
proliferation of HUVEC cells by 72 h. In the absence of VEGF, squalamine has no effect on proliferation or
survival of HUVEC cells. However, in the presence of VEGF, squalamine elicited a significant reduction in
VEGF-induced endothelial cell proliferation (see Fig. 5 in ref. 27). This growth-suppressive effect of
squalamine appears restricted to endothelial cells since the compound had no direct inhibitory effect on the
proliferation of ovarian 2008 cancer cells, either with or without HER-2 gene overexpression (27).

This effect of squalamine appears to be due, in part, to binding of squalamine with caveolae fractions
purified from plasma membranes of human vascular endothelial cells. Caveolae are plasma membrane domains
that act as signaling platforms to intercept a variety of agonists, both protein and lipid, in endothelial cells. To
assess these membrane subfractions as a possible primary site of squalamine interaction with endothelial cells,
we prepared caveolae membranes from HUVEC cells using a detergent-free method and measured specific
binding of [7B->H]-squalamine (Perkin Elmer-New England Nuclear) using established methods. An example
of purification of a caveolae membrane fraction from human vascular endothelial cells is shown in Fig.1. The
endothelial cells exhibit enrichment of caveolin-1 in caveolae-related domains. In addition, we find localization
of specific [’H]-squalamine binding-sites in caveolin-enriched membrane fractions.

Caveolin -
10 —
[BH]-SQ 5]
(pmol/mg) 0 T T T | E— T T T T

1 2 3 4 5 6 7 8 9 10 11 12

Fig. 1. Purification of caveolae plasma membrane subfractions from human vascular endothelial cells (HUVEC).
HUVEC exhibit significant enrichment of caveolin-1 in caveolae membrane domains (see gradient fractions 4-6) isolated
from HUVEC cells by use of established detergent-free methods. In addition, specific binding of [3H]-squalamine
localizes to those gradient fractions that contain caveolin (fractions 4-6). Specific binding of [3H]-squalamine was
assessed by use of established methods. Results from one representative experiment are shown.

The nature of squalamine binding was investigated further in a set of equilibrium binding studies. Data obtained
from these experiments indicate that in vitro binding of ’H]-squalamine at concentrations ranging from 10-400
nM to caveolae membranes is saturable (see Fig. 2). The squalamine-binding properties of the membranes were
analyzed further to obtain an estimate of both the concentration of specific binding sites for squalamine and the
equilibrium constant. Preliminary analysis of the data by the method of Scatchard indicated that the dissociation
constant (Kd) for the binding process was 7.5 x 10°% M.
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Fig. 2. [*H]-squalamine shows specific and relatively high-affinity
binding in caveolae membranes from endothelial cells. HUVEC were

. cultured 48 h prior to the experiment in standard media, but phenol-red
free and containing 1% dextran-coated, charcoal-treated (DCC) FBS.
Caveolae plasma membranes were prepared in the presence of
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Total binding sites for squalamine at saturation correspond to a
maximal binding capacity (Bmax) of 10 pmol/mg protein. The
ligand specificity of [’H]-squalamine binding to caveolac membranes was analyzed by competitive binding of a
100-fold molar excess of unlabelled squalamine or other common steroidal compounds (see inset, Fig. 2). The
extent of [°H]-squalamine binding by caveolae membranes was largely unaffected by such excess of estradiol-
178 (E2), progesterone (PRG), or cortisol (GC). In contrast, unlabelled squalamine elicited nearly complete
reduction of specific [*H]-squalamine binding to caveolae membranes. The data suggest that caveolae at the
surface membrane of endothelial cells may offer a primary interaction site for squalamine, and these membrane
domains may represent a good source for future isolation and characterization of squalamine-binding molecules.

[3H]-squalamine (nmol/L)

2.b. Squalamine Blocks VEGF-Induced Activation of MAP Kinases in vitro.

VEGF exerts its biologic effects by binding with receptor tyrosine kinases, notably Flt-1 and Flk-1/KDR,
present at the surface of endothelial cells (9). Post-receptor signal transduction regulates effects of VEGF, and
proliferative effects of VEGF in endothelial cells have been associated with VEGF-induced tyrosine phosphor-
ylation and stimulation of mitogen-activated protein kinases (MAP kinase), extracellular signal-regulated kinase
ERK-1 (p44 M*P%) and ERK-2 (p42 MAPK) (9, 10). On the assumptxon that blockade of endothelial cell
proliferation by squalamine may occur, in part, by suppression of MAP kinase signaling cascades induced by
growth factors, VEGF-induced tyrosine phosphorylation of MAP kinases was assessed. As expected, VEGF
promotes tyrosine phosphorylation of p42/p44 MAP kinase isoforms, with maximal effects evident by 10 min
(see Fig. 7 in ref. 27). However, after administration of squalamine, the VEGF-stimulated phosphorylation of
MAP kinase isoforms is significantly suppressed, especially after 30 min exposure to VEGF (27).

The SAPK2/p38 MAP kinase pathway is a stress-activated kinase cascade that is also stimulated by VEGF in
endothelial cells. To assess potential inhibitory effects of squalamine on this downstream signaling pathway, we
conducted experiments to investigate VEGF-induced effects on p38 MAPK (see Fig. 3).

A B C D

Fig. 3. Squalamine disrupts SAPK2/p38 MAPK phosphorylation induced by VEGF. To detect phosphorylated forms of
p38 MAP Kinase, HUVEC cells were plated on glass slides in complete EBM media. When cells reached about 80%
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confluency, they were serum-starved for 16-18 h and washed twice with PBS before treatment. We treated cells with
control (A), 160 nM of squalamine control for 1 h (B), 50 ng/mL of VEGF for 10 min (C), or a combination of a pre-
treatment with squalamine for 1 h followed by the addition of 50 ng/mL of VEGF the last 10 min (D). After treatment,
cells were immediately rinsed with cold PBS and prepared for viewing by confocal microscopy, using antibodies against
phospho-p38 MAP kinase (Thr180/Tyr182)(Cell Signaling). Representative fields are shown from initial studies (97,98).

As expected, treatment of vascular endothelial cells with VEGF in vitro elicited significant phosphorylation of
p38 MAP kinase by 10 min. However, after addition of squalamine, the VEGF-stimulated phosphorylation of
p38 MAP kinase appears significantly reduced and less predominant (Fig. 3). Squalamine-mediated changes in
VEGF-induced activation of SAPK2/p38 MAP kinase may have mechanistic significance, since activated p38
MAP kinase is associated with F-actin formation and focal adhesion assembly, important functions in the
migration and proliferation of vascular endothelial cells (9,10,25).

2.c. Squalamine suppresses VEGF-stimulated endothelial cell tube-like formation in vitro

To assess the role of squalamine inhibition of VEGF signaling early in the process of angiogenesis,
HUVEC were plated on growth factor-depleted Matrigel (Fig. 4). At doses as low as 160 nM, squalamine
blocks VEGF-induced capillary tube formation. However, VEGF-stimulated capillary tube formation was not
significantly disrupted by 1.6 nM squalamine. The inhibitory effect of squalamine on capillary tube formation
by endothelial cells appears to occur in a dose-dependent manner. Cells in plates in which networked capillary
tubes were inhibited by squalamine displayed a profound alteration in shape and size (i.e., round and small) as
compared with more characteristic spindle-shaped, elongate cells that form tubes in the absence of squalamine.

Fig. 4. Squalamine suppresses VEGF-induced capillary tube-like formation by vascular endothelial cells in vitro.
HUVEC were cultured in serum-free medium on the surface of Matrigel for 72 h with the indicated treatments: a, VEGF,
50 ng/ml; b, VEGF + squalamine 3.2 uM; ¢, VEGF + squalamine 1.6 pM; d, VEGF + squalamine 0.16 pM; e, VEGF +
squalamine 0.016 pM; f, VEGF + squalamine 0.0016 uM. Lyophilized recombinant human VEGF was from PeproTech.
Squalamine was donated by Genaera. HUVEC were grown in Endothelial Cell Basal Medium (EBM®, BioWhittaker)
supplemented with 2% FBS, 10 ng/ml hEGF, 1.0 pg/ml hydrocortisone, 50 pg/ml gentamicin, 50 ng/ml amphotericin B,
and 12 mg/ml bovine brain extract (BBE). HUVEC were serum starved overnight (>12 h) prior to experimental use. In
vitro formation of cord-like structures was studied on growth factor-depleted Matrigel-coated 6-well plates. HUVEC (3 x
10* cells/well) were seeded in Matrigel layers in the presence of VEGF (50 ng/ml) and different concentrations of
squalamine as noted. Cells were observed with an Olympus CK2 inverted microscope.

