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ARTICLE INFO ABSTRACT

Angiogenesis is critical for breast cancer progression. Overexpression of HER-2/neu receptors occur in 25-30% of
breast cancers, and treatment with trastuzumab inhibits HER-2-overexpressing tumor growth. Notably, HER-2-
mediated signaling enhances vascular endothelial growth factor (VEGF) secretion to increase tumor-associated
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:EGI; . angiogenesis. Squalamine (aminosterol compound) suppresses VEGF-induced activation of kinases in vascular

Tquau?mmeb endothelial cells and inhibits tumor-associated angiogenesis. We assessed antitumor effects of squalamine either
rastuzuma . - . . - :

MCE-7 alone or with trastuzumab in nude mice bearing breast tumor xenografts without (MCF-7) or with HER2-

overexpression (MCF-7/HER-2). Squalamine alone inhibited progression of MCF-7 tumors lacking HER2 over-
expression, and squalamine combined with trastuzumab elicited marked inhibition of MCF-7/HER2 growth
exceeding that of trastuzumab alone. MCF-7/HER-2 cells secrete higher levels of VEGF than MCF-7 cells, but
squalamine elicited no growth inhibition of either MCF-7/HER-2 or MCF-7 cells in vitro. However, squalamine
did stop growth of human umbilical vein endothelial cells (HUVECs) and reduced VEGF-induced endothelial
tube-like formations in vitro. These effects correlated with blockade of focal adhesion kinase phosphorylation and
stress fiber assembly in HUVECs. Thus, squalamine effectively inhibits growth of breast cancers with or without
HER-2-overexpression, an effect due in part to blockade of tumor-associated angiogenesis.

1. Introduction

Despite an increase in early detection, improved surgical treatment,
radiotherapy and drug therapy, breast cancer remains a major cause of
mortality among women worldwide. The overexpression of HER-2/neu
proto-oncogene, which encodes a 185kDa transmembrane receptor
tyrosine kinase with homology to epidermal growth factor receptor
[1,2], has been found in 25-30% of human breast cancers and corre-
lates with poor clinical outcome [3-8]. Trastuzumab (Herceptinw), a
humanized monoclonal antibody specific for the extracellular domain
of HER-2 receptor, has shown effectiveness as a single agent as well as
in combination with chemotherapeutic agents [9,10]. HER-2 receptor-
mediated signaling is also known to enhance secretion of vascular en-
dothelial growth factor (VEGF), eliciting increased tumor-associated

angiogenesis that is critical for tumor growth and progression [11-19].
Consequently, the use of antiangiogenic therapy such as bevacizumab
(Avastin), a humanized monoclonal antibody that inhibits VEGF, alone
and in combination with HER2-targeted therapies has been investigated
[11-13,15-17,19]. To date, randomized clinical trials of dual therapy
with bevacizumab and trastuzumab have not demonstrated an addi-
tional overall survival benefit of adding bevacizumab to trastuzumab
and/or docetaxel chemotherapy despite some improvement in pro-
gression-free survival [11,12,17,19,20]. However, alternative anti-
angiogenic agents that have a different mechanism of action have
shown significant antitumor activity in several malignancies
[13,21-28]. Thus, squalamine, an aminosterol isolated originally from
dogfish shark liver, has been shown to exhibit potent antiangiogenic
activity due to the selective inhibition of new blood vessel formation
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[25,29-31]. As VEGF is integral to the pathogenesis of neovascular age-
related macular degeneration, early phase clinical trials of squalamine
for this condition are underway [32-34]. Further, squalamine has also
been reported to be effective in blocking tumor progression in several
preclinical xenograft models, including breast [28,31,35], ovarian
[24,36], lung [23,26], brain [27] and prostate [37] cancers. Additive
antitumor effects have been demonstrated with squalamine in combi-
nation with chemotherapeutic agents such as cisplatin, carboplatin,
cyclophosphamide and 5-fluorouracil [24,26,28]. In Phase I trials,
squalamine administered IV was determined to be well-tolerated by
patients and not associated with major toxicities at recommended dose
levels [21]. In more advanced clinical trials, squalamine in combination
with chemotherapy was also reported to be well-tolerated and de-
monstrated significant clinical benefit for treatment of patients with
either non-small cell lung or ovarian cancers [22,23,36].