Thus, with completion of the experiments reported above, the endpoints proposed for research aim 2 have been
successfully attained.
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AIM 3) Investigation of the efficacy of squalamine alone and combined with other antitumor agents in
blocking the in vivo growth and progression of human ovarian cancer xenografts in nude mice.

3.a. Squalamine and Platinum-Based Chemotherapiess Block Growth of Ovarian Tumor Xenografis in vivo.

Potential antitumor effects of the angiostatic steroid squalamine were assessed in murine tumor xenografts in
the absence and presence of cisplatin or carboplatin chemotherapy. Human ovarian 2008 cancer cells without
or with HER-2 overexpression were grown as subcutaneous tumors in nude mice. Tumors were grown to 150-
200 mm? in size. Then, animals with established tumors were treated with control solution, cisplatin alone at
two different dose levels (4 mg/kg on day 1 or 5 mg/kg on days 1,8), squalamine alone (2 mg/kg) on days 1-10,
or cisplatin in combination with squalamine (days 1-10) (see Fig. 1 in ref. 27). In one set of experiments,
animals were treated with a high dose of cisplatin near the maximum tolerated dose (5 mg/kg on days 1,8) (27).
In the second set of experiments, lower doses of cisplatin that resulted in only partial growth inhibition (26,29)
were chosen in order to ensure use of the chemotherapeutic agant at a level that would not totally suppress
tumor growth, thus allowing detection of any potential additive effects of a squalamine-cisplatin interaction. By
28 days, both 2008 parental and HER-2-overexpressing tumors showed little overall response to therapy with
the lower dose of cisplatin alone. However, 2008 parental and HER-2-overexpressing tumors exhibited some
minor response to cisplatin alone administered at the higher dose level (27). Squalamine elicited a partial
reduction in tumor size as compared to controls in both 2008 parental and HER-2-overexpressing tumors. More
profound tumor growth inhibition was elicited by combined treatment with squalamine and cisplatin in both
2008 parental and HER-2-overexpressing cancers (27). This effect of combination therapy was found when
squalamine was administered with either low or high doses of cisplatin (27).

The antitumor effects of squalamine with and without platinum-based chemotherapy were also assessed
using a different human ovarian tumor xenograft, CAOV3, that has been transfected to exhibit HER-2 over-
expression (see Fig. 2A in ref. 27). After tumor growth to 50-60 mm?>, animals were treated with control
solution, carboplatin alone (60 mg/kg) on day 1, squalamine alone (2 mg/kg) on days 1-10, or carboplatin (day
1) in combination with squalamine (days 1-10). By 28 days, CAOV3 HER-2-overexpressing tumors showed
minimal response to therapy with carboplatin alone (27). As with the 2008 tumors, squalamine as a single agent
elicited a partial reduction in CAOV3 tumor size as compared to controls (27). More marked inhibition of
tumor growth was elicited by combined treatment with squalamine and carboplatin (27).

The tumor growth inhibition seen with combined squalamine and platinum-based chemotherapeutics for
both human ovarian tumor lines persisted for up to 18 days following cessation of squalamine treatment. We
therefore 1nvest1gated how long bioactivity persisted with combined cisplatin and squalamine treatment of
HER-2-overexpressing CAOV3 tumors by maintaining the dual therapy animal cohort until the mean tumor size
for these animals reached 500 mm® (see Fig. 2B in ref. 27). After tumor growth to 50-60 mm?, animals with
established tumors were treated with control solution, cisplatin alone (4 mg/kg) on day 1, squalamine alone (2
mg/kg) on days 1-10, or cisplatin (day 1) combined with squalamine (days 1-10). As compared with control
tumor xenografts, the calculated tumor growth delay in established tumors was 7 days for cisplatin therapy
alone, 28 days for squalamine treatment alone, and 91 days for squalamine with cisplatin (27). Combined
squalamine-cisplatin therapy was nontoxic as assayed by no animal death or significant weight loss during the
study period (27). This aim has been completed.

3.b. Squalamine and Cisplatin Promote Ovarian Tumor Cell Apoptosis in vivo.

To assess molecular effects of squalamine and cisplatin, ovarian 2008 parent and HER-2-overexpressing tumor
xenografts remaining after treatments with squalamine, cisplatin or a combination of the reagents were
harvested and assessed for ovarian tumor cell apoptosis in vivo. For evaluation of apoptosis, the modified
TUNEL assay (34, 35) was performed on tissue sections. The assays showed evidence of increased apoptosis in
ovarian 2008 parental tumor cells treated with squalamine alone, cisplatin or combined cisplatin-squalamine as
compared to appropriate controls (all at P<0.05) (see Fig. 3A in ref. 27). The 2008 HER-2-overexpressing
ovarian tumors displayed less apoptotic activity than 2008 parental cancers with all treatments (27). Although
apoptosis tended to be higher after administration of either squalamine or cisplatin alone, only treatment with
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squalamine in combination with cisplatin elicited a significant increase in the extent of apoptosis of HER-2-
overexpressing ovarian cancers (P<0.001) (27). The results suggest that squalamine enhances cytotoxic effects
of cisplatin chemotherapy for human ovarian cancer cells by increasing levels of tumor cell apoptosis produced
by cisplatin exposure, either with or without HER-2 oncogene overexpression. In independent experiments,
similar results have been obtained after treatments with squalamine in combination with carboplatin (data not
shown). This aim has been completed.

3.c. Squalamine Down-Regulates Ovarian Tumor-Associated Angiogenesis but not VEGF Production in vivo.

Tissue sections of parent and HER-2-overexpressing 2008 tumor xenografts remaining after treatments with
squalamine, cisplatin or a combination of the reagents were prepared for immunohistochemical staining with
human von Willebrand Factor (vWF) to detect blood vessels (27,34). On scoring of tumor microvessel density,
2008 HER-2-overexpressing tumors exhibited more angiogenic activity than 2008 parental cancers (P<0.001)
(see Fig. 3B in ref. 27). Treatment with squalamine alone elicited a reduction of tumor-associated blood vessel
density for either ovarian tumor (27), and the immunohistochemical analyses also revealed a reduction of
tumor-associated angiogenesis in mice treated with cisplatin plus squalamine (P<0.01) (27). No significant
differences in microvessel density were found between groups treated with cisplatin alone and controls. The
results suggest that squalamine is antiangiogenic for ovarian cancer cells with or without HER-2 over-
expression. Squalamine-induced suppression of tumor microvessels is also a sustainable event since it was
noted up to 18 days following the last squalamine dose. Similar studies based on treatments with squalamine
combined with carboplatin are confirmatory. This aim has been completed.

KEY RESEARCH ACCOMPLISHMENTS

. Profound growth inhibition was elicited by squalamine alone and by combined treatment with
squalamine and cisplatin or squalamine and carboplatin for both parental and HER-2-overexpressing
ovarian tumor xenografts.

. Immunohistochemical evaluation of tumors revealed decreased microvessel density and increased
apoptosis. Although HER-2-overexpressing tumors had more angiogenic and less apoptotic activity
than parental cancers, growth of both tumor types appear to be similarly suppressed by treatment with
squalamine combined with cisplatin or squalamine combined with carboplatin.

. In in vitro studies, we found that squalamine does not directly affect proliferation of ovarian cells.
However, squalamine significantly blocked VEGF-induced activation of p42/p44 MAP kinase and p38
MAP kinase and cell proliferation in human vascular endothelial cells.

. Squalamine binds with high avidity to a caveolin-enriched plasma membrane domain purified from
human vascular endothelial cells. This membrane fraction corresponds with caveolae, a region that
functions as a ‘signaling platform’ for the regulation of vascular endothelial cell growth.

. The results suggest that squalamine is anti-angiogenic for ovarian cancer xenografts and appears to
enhance cytotoxic effects of cisplatin and carboplatin chemotherapy independent of HER-2 tumor
status.