This study evaluates whether the in vivo use of either squalamine
alone or combined with trastuzumab provides additional antitumor
efficacy against human breast cancer cell xenografts with or without
HER-2/neu-overexpression, respectively. Further, we have investigated
potential molecular mechanisms by which squalamine may exert anti-
angiogenic effects. Our results indicate that squalamine administered
alone inhibits the progression of breast tumors lacking HER2-over-
expression. Furthermore, squalamine, particulalry in combination with
trastuzumab, significantly suppresses the growth of HER2-over-
expressing tumors in vivo, exceeding the inhibition expected with
trastuzumab treatment alone. This antitumor effect of squalamine ap-
pears to be due in part to its blockade of tumor-associated angiogenesis
stimulated by vascular endothelial growth factors. This action may be
mediated mainly by inhibition of VEGF-induced phosphorylation of
p42/p44 MAP kinase [24] and focal adhesion kinase (FAK), which, in
turn, disrupts the critical assembly of stress fibers in tumor-associated
vascular endothelial cells [38-41].

2. Materials and methods
2.1. Reagents

Trastuzumab (Herceptin’; lyophilized, sterile powder) was pur-
chased from Genentech, Inc. (South San Francisco, CA). The lyophilized
recombinant human VEGF was obtained from PeproTech (Rocky Hill,
NJ). Chemically synthesized squalamine was provided by Genaera
Pharmaceuticals Inc. (Plymouth Meeting, PA).

2.2. Cell lines

MCF-7 cells (American Type Culture Collection, Rockville, MD)
stably transfected with a vector containing the full-length cDNA of
human HER-2 gene (MCF7/HER2) were maintained in RPMI 1640
medium with 10% fetal bovine serum (FBS) [42,43,45]. Parental con-
trol MCF-7 cells were used and maintained as described before [42,43].
Human umbilical vein endothelial cells (HUVECs) (BioWhittaker, Inc.,
Walkersville, MD) were routinely grown in Endothelial Cell Basal
Medium (EBM°, BioWhittaker, Inc.) supplemented with 2% fetal bovine
serum, 10ng/ml hEGF, 1.0 ug/ml hydrocortisone, 30 pg/ml genta-
micin, 15 pg/ml amphotericin B, and 12 mg/ml bovine brain extract
(BBE). Cultured HUVECs were serum starved overnight (> 12h) prior
to experimental use.

2.3. Human tumor xenografts in nude mice

Animals were housed in a pathogen-free environment with con-
trolled light and humidity and received food and water ad libitum. All
animal experiments were approved and followed the guidelines and
regulations of our Institutional Animal Care and Use Committee. MCF-
7/HER2 cells were inoculated subcutaneously at 2 x 107 cells/animal
into the dorsal area of 6-week-old female athymic mice (Harlan
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Sprague-Dawley, Indianapolis, IN) primed with 1.7 mg s.c. estradiol-
173 (E2B) in a biodegradable binder pellet (Innovative Research of
America, Sarasota, FL) beginning 3 days prior to cell inoculation
[44,45]. Treatment was initiated when tumors grew to 50-80 mm?®.
Animals were randomized by weight and tumor size at the start of the
experiment, with 5-7 animals included in each treatment group. Tras-
tuzumab (loading dose, 8 mg/kg; then 4 mg/kg weekly thereafter), and
squalamine (2mg/kg daily for 28 days) were administered by in-
traperitoneal injection. Vehicle injections in the control group (n = 5)
were given on an identical treatment protocol as squalamine. Tumors
were measured using calipers on the days indicated, and tumor volume
was calculated as the product of length x width X height as before
[43,46-51]. In an independent parallel experiment, mice were sacri-
ficed at day seven of the treatment, and the tumors resected, fixed in
37% formalin and embedded in paraffin for immunohistochemical
staining. Furthermore, experiments were performed using parental
control MCF-7 cells without HER2-overexpression. MCF-7 cells were
inoculated subcutaneously at 2 x 107 cells/animal into the dorsal area
of 6-week-old female athymic mice primed with 1.7 mg s.c. estradiol-
17 in a biodegradable binder pellet beginning 3 days prior to cell
inoculation [44,45]. The treatment protocol was the same as that used
for MCF-7/HER2 cells.