. It is important to note that this preclinical work has helped to promote the initiation of independent

clinical trials of squalamine for treatment of patients with resistant or recurrent ovarian cancer (38).
REPORTABLE OUTCOMES
Presentations

1. Pietras, R.J. “Squalamine-induced blockade of tumor-associated angiogenesis in human ovarian cancers”.
Presented at Jonsson Comprehensive Cancer Center Lecture Series, UCLA (February, 2002).
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Additional Research Opportunities

Results from the preclinical research activity outlined above has led to the promotion of new clinical trials of
squalamine in the treatment of patients with resistant or recurrent ovarian cancer. The PI of the present grant,
Dr. Pietras, was a co-investigator in this ongoing series of clinical trials:

1. Davidson, S. A., Chap, L., Pietras, R., Astrow, A., Gajewski, W., Brader, F., Petrone, M., Desai, A.,
Solomon, S., Holroyd, K., Major, F., Adler, L. and Cohn, A. (2002). A Phase IIA trial of continuous 5-
day infusions of MSI-1256F (squalamine lactate) plus carboplatin for therapy of persistent or recurrent
advanced ovarian cancer. Proc. Am. Soc. Clin. Oncol. : 878.
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CONCLUSIONS

The potential role of squalamine, a natural anti-angiogenic steroidal compound, in treatment of ovarian
cancers with or without standard cisplatin or carboplatin chemotherapy was assessed. Since HER-2 gene
overexpression is associated with cisplatin and carboplatin resistance in vitro and promotion of tumor
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angiogenesis in vivo, the response of ovarian cancer cells with or without HER-2 gene overexpression to
squalamine and cisplatin or squalamine and carboplatin was also evaluated in tumor xenograft models and in
tissue culture. Profound growth inhibition was elicited by squalamine alone and by combined treatment with
squalamine and cisplatin or squalamine and carboplatin for both parental and HER-2-overexpressing ovarian
tumor xenografts. Immunohistochemical evaluation of tumors showed decreased microvessel density and
increased apoptosis. Although HER-2-overexpressing tumors had more angiogenic and less apoptotic activity
than parental cancers, growth of both tumor types was similarly suppressed by treatment with squalamine
combined with cisplatin. In in vitro studies, we found that squalamine does not directly affect proliferation of
ovarian cells. However, squalamine binds with high avidity to vascular endothelial cell caveolae, plasma
membrane subdomains that function as ‘signaling platforms’ for the regulation of vascular endothelial cell
growth. As a consequence of primary interactions at the plasma membrane, squalamine significantly blocks
VEGF-induced activation of p24/p44 MAP kinase, p38 MAP kinase and cell proliferation in human vascular
endothelial cells. The results suggest that squalamine is anti-angiogenic for ovarian cancer xenografts and
appears to enhance cytotoxic effects of cisplatin and carboplatin chemotherapy independent of HER-2 tumor
status. In addition, it is important to note that this preclinical work has helped to promote the initiation of
clinical-translational Phase II trials of squalamine for the treatment of patients with resistant or recurrent
ovarian cancer.
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Squalamine and cisplatin block angiogenesis and growth of human ovarian
cancer cells with or without HER-2 gene overexpression
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Angiogenesis is important for growth and progression of
ovarian cancers. Squalamine is a natural antiangiogenic
sterol, and its potential role in treatment of ovarian
cancers with or without standard cisplatin chemotherapy
was assessed. Since HER-2 gene overexpression is
associated with cisplatin resistance in vifro and promo-
tion of tumor angiogenesis in vivo, the response of
ovarian cancer cells with or without HER-2 gene
overexpression to squalamine and cisplatin was evaluated
both in tumor xenograft models and in tissue culture.
Ovarian cancer cells with or without HER-2 over-
expression were grown as subcutaneous xenografts in
nude mice. Animals were treated by intraperitoneal
injection with control vehicle, cisplatin, squalamine or
cisplatin combined with squalamine. At the end of the
experiment, tumors were assessed for tumor growth
inhibition and for changes in microvessel density and
apoptosis. Additional in vitro studies evaluated effects of
squalamine on tumor and endothelial cell growth and on
signaling pathways in human endothelial cells. Profound
growth inhibition was elicited by squalamine alone and
by combined treatment with squalamine and cisplatin for
both parental and HER-2-overexpressing ovarian tumor
xenografts. Immunohistochemical evaluation of tumors
revealed decreased microvessel density and increased
apoptosis. Although HER-2-overexpressing tumors had
more angiogenic and less apoptotic activity than parental
cancers, growth of both tumor types was similarly
suppressed by treatment with squalamine combined with
cisplatin. In in vitro studies, we found that squalamine
does not directly affect proliferation of ovarian cells.
However, squalamine significantly blocked VEGF-in-
duced activation of MAP Kkinase and cell proliferation
in human vascular endothelial cells. The results suggest
that squalamine is anti-angiogenic for ovarian cancer
xenografts and appears to enhance cytotoxic effects of
cisplatin chemotherapy independent of HER-2 tumor
status.

Oncogene (2002) 21, 2805-2814. DOI: 10.1038/sj/
onc/1205410

*Correspondence: RJ Pietras, Department of Medicine, Division of
Hematology-Oncology, 10833 Le Conte Ave., 11-934 Factor Bldg.,
Los Angeles, CA 90095-1678, USA; E-mail: rpietras@ucla.edu
Received 8 October 2001; revised 18 January 2002; accepted 19
February 2002

Keywords: VEGF; erb B2/neu; MAP kinase; carbopla-
tin; vascular endothelial cells

Introduction

Ovarian cancer is the most deadly gynecologic
malignancy. About 26 500 women are diagnosed with
this cancer each year and have an overall 5-year
survival rate of only 47% (Ozols, 1999). For most
patients, surgery alone does not cure the cancer due to
the spread of tumors beyond the confines of the ovary,
and management in the clinic often requires use of
toxic chemotherapy regimens. The progressive growth
and spread of ovarian cancer depends, in part, on the
formation of an adequate blood supply, and tumor
angiogenesis has been reported to have prognostic
significance in epithelial ovarian cancer (Alvarez et al.,
1999). Therapy directed toward the vasculature of solid
tumors is now being pursued as an important new
direction in cancer treatment because avascular tumors
exhibit only limited growth and tumor aggressiveness,
and metastatic potential commonly correlates with
tumor vascularity (Folkman, 1971; Gimbrone et al.,
1972).

Vascular endothelial growth factor (VEGF) is
produced by most solid tumors and elicits a mitogenic
effect on tumor-associated endothelial cells (Keck et
al., 1989; Leung et al., 1989). VEGF binding to
receptor tyrosine kinases triggers activation of down-
stream signaling enzymes, including MAP kinase,
which, in turn, regulate gene expression and specific
endothelial cell responses including proliferation,
migration, differentiation and apoptosis (Soker et al.,
1996; Rousseau et al., 1997). Several studies suggest
that VEGF plays an important role in progression of
ovarian cancer (Paley et al., 1997; Yamamoto et al.,
1997; Alvarez et al., 1999), and the ability of VEGF to
increase vascular permeability (Ferrara et al., 1993;
Keck et al., 1989; Leung et al., 1989) may also promote
formation of malignant ascites (Zebrowski et al., 1999).
Growth factor pathways, such as those dependent on
the HER-2 receptor, appear to up-regulate VEGF
production in some solid tumors (Petit et al., 1997).
Since HER-2 receptor is overexpressed in a significant
number of ovarian cancers (Slamon et al., 1989; Wong
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et al., 1995; Hellstrom et al., 2001), it may also play a
role in promoting further growth of ovarian malig-
nancy by increasing VEGF-dependent tumor angiogen-
esis.

Squalamine, a natural sterol from tissues of the
dogfish shark (Moore et al., 1993), has significant anti-
angiogenic and antitumor activity in laboratory models
of brain, breast and lung cancer (Sills er al., 1998;
Teicher et al, 1998; Schiller and Bittner, 1999).
Squalamine is a 7,24-dihydroxylated 24-sulfated choles-
tane steroid conjugated to spermidine at C-3. Squala-
mine blocks endothelial cell growth and has inhibitory
activity in chick embryo chorioallantoic membrane and
rabbit cornedl micropocket assays (Sills et al., 1998;
Williams, 1999). This anti-angiogenic agent may have
good potential for clinical application because it inhibits
endothelial cell proliferation induced by a wide range of
growth factors, including VEGF (Sills et al., 1998). This
inhibition may result, in part, from its interaction with
endothelial cell surface proton pumps, thereby altering
intraceltular pH and impeding signaling by growth
factors (Akhter et al., 1999; Eckhardt, 1999). However,
a receptor with high affinity for binding squalamine has
not yet been identified. When administered as a single
agent in nude mice with lung cancer xenografts,
squalamine has limited antitumor activity, but the anti-
angiogenic steroid significantly enhances the antitumor
efficacy of cisplatin and carboplatin/paclitaxel che-
motherapies (Teicher er al., 1998; Schiller and Bittner,
1999; Williams, 1999). Since platinum-based treatments
are often used for human ovarian cancers (Ozols, 1999),
squalamine in combination with cisplatin was studied to
assess its utility as part of a coordinated attack against
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human ovarian cancers and their blood supply. One
additional feature we were particularly interested in was
the consequence of HER-2 oncogene overexpression for
squalamine modulation of growth in ovarian tumor
xenografts. Amplification and/or overexpression of

-HER-2 proto-oncogene in human cancers, including

ovarian cancers, is often associated with poor clinical
outcome (Slamon et al., 1989; Wong et al., 1995), and
human ovarian tumor cells with overexpression of HER-
2 membrane receptor also exhibit resistance to cisplatin
(Pegram et al., 1997). We therefore examined whether
the level of HER-2 expression in paired HER-2-
transfected and non-transfected ovarian cancers influ-
enced the degree of tumor growth inhibition seen with
squalamine with or without concomitant platinum-
based treatment. -

Results

Squalamine and platinum-based chemotherapeutics block
growth of ovarian tumor xenografts in vivo

Potential antitumor effects of the angiostatic steroid
squalamine were assessed in murine tumor xenografts in
the absence and presence of cisplatin chemotherapy.
Human ovarian 2008 cancer cells without (Figure 1a) or
with HER-2 overexpression (Figure 1b) were grown as
subcutaneous tumors in nude mice. Tumors were grown
to 150—200 mm? in size. Then, animals with established
tumors were treated with control solution, cisplatin
alone, squalamine alone (2 mg/kg) on days 1-10, or
cisplatin in combination with squalamine (days 1-10).
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Figure 1 Squalamine inhibits growth of ovarian 2008 parental and HER-2-overexpressing tumor xenografts in nude mice and
enhances the cytotoxic effects of cisplatin. (a) Ovarian 2008 parental tumor cells were inoculated subcutaneously in nude mice. (b)
Ovarian 2008 HER-2-overexpressing cancer cells were inoculated subcutaneously in nude mice. After 7 days, animals with tumors of
comparable size were randomized to treatment with control vehicle (CON), squalamine (SQ; 2 mg/kg on days 1-10), cisplatin at
two different doses (Pt 1 =4 mg/kg on day 1; Pt 2=35 mg/kg on days 1, 8), or cisplatin administered in combination with squalamine
(SQ/Pt 1; or SQ/Pt 2). At the end of the experiment, HER-2 receptor expression levels were assessed and, as possible, confirmed to
be low in parental tumors and high in HER-2-overexpressing xenografts. Results are expressed as mean+s.e.m. for tumor volumes

(mm®) measured over a 28-day experimental period
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Cisplatin was administered at two different dose levels
(see Pietras et al., 1994; Pegram et al., 1997). In one set of
experiments, animals were treated with a high dose of
cisplatin near the maximum tolerated dose (5 mg/kg on
day 1 and day 8; Pt 2). In the second set of experiments,
lower doses of cisplatin that resulted in only partial
growth inhibition (4 mg/kg on day 1; Pt 1) were chosen
in order to ensure use of the chemotherapeutic agent at a
level that would not totally suppress tumor growth, thus
allowing detection of any potential additive effects of a
squalamine-cisplatin interaction. By 28 days, both 2008
parental (Figure 1a) and HER-2-overexpressing (Figure
1b) tumors showed little overall response to therapy with
the lower dose of cisplatin alone (both at P>0.05).
However, 2008 parental (P<0.01) and HER-2-over-
expressing (P<0.05) tumors exhibited some minor
responses to cisplatin administered at high doses (see
Figure 1). Squalamine elicited a partial reduction in
tumor size as compared to controls (P<0.01) in both
2008 parental (Figure la) and HER-2-overexpressing
(Figure 1b) tumors. More profound tumor growth
inhibition (94-95% of controls) was elicited by
combined treatment with squalamine and cisplatin
(P<0.001) in both 2008 parental (Figure la) and
HER-2-overexpressing (Figure 1b) cancers. This effect
of combination therapy was found when squalamine was
administered with either low or high doses of cisplatin.

The antitumor effects of squalamine with and
without platinum-based chemotherapy were also as-
sessed using a different ovarian tumor xenograft,
CAOV3, that has been transfected to exhibit HER-2
overexpression (Figure 2a). After tumor growth to
50—-60 mm?® animals were treated with control
solution, carboplatin alone (60 mg/kg) on day 1,
squalamine alone (2 mg/kg) on days 1-10, or
carboplatin (day 1) in combination with squalamine
(days 1-10). By 28 days, CAOV3 HER-2-overexpres-
sing tumors showed minimal response to therapy with
carboplatin at a dose below the maximum tolerated
dose (Figure 2a). As with the 2008 tumors, squalamine
as a single agent elicited a partial reduction in CAOV3
tumor size as compared to controls (P<0.05) (Figure
2a). More marked inhibition of tumor growth was
elicited by combined treatment with squalamine and
carboplatin (P<0.001; Figure 2a).

The tumor growth inhibition seen with combined
squalamine and platinum-based chemotherapeutics for
both human ovarian tumor lines persisted for up to 18
days following cessation of squalamine treatment. We
therefore investigated how long bioactivity persisted
with combined cisplatin and squalamine treatment of
HER-2-overexpressing CAOV3 tumors by maintaining
the dual therapy animal cohort until the mean tumor
size for these animals reached 500 mm? (Figure 2b).
After tumor growth to 50-60 mm?®, animals with
established tumors were treated with control solution,
cisplatin alone (4 mg/kg) on day 1, squalamine alone
(2 mg/kg) on days 1-10, or cisplatin (day 1) in
combination with squalamine (days 1-10). As com-
pared with control tumor xenografts, the calculated
tumor growth delay in established tumors was 7 days
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Figure 2 Squalamine inhibits growth of ovarian CAOV3 tumor
xenografts with HER-2 overexpression and enhances the
cytotoxic effects of cisplatin and carboplatin. (a) CAOV3 ovarian
cancer cells were inoculated subcutaneously in nude mice. After 7
days, animals with tumors of comparable size were randomized to
treatment with control solution (CON), squalamine (SQ; 2 mg/kg
on days 1-10), carboplatin (CPt; 60 mg/kg on day 1), or
carboplatin given in combination with squalamine (SQ/CPt). At
the end of the experiment, HER-2 receptor expression levels were
assessed and, as possible, confirmed to be low in parental tumors
and high in HER-2-overexpressing xenografts. Results are given
as mean+s.e.m. for tumor volumes (mm®) measured over a 28-
day experimental period. (b) CAOV3 ovarian cancer cells were
inoculated subcutaneously in nude mice. After 7 days, animals
with tumors of comparable size were randomized to treatment
with control solution (CON), squalamine (SQ; 2 mg/kg on days
1-10), cisplatin (Pt; 4 mg/kg on day 1), or cisplatin administered
in combination with squalamine (SQ/Pt). Tumor volumes (mm?)
are expressed as mean+s.e.m. for measurements to assess tumor
growth delay due to the several treatments (Teicher et al., 1998)

for cisplatin therapy alone, 28 days for squalamine
treatment alone, and 91 days for squalamine combined
with cisplatin administration (Figure 2b). Combined
squalamine-cisplatin therapy was nontoxic as assayed
by no animal death or significant weight loss during
the study period.

Squalamine and cisplatin promote ovarian tumor cell
apoptosis in vivo

To assess molecular effects of squalamine and cisplatin,
ovarian 2008 parent and HER-2-overexpressing tumor
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xenografts remaining after treatments with squalamine,
cisplatin (4 mg/kg dose; Pt 1) or a combination of the
reagents were harvested at day 28 and assessed for
ovarian tumor cell apoptosis in vivo. For evaluation of
apoptosis, the modified TUNEL assay (Ellis et al.,
1991; Steller, 1995) was performed on tissue sections.
The assays showed evidence of increased apoptosis in
ovarian 2008 parental tumor cells treated with
squalamine alone, cisplatin or combined cisplatin-
squalamine as compared to appropriate controls (all
at P<0.05) (Figure 3a). The 2008 HER-2-overexpres-
sing ovarian tumors displayed less apoptotic activity
than 2008 parental cancers with all treatments
(P<0.05). Although apoptosis tended to be higher
after administration of either squalamine or cisplatin
alone, only treatment with squalamine in combination
with cisplatin elicited a significant increase in the extent
of apoptosis of HER-2-overexpressing ovarian cancers
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Figure 3 Effccts of squalamine and cisplatin on ovarian tumor
cell apoptosis and tumor-associated angiogenesis in vivo. (a) A
modificd TUNEL assay was performed in ovarian 2008 parental
(PAR) and HER-2-overexpressing (HER2) tumor tissue sections
to compare tumor cell apoptosis in vivo among the different
treatment groups, including control (CN), squalamine (SQ; 2 mg/kg
on days 1-10), cisplatin (Pt 1; 4 mg/kg on day 1), and
squalamine-cisplatin (SQ/Pt 1; squalamine in combination with
cisplatin) Figure 1.). The apoptotic index was assessed as before
(O'Reilly et al., 1997). (b) Squalamine and cisplatin inhibit tumor-
associated angiogenesis in ovarian 2008 parental and HER-2-
overexpressing tumor xenografts in nude mice. Immunohisto-
chemical staining for von Willebrand Factor was used to
quantitate blood vessel density (number of blood vessels per high
power field) in tumor sections. The several treatment groups
included control (CN), squalamine (SQ; 2 mg/kg on days 1-10),
cisplatin (Pt 1; 4 mg/kg on day 1), and squalamine-cisplatin (SQ/
Pt 1; squalamine in combination with cisplatin) (see Figure 1a,b).
Results are expressed as mean+s.c.m. of appropriate values
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(P<0.001) (Figure 3a). The results suggest that
squalamine enhances cytotoxic effects of cisplatin
chemotherapy for human ovarian cancer cells by
increasing levels of tumor cell apoptosis produced by
cisplatin exposure, either with or without HER-2
oncogene overexpression.

Squalamine down-regulates ovarian tumor-associated
angiogenesis but not VEGF production in vivo

Tissue sections of parent and HER-2-overexpressing
2008 tumor xenografts remaining after treatments with
squalamine, cisplatin (4 mg/kg dose; Pt 1) or a
combination of the reagents at day 28 (Figure 1)
were also prepared for immunohistochemical staining
with human von Willebrand Factor (VWF) to detect
blood vessels. On review and scoring of tumor
microvessel density, 2008 HER-2-overexpressing tu-
mors exhibited more angiogenic activity than 2008

parental cancers (P<0.001) (Figure 3b). Treatment

with squalamine alone elicited a significant reduction
of tumor-associated blood microvessel density for
either ovarian tumor (P<0.001) (Figure 3b), and the
immunohistochemical analyses also revealed a reduc-
tion of tumor-associated angiogenesis in mice treated
with cisplatin plus squalamine (P<0.01) (Figure 3b).
No significant differences in microvessel density were
found between groups treated with cisplatin alone and
controls. The results suggest that squalamine is anti-
angiogenic for ovarian cancer cells with or without
HER-2 overexpression. Squalamine-induced suppres-
sion of tumor microvessels is also a sustainable event
since it was noted up to 18 days following the last
squalamine dose.

In further studies on expression of VEGF in
tumor xenografts in vivo, ovarian 2008 parent and
HER-2-overexpressing tumors were freshly excised at
the end of the experiment (day 28) and dissected
free of contaminating mouse tissue. The tumor
xenografts were then dissociated and homogenized
for further analysis of VEGF expression by Western
blot (Figure 4). Under nonreducing conditions,
protein bands of the appropriate molecular size
occur in both 2008 parent and HER-2-overexpressing
tumors (Ferrara et al., 1993). Moreover, 2008 HER-
2-overexpressing tumors appear to have significantly
higher levels of VEGF than the 2008 parent tumors
(Figure 4). Among parental and HER-2-overexpres-
sing tumors treated in vivo with squalamine, levels of
VEGF were comparable to those of appropriate
paired controls (Figure 4), suggesting that squala-
mine treatment does not influence tumor-induced
VEGF production.

Squalamine blocks VEGF-stimulated proliferation of
endothelial cells in vitro

To assess the biologic mechanism for the anti-
angiogenic and antitumor effects of squalamine
noted with the ovarian 2008 parent and 2008
HER-2-overexpressing tumor xenografts, human




umbilical vein endothelial cells (HUVEC) were
grown in vitro. VEGF alone elicits significant
proliferation of HUVEC cells by 72h. In the
absence of VEGF, squalamine had no effect on
survival or proliferation of the endothelial cells.
However, in the presence of VEGF, squalamine
elicited a significant reduction in VEGF-induced
endothelial cell proliferation (P<0.001) (Figure 5).
This growth-suppressive effect of squalamine appears
restricted to endothelial cells since the compound
had no direct inhibitory effect on the proliferation of
ovarian 2008 cancer cells, either with or without
HER-2 gene overexpression (Figure 5).

PAR HER2

CN SQ CN SQ

- 45 kd

- 19 kd

Figure 4 Higher levels of VEGF protein in ovarian HER-2-
overexpressing tumors as compared with that of parental tumors
grown in vivo. Ovarian 2008 parental (PAR) and HER-2-
overexpressing (HER2) tumor xenografts treated in vivo without
squalamine (CN) or with squalamine (SQ) were freshly harvested,
dissociated, homogenized and processed for electrophoresis and
Western blotting with anti-VEGF antibody. Equal amounts of
protein were loaded in each lane. VEGF g5 is known to be the
most abundant molecular species in the majority of cells, and
purified VEGF 45 is about 45 kd in size under nondenaturing
conditions, but the molecule also occurs in monomeric forms
ranging from 18-23 kd depending, in part, on glycosylation
(Ferrara et al., 1993)
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Figure 5 Squalamine inhibits VEGF-induced proliferation of
endothelial cells in vitro, but does not directly affect the growth of
ovarian epithelial tumor cells in virro. Human umbilical vein
endothelial cells (HUVEC), ovarian 2008 parental cells (2008PR)
and ovarian 2008 HER-2-overexpressing cells (2008H2) were
grown in vitro in the presence of vascular endothelial cell growth
factor (VEGF; 20 ng/ml) or control vehicle (CON), squalamine
(SQ; 16 uM) or combinations of VEGF with squalamine (VEGF/
SQ) for three days. In additional control studies, squalamine at 8
and 16 uM also elicited no direct effect on proliferation in vitro of
CAOV3 ovarian cancer cells with HER-2 overexpression (data
not shown). All data are from triplicate determinations of cell
numbers, with results presented as meanzs.e.m.
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Figure 6 VEGF secretion by ovarian cancer cells with or
without HER-2 gene overexpression. Ovarian 2008 parental cells
(PAR) and ovarian 2008 HER-2-overexpressing cells (HER2)
were grown in vitro, either with control medium (Cn) or medium
containing squalamine (SQ; 16 uM). After 72 h, media were
collected and processed for ELISA assay of VEGF secretion.
Using a lower dose of squalamine at 8 um for treatment of
ovarian 2008 cells with HER-2 overexpression, similar effects on
VEGF secretion were found (n=2; data not shown). Data
represent mean 4s.e.m. units of VEGF secretion

Squalamine does not affect VEGF secretion in vitro for
ovarian cancer cells with or without HER-2 gene
overexpression

HER-2 overexpression is generally thought to lead to
tumor development through its effects on promoting
uncontrolled cancer cell growth. However, recent
findings suggest that HER-2 may also regulate cell
survival functions such as angiogenesis by promoting
tumor production of VEGF (Petit et al., 1997). To
explore how HER-2 may contribute to angiogenesis in
ovarian cancers, we evaluated HER-2 effects on in vitro
VEGF secretion by human ovarian tumor cells. Parent
and HER-2-overexpressing ovarian 2008 cancer cells
were incubated for 72 h in vitro, and secretion of
VEGF into conditioned media was determined by use
of established enzyme-linked immunosorbant assay
(ELISA) (Ferrara et al, 1993; Petit et al., 1997)
(Figure 6). Parent ovarian cancer cells show significant
secretion of VEGF, and, after transfection of ovarian
cells with HER-2 gene to high levels, a further increase
in the level of VEGF secretion was found, a result
consistent with the in vivo findings described above (see
Figure 4). In parallel in vitro studies, treatment of
ovarian cancer cells with squalamine elicited no
significant effect on secretion of VEGF (Figure 6),
again reminiscent of our in vivo findings. Thus, HER-2
overexpression may contribute to angiogenesis through
up-regulation of VEGF secretion in ovarian cancer,
but squalamine is not anti-angiogenic at this step in
tumor-associated angiogenesis since it does not appear
to directly affect secretion of VEGF by ovarian
epithelial tumor cells.
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Squalamine blocks VEGF-induced activation of MAP
kinase in vitro

VEGF exerts its biologic effects by binding with
receptor tyrosine kinases, notably Flt-1 and Flk-1/
KDR, present at the surface of endothelial cells
(Mustonen and Alitalo, 1995; Soker er al., 1996).
Post-receptor signal transduction regulates the effects
of VEGF, and the proliferative action of VEGF in
endothelial cells has been associated with VEGF-
induced tyrosine phosphorylation and stimulation of
mitogen-activated protein kinases (MAP kinase),
extracellular signal-regulated kinase ERK-1 (p44 MAPK)
and ERK-2 (p42 MAPK) (Soker et al., 1996; Rousseau et
al., 1997). On the assumption that blockade of
endothelial cell proliferation by squalamine may occur,
in part, by suppression of MAP kinase signaling
cascades induced by growth factors, VEGF-induced
tyrosine phosphorylation of MAP kinases was assessed.
As expected, VEGF promotes tyrosine phosphoryla-
tion of MAP kinase isoforms, with maximal effects
evident by 10 min (Figure 7). However, after admin-
istration of squalamine, the VEGF-stimulated phos-
phorylation of MAP kinase isoforms is significantly
suppressed, especially after 30 min exposure to VEGF
(Figure 7).

Discussion

It is well-known that solid tumors are angiogenesis-
dependent for growth, and angiogenesis is stimulated
by tumor-secreted angiogenic factors, such as VEGF,
that bind to tyrosine kinase receptors and promote
endothelial cell proliferation and new capillary forma-
tion (Folkman, 1971; Gimbrone et al., 1972; Folkman
and Haudenschild, 1980). Similarly, the present studies
suggest that angiogenesis is essential for growth of

SQ YEGF+SQ
Cn 10' 30' Cn 10' 30'

- phospho -p44 MAPK

A - phospho -p42 MAPK
- p44 MAPK
B - p42 MAPK

Figure 7 Squalamine blocks VEGF-stimulated tyrosine phos-
phorylation of MAP kinase in HUVEC cells in vitro. Quiescent
HUVEC cells were treated with control vehicle (Cn), VEGF
(50 ng/ml), squalamine (SQ; 1.6 uM) or VEGF in combination
with squalamine (VEGF +SQ) for 10 or 30 min in vitro. Lysates
were prepared and processed as described in Materials and
methods. (a) Western blotting was performed with anti-phospho-
p44/42 MAP kinasc monoclonal antibody as indicated in
Materials and methods. (b) Paired samples were used for Western
blotting with anti-p44/42 MAP kinase monoclonal antibody to
confirm similar total protein load in each lane. Treatment of
HUVEC cells in vitro with squalamine at 0.8 uM elicited a similar
block of VEGF-stimulated tyrosine phosphorylation of MAP
kinase (data not shown)
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ovarian tumors in vivo. Squalamine, a natural anti-
angiogenic steroid, blocks VEGF-induced growth of
human umbilical vein endothelial cells, suggesting it
presumptively could have a positive role in regulating
the growth of ovarian cancers. The experiments
described in this paper show further that squalamine
suppresses in vivo growth of ovarian cancer xenografts
to a similar extent with or without HER-2 oncogene
overexpression in the tumor and enhances the cytotoxic
effects of platinum-based chemotherapy. Resistance to
cisplatin treatment in ovarian tumors with or without
HER-2-overexpression may therefore’ be overcome
when the cisplatin is combined with squalamine, a
feature of squalamine that could have direct applica-
tion to the design of appropriate clinical trials.

Several studies suggest that VEGF plays an im-
portant role in the progression of ovarian cancer (Paley
et al., 1997; Yamamoto et al., 1997; Alvarez et al.,
1999), and evidence for interactions between VEGF-
induced angiogenesis and growth factor receptor
pathways in tumors is beginning to emerge. Since the
HER-2 growth factor receptor is overexpressed in a
significant number of ovarian cancers, it may play an
important role in promoting growth of ovarian cancers
(Slamon et al., 1989; Wong et al., 1995; Juhl et al,
1997; Hellstrom et al., 2001). In the laboratory, HER-2
amplification is rate-limiting for expression of the
malignant phenotype of ovarian cancer in a dose-
dependent manner (Juhl er al, 1997), and HER-2
antireceptor antibodies elicit cytostatic growth inhibi-
tion of ovarian cancer cells overexpressing HER-2
(Pietras et al.,, 1994). We have demonstrated in this
paper that VEGF is produced by transfected and non-
transfected human ovarian 2008 cancers, and stimula-
tion of the HER-2 pathway appears to further up-
regulate tumor secretion of VEGF. In our studies on
VEGF expression in ovarian 2008 tumor xenografts in
vivo, ovarian 2008 tumors overexpressing HER-2 were
associated with significantly higher levels of VEGF
than ovarian 2008 parent control tumors, consistent
with data from the in vitro experiments with the same
cancer cells. These findings correspond well with prior
observations on the stimulatory influence of HER-2
signaling on VEGF production in human breast
cancers (Petit et al., 1997). The data also are consistent
with clinical data demonstrating HER-2 oncogene
overexpression is associated with a poor prognosis
for ovarian cancer patients with this abnormality
(Slamon et al., 1989; Berchuck et al.,, 1990; Wong et
al., 1995). In these individuals, VEGF overproduction
may stimulate angiogenesis to a greater extent than
would otherwise be seen, leading to rapid tumor
growth and shorter patient survival times.

Squalamine specifically inhibits endothelial cell
proliferation induced by a wide range of growth
factors, including VEGF. This inhibition may result
from its interaction with endothelial cell surface proton
pumps, thus altering intracellular pH and impeding
downstream signaling by growth factors (Akhter et al.,
1999; Eckhardt, 1999). Alternatively, calcium-depen-
dent cell signaling following exposure to growth factors




such as VEGF may be dysregulated when squalamine
forces intracellular redistribution of calmodulin (Chen
et al., 1999). Irrespective of which mechanism may be
operating, we find that squalamine blocks proliferation
of human umbilical vein endothelial cells in vitro, while
it does not directly interfere with growth of ovarian
tumor cells or production of VEGF by these tumor
cells in vitro. VEGF has been shown to initiate biologic
responses by binding with receptor tyrosine kinases,
including Flt-1, Flk-1/KDR and neuropilin, present at
the surface of endothelial cells (Mustonen and Alitalo,
1995; Soker et al., 1998; Abedi and Zachary, 1997).
The proliferative action of VEGF in endothelial cells is
associated with the subsequent VEGF-induced tyrosine
phosphorylation and stimulation in concert of focal
adhesion kinase (FAK) and MAP kinases, including
p38 MAP kinase, ERK-1 (p44 MAPX) and ERK-2
(p42 MAPK) (Soker et al., 1996; Rousseau et al., 1997,
Kroll and Waltenberger, 1997). On testing the
assumption that blockade of endothelial cell prolifera-
tion by squalamine may occur, in part, by suppression
of MAP kinase signaling cascades induced by VEGF in
endothelial cells, we found that squalamine signifi-
cantly curbs VEGF-stimulated phosphorylation of
MAP kinase isoforms p42 and p44 in HUVEC. Thus,
squalamine may prevent endothelial cell growth and
associated angiogenesis by interrupting signal transduc-
tion necessary for endothelial cell activation. In
addition, administration of squalamine alone to nude
mice with human ovarian cancer xenografts elicits a
partial reduction in tumor size as compared to controls
in both parental and HER-2-overexpressing tumors.
This in vivo effect of squalamine is further enhanced by
coadministration of cisplatin and is associated with a
reduction of tumor-associated angiogenesis and with
enhanced apoptosis of ovarian cancer cells with both
2008 tumor lines, notably when squalamine and
cisplatin are used together. The chemotherapeutic effect
on apoptosis presumably is due to interruption of the
tumor-associated blood supply. Given the relatively
small response of both ovarian tumor lines to cisplatin
treatment, it is noteworthy that cisplatin plus squala-
mine is a far better treatment than squalamine alone,
and the combination has similar antitumor efficacy
with both tumor lines.

As in the experiments described above with ovarian
cancers, squalamine alone was previously reported to
be a potent inhibitor of the growth of blood vessel cells
in preclinical studies of lung (Teicher et al., 1998,
Schiller and Bittner, 1999) and brain (Sills et al., 1998)
cancers. To evaluate the possible clinical efficacy of
squalamine combined with standard cytotoxic anti-
tumor therapy in suppressing growth of ovarian
cancers, the anti-angiogenic sterol was administered
to the 2008 parent and 2008 HER-2-overexpressing
tumor xenografts in combination with cisplatin and to
CAOV3 HER-2-overexpressing tumors in combination
with cisplatin or carboplatin chemotherapy. Use of
postoperative chemotherapy is standard treatment for
all advanced-stage and for many early-stage patients
with ovarian cancer, and adjuvant therapy with

Squalamine and human ovarian cancer
D Lietal

platinum-based regimens significantly prolongs survival
(Ozols, 1999). The experimental results provide
evidence of significant antitumor efficacy of the several
ovarian cancers following combined treatment with
squalamine and cisplatin (or carboplatin) as compared
with appropriate controls. These results are consistent
with earlier studies demonstrating enhancement by
squalamine of the antitumor efficacy of cisplatin,
carboplatin or carboplatin/paclitaxel therapies in nude
mice with lung cancer xenografts (Teicher et al., 1998;
Schiller and Bittner, 1999). Data in this paper show a
strong correlation between the ability of squalamine-
based chemotherapy to inhibit tumor angiogenesis and
tumor growth and increase tumor apoptosis. Since
platinum-based chemotherapies are often used for
treatment of ovarian cancers (Ozols, 1999), extrapola-
tion of our experimental results to the clinical setting
leads us to infer squalamine in combination with
platinum compounds may prove useful as part of a
coordinated attack against both ovarian tumor blood
supply and ovarian cancers.

Squalamine has been tested in two phase I clinical
trials employing patients with a variety of solid
malignancies and who have failed conventional
therapies, and the chemical has been shown to be
well-tolerated by human subjects (Patnaik et al., 1999).
Phase II combination chemotherapy studies incorpor-
ating squalamine are ongoing in patients with
advanced ovarian cancer. The outcome of these clinical
trials will provide the first answers as to whether or not
squalamine offers a degree of outcome improvement
over cytotoxic therapy alone to patients afflicted with
disseminated ovarian cancer comparable to that seen
with the xenograft models described in this report.

Materials and methods

Cell lines

Human ovarian 2008 parental cells (provided by Dr S
Howell) were derived from a patient with serous cystadeno-
carcinoma of the ovary (Disaia ef al., 1972), and human
CAOV3 ovarian carcinoma cells were obtained from
American Type Culture Collection (Rockville, MD, USA).
Using methods described elsewhere (Chazin et al., 1992;
Pietras et al., 1994; Pegram et al., 1997), ovarian cancer cells
with low expression of HER-2 gene were stably transfected
with a vector containing the full-length cDNA of human
HER-2 gene, with molecular characterization of HER-2
overexpression as before (Pietras et al., 1994; Pegram et al.,
1997). Both parental and HER-2-overexpressing ovarian
cancer cells were routinely cultured in RPMI 1640 media
supplemented with 10% heat-inactivated fetal bovine serum,
2mM freshly added glutamine and 1% penicillin
G-streptomycin-fungizone solution (Irvine Scientific, Santa
Ana, CA, USA). Human umbilical vein endothelial cells were
obtained from Clonetics (San Diego, CA, USA), with
immunospecific staining to confirm that cells are endothelial
(Morales et al., 1995). The latter cells were grown in
endothelial cell growth medium (EGM) which contains
endothelial cell basal medium supplemented with 2% fetal
bovine serum, 10 ng/ml hEGF, 1.0 ug/ml hydrocortisone,
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50 pg/ml gentamicin, 50 ng/ml amphotericin-B, and 12 ug/ml
bovine brain extract (BBE) (Folkman and Haudenschild,
1980; Morales et al., 1995).

Measurement of VEGF protein levels

Secretion of VEGF protein was quantitated in extracellular
media by enzyme-linked immunosorbant assay (ELISA) after
centrifugation and concentration by Amicon® filtration
(Ferrara et al., 1993; Goldman et al., 1993).

Quantitation of cell proliferation in vitro

Human ovarian tumor or endothelial cells (10000 cells/well)
were plated in 12-well plates and allowed to attach overnight
in the appropriate complete media. The medium was then
removed and replaced with either fresh complete medium,
medium supplemented with squalamine, VEGF (PeproTech,
Rocky Hill, NJ, USA), or squalamine plus VEGF. The
choice of squalamine doses for use in the in vitro studies was
based on results from preliminary experiments and pharma-
cokinetic studies (Williams et al., 2001). Cell proliferation was
determined by both direct counts and Coulter-counter
analyses. All assays were performed in triplicate.

Detection of p44/42 MAP kinase activity by Western blot

Tyrosine phosphorylation of MAP kinase was determined as
before (Sebolt-Leopold et al., 1999). HUVEC cells were
grown in 100 mm culture dishes to 80—90% confluence and
in complete EGM media. Then, cells were starved in
endothelial cell basal medium containing 1% fatty acid-free,
steroid-depleted bovine serum albumin for 8 h. Prior to
addition of VEGF (50 ng/ml) for various times at 37°C, cells
were incubated in the presence or absence of 1.6 uM
squalamine for 1 h. After treatment, cells were immediately
rinsed with cold PBS three times and chilled at 0—4°C prior
to lysis in 100 ul cold lysis buffer containing 20 mMm Tris
(pH 8.0), 137 mM NaCl, 10% glycerol, 1% Triton X-100,
20 mM EDTA, 0.5 pg/ml leupeptin, 0.5 ug/ml aprotinin,
50 pg/mi trypsin inhibitor, 0.1 mg/ml 4-(2-aminoethyl)-ben-
zenesulfonyl fluoride and 1.0 mM sodium orthovanadate
(Sigma, St. Louis, MO, USA). Total protein concentration
was determined by BCA assay (Pierce Biochemical, Rock-
ford, IL, USA). Protein samples (50 ug/lane) were separated
on a 4-12% precast Tris-Glycine gel (Novex, San Diego,
CA, USA). Proteins were then transferred to a nitrocellulose
membrane and subjected to immunodetection with anti-
phospho-p44/p42 MAP kinase E10 monoclonal antibody
(New England Biolabs, Beverly, MA, USA), using the ECL
Western blotting system (Amersham Pharmacia, Arlington
Heights, IL, USA) as before (Chazin et al., 1992; Pegram et
al., 1997). In paired control experiments, a p44/p42 MAP
kinase antibody (New England Biolabs) was used for
detection of total enzyme protein.

Tumor cell inoculation and drug treatment in nude mice

All animal studies were conducted according to protocols
approved by the UCLA animal research committee. Five to
six-week-old female athymic nude mice (25-30 gm) were
obtained from Harlan Sprague-Dawley (Indianapolis, IN,
USA) and primed for 7 days with 17B-estradiol applied
subcutaneously in a biodegradable carrier-binder (1.7 mg of
estradiol per pellet, 60-day release form, Innovative Research
of America, Sarasota, FL, USA). Thereafter, 2 x 107 tumor
cells were injected subcutaneously in the mid-back region of
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the mice and grown as xenografts (Pietras et al., 1994;
Pegram et al., 1997). After growth of tumors to 150-200
mm?>, animals were randomized by body weight and tumor
nodule size to different treatment groups of 5-7 mice.
Animals were treated by intraperitoneal injection with control
solution, cisplatin (Platinol), carboplatin (Paraplatin; Bristol
Myers Squibb, Princeton, NJ, USA), squalamine (2 mg/kg on
days 1-10; Genaera Corporation, Plymouth Meeting, PA,
USA) or cisplatin (or carboplatin) in combination with
squalamine. Based on previous work (Pietras et al., 1994;
Pegram et al., 1997; Schiller and Bittner, 1999; Plumb et al.,
2000), cisplatin (4 mg/kg) and carboplatin (60 mg/kg) were
generally administered at doses less than the maximum
tolerated dose in an attempt to allow any additive effects of
combination treatment with platinum-based agents and
squalamine to be more easily detected (Schiller and Bittner,
1999). However, in selected experiments, cisplatin (5 mg/kg
on day 1, 8) was also administered alone and in combination
with squalamine at maximum tolerated doses as determined
previously for these cell lines in nude mouse models (Pietras
et al., 1994; Pegram et al., 1997; Kolfschoten et al., 2000).
The 2 mg/kg squalamine dose was selected as being the
minimal daily dose previously shown to be significantly active
in a tumor xenograft model in combination with a platinum
agent (Williams et al., 2001). Tumor nodules were monitored
by dimension measurements as before (Pietras et al., 1994). In
most studies, experiments were terminated after 28 days to
allow harvesting of tumor xenografts for assessment of
selected molecular endpoints, including HER-2 expression
by immunohistochemical methods (see Pietras et al., 1994;
Pegram ef al., 1997). Mean tumor growth inhibition for each
treatment group was determined as before (Pietras et al.,
1994; Pegram et al., 1997). In selected experiments, tumor
growth delay was calculated by graphing the volume of each
treatment group and calculating the number of additional
days it took to reach 500 mm® compared with control
(Teicher et al., 1998). In all studies, toxicities of treatment
regimens were estimated by following changes in animal body
weight and the incidence of drug-associated deaths.

Tissue preparation and paraffin-embedded tissue sections

At the end of the experiments, mice were sacrificed, and
tumors were excised, fixed in formalin and embedded in
paraffin according to established procedures (Luna, 1968).
Paraffin-embedded tumors were prepared in 4—6 pm sections,
mounted on positively-charged Superfrost Plus slides (Fisher,
Houston, TX, USA) prior to immunohistochemical staining,
and sections were then deparaffinized in xylene, followed by
100, 95, 70 and 50% ethanol and rehydration in H,O.

Quantification of tumor vessel counts

Histological sections of tumors from in vivo treatments of
ovarian cancers were analysed for degree of angiogenesis by
estimates of tumor-associated blood microvessel density.
Tumor microvessel density was measured by counting the
number of capillary blood vessels per high power field in
sections stained with antibodies against von Willebrand
Factor (vWF) as before (O’Reilly et al, 1997). In brief,
anti-human vWF/HRP antibodies (EPOS; Dako, Carpinteria,
CA, USA) were applied on tissue sections to mark
endothelial cells and were then detected using a specific
substrate system. Vessels were counted by use of a light
microscope. '




Apoptosis assay

Histological sections of tumors from in vivo treatments of
ovarian cancers were analysed for apoptosis using a detection
system described previously (Ellis et al., 1991; O’Reilly et al.,
1997). Apoptosis was assessed by a specific colorimetric
detection system (Promega, Madison, WI, USA) (Ellis et al.,
1991; Steller, 1995). In brief, fragmented DNA of apoptotic
cells were end-labeled using a modified TUNEL (TdT-
mediated dUTP nick-end labeling) assay. Biotinylated
nucleotide was incorporated at 3-OH DNA ends using
terminal deoxynucleotidyl transferase. Horseradish peroxi-
dase-labeled streptavidin was then bound to biotinylated
nucleotides and was detected using peroxidase substrate,
hydrogen peroxide, and the stable chromogen diaminobenzi-
dine. Using this procedure, apoptotic nuclei stained brown.
An apoptotic index was estimated by the percentage of cells
scored with a light microscope at 200-fold magnification
(O'Reilly et al., 1997).

Detection of VEGF in tumors

In selected in vivo experiments, human tumor xenografts were
freshly excised and dissected free of mouse tissues. Human
tumor tissue was then dissociated and homogenized in vitro
by established methods (Pietras and Roberts, 1981). Total
protein concentration in homogenates was assessed by BCA
assay (Pierce Biochemical), and protein samples were
separated on a 4-12% precast Tris-Glycine gel (Novex).
Proteins were then transferred to a nitrocellulose membrane
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and subjected to immunodetection with anti-VEGF mono-
clonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA,
USA), using the ECL Western blotting system (Amersham
Pharmacia) as before (Chazin er al., 1992; Pietras et al.,
1994).

Statistical analysis

Statistical evaluation of data by r-tests and analysis of
variance as appropriate was conducted using methods
described before (Pietras et al., 1994; Pegram et al., 1997).
All computations were made with Stat View and Super
ANOVA software (Abacus Concepts, Berkeley, CA, USA).
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A phase IIA trial of continuous 5-day infusions of MSI-1256F (squalamine lactate) plus carboplatin for
therapy of persistant or recurrent advanced ovarian cancer

Abstract No:
Author(s):

Abstract:
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Susan A Davidson, Linnea Chap, Richard Pietras, Allen Astrow, Walter Gajewski, Kevin Brader, Michael
Petrone, Avinash Desai, Stephen Solomon, Kenneth Holroyd, Frank Major, Lisa Adler, Allen Cohn, Univ of
Colorado Health Sciences Ctr, Denver, CO; University of California Los Angeles, Los Angeles, CA; Saint
Vincents Medical Center, New York, NY; Women and Infants Hospital of Rhode Island, Providence, RI;
Vanderbilt University Medical Center, Nashville, TN; Genaera Corporation, Plymouth Meeting, PA; Rocky
Mountain Cancer Center, Denver, CO.

Squalamine (MSI-1256F) is an anti-angiogenic aminosterol that acts directly on activated endothelial cells after
intracellular uptake. MSI-1256F when administered as a five-day continuous infusion in conjunction with
carboplatin (AUC=6) every three weeks at 200mg/m2/day. Thirty three patients with stage III or stage IV
ovarian cancer, with either progression on primary paclitaxel and carboplatin therapy (refractory disease) or
recurrence within 6 months of initial response to paclitaxel and carboplatin therapy (resistant disease) received
squalamine lactate. Patients with recurrence, resistant or sensitive, within 12 months of initial response to a
secondary or tertiary regimen were also permitted (recurrent disease). PATIENT CHARACTERISTICS: median
age 59 years (range 25-73 years), 28 Caucasian, 2 African American, 1 Asian, and 2 Hispanic, ECOG PS 0-1 (18
00, 15-1), 21 stage III and 12 stage IV. Response data is available for 22 evaluable patients at this time. Median
time on the study was 81 days. There were 8 objective responses in the first 22 evaluable patients. Survival data
is maturing. TOXICITY: Grade 4 thrombocytopenia, anemia, leukopenia, myalgia and asthenia occurred in 3
patients. Other grade 4 adverse events like headache, nausea, pain and allergic reaction to carboplatin occurred
in two patients. Also single incidence of anorexia, nausea, vomiting, diarrhea, constipation, atrial fibrillation,
tachycardia, sinus bradycardia, hypokalemia, hyponatremia, dyspnea, increased cough, apnea, liver function
abnormalities, injection site reaction and dizziness were reported. Additional patients are being enrolled at the
200 mg/m?*/day squalamine dose to complete enrollment in the study. Updated data on these additional patients
and survival data will be presented. These results with Squalamine suggest it to be an exciting option for
advanced refractory ovarian cancer patients, a group of patients for whom new therapeutic alternatives are much
needed. Further studies are being planned. :
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International Journal of Gynecology and Obstetrics (2003)

SQUALAMINE BLOCKS TUMOR-ASSOCIATED ANGIOGENESIS AND
GROWTH OF OVARIAN CANCER. R. J. Pietras, M. Gorrin-Rivas and H.
Chen. UCLA School of Medicine, Dept. of Medicine-Hem/Oncology, Los Angeles,
CA 90095, USA.

Objective: Angiogenesis plays a critical role in progression of ovarian cancer.
Squalamine is a naturally-occurring sterol with antitumor efficacy in the treatment
of ovarian cancer. In early clinical trials, squalamine enhances responses to

platinum-based therapy in patients with platinum-resistant or -refractory disease
and has minimal toxicity (Proc. Am. Soc. Clin. Oncol.: 878, 2002).

Methods: The mechanism of action of squalamine was assessed in vifro by assay
of several steps of angiogenesis, a process involving human vascular endothelial
cell (HUVEC) proliferation, migration and differentiation to tube-like structures,
with many events stimu- lated by factors released by tumor cells (Oncogene

21:2805, 2002).

Results: Ovarian cells were found to secrete significant levels of vascular
endothelial cell growth factor (VEGF), a direct activator of angiogenesis, but
squalamine did not reduce VEGF secretion by tumor cells, and it evoked no direct
growth inhibition of ovarian cells in vitro. However, squalamine, at doses as low
as 160 nM, did halt HUVEC growth and markedly reduced VEGF-induced
capillary tube-like formations by HUVEC growing in Matrigel culture (P<0.001).
These physiologic effects correlated well with squalamine-induced blockade of the
rapid VEGF-stimulated phosphorylation of p42/p44 MAP kinase in HUVEC, an
early cell response to activate proliferation. Squalamine also reduced VEGF-

induced phosphorylation of focal adhesion kinase (FAK) and stress-activated



o

protein kinase-2/p38 (SAPK2/p38), blocking, in turn, assembly of F-actin stress
fibers in HUVEC. These effects follow primary interaction of squalamine with
caveolar domains at surface membranes of endothelial cells, sites for the

concentration of vital signaling complexes to regulate the angiogenic process.

Conclusions: The results suggest that potent antitumor efficacy of squalamine is
due to coordinated disruption of tumor-associated angiogenesis that supports
progression of human ovarian cancers. [Supported by US Army OCRP and Stiles

Program in Oncology].