2.4. Immunohistochemical staining and microvessel counting

Endothelial cells were stained with a rabbit antiserum against Von
Willebrand Factor (vWf), (Dako, Carpinteria, CA) [15]. To evaluate
microvessel quantitation, slides were scanned at low-power magnifi-
cation ( X 40 to x 100) to identify areas with the highest number of
vessels. Five areas per tumor considered to have the highest densities
were selected and counted at x 200 power magnification, and mean
values = SEM were recorded. Any brown-staining endothelial cells or
cluster of endothelial cells with or without a lumen, clearly separated
from adjacent microvessels, tumor cells, and other connective tissue
elements, was considered to be individual vessels.

2.5. Invitro cell proliferation

HUVEC cells (1 x 10%) and MCF-7 cells (1 x 10%) were seeded in 6-
well cell culture plates in duplicate. The cells were allowed to attach
overnight in the appropriate complete media. The medium was then
removed and replaced with either fresh complete medium, medium
supplemented with VEGF, squalamine or VEGF plus squalamine. Cells
were dispersed in trypsin, resuspended in PBS, and counted on the in-
dicated days with a hemocytometer [44,45].

2.6. Vascular endothelial cell tube-like formation in vitro and binary
mapping

HUVECs were maintained in 24-well plates previously coated with
Geltrex (Thermo Fisher Scientific, Waltham, MA). Cells were incubated
in Vasculife complete medium without VEGF (Lifeline Cell Technology,
Oceanside, CA) in the presence of 1uM squalamine, 50 ng/ml VEGF
(Lifeline Cell Technology), a combination of squalamine and VEGF or
vehicle control. After 12-18 h, cells were stained with 4 pg/mL Calcein
AM dye (Thermo Fisher Scientific) and incubated at 37 °C for 30 min.
Tube formations were observed under a fluorescent microscope.
Photographs were obtained at 40X magnification, and tube-like for-
mations were quantified using the ImageJ Angiogenesis Analyzer
(http://rsb.info.nih.gov/ij/) [52,53]. The angiogenesis analyzer allows
the network analysis of photos from endothelial tube assays based on
fluorescence imaging using calcein dye. Images were converted to
binary images and traced. A trace of the overall network of tubes was
then generated. Once this map is produced, the angiogenesis analyzer
quantifies and measures the number of segments, mesh areas, junctions
and nodes. Additionally, the software also measures the length of the
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Fig. 1. Squalamine inhibits growth of human breast
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tumor xenografts in vivo. A) Squalamine inhibits
growth of MCF-7/HER2 breast tumor xenografts in
vivo and enhances antitumor effects of trastuzumab.
MCF-7/HER-2-overexpressing breast cancer cells
were subcutaneously inoculated in nude mice. After 7
days, animals with tumors of comparable size were
randomized to treatment with trastuzumab (Mab;

200 100 +

MCF7/HER2 Tumor Volume (cubic mm)

50

=
o
|
MCF7/PAR Tumor Volume (cubic mm) @

0 T

8 mg/kg loading dose followed by a 4 mg/kg dose
administrated weekly thereafter), squalamine (SQ;
2 mg/kg on days 1-28), or trastuzumab admini-
strated in combination with squalamine (Mab + SQ).
The control group (CON) received appropriate ve-
hicle injections on days 1-28. Animals with tumors
exceeding 500-mm> were sacrificed as per our ap-
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proved institutional animal research committee pro-
tocol. After day 28, the experiment was terminated.
Results are expressed as mean = SEM. Antitumor
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effects of MADb and SQ alone groups were significantly different from those of the CON group; and antitumor effects of the MAb + SQ combination treatment group
were significantly different from those of CON and from either MAb or SQ treatments as single agents (all at P < 0.01). B) Squalamine inhibits growth of MCF-7
breast tumor xenografts but does not enhance effects of trastuzumab in tumors without HER2 overexpression. MCF-7 cells were inoculated subcutaneously as above,
and animals with tumors of comparable size were randomized to treatment with control (CON), trastuzumab (MADb), squalamine (SQ) or a combination of these two
agents (MAb + SQ). The control group received appropriate vehicle injections during the course of the study as in A) above. After day 28, the experiment was

+

terminated, with results expressed as mean

SEM. Antitumor effects of SQ alone or MAb + SQ groups were both significantly different from those of the CON

group (P < 0.001); but antitumor effects of the MAb treatment alone as expected were not significantly different from those of the CON group.

aforementioned elements. Quantification of all these elements was
obtained from at least three different experiments and quantified for
statistical analysis.

2.7. Detection of phospho-focal adhesion kinase (FAK) activity by gel
electrophoresis and Western immunoblot

HUVEC cells (Lifeline Cell Technologies, Danvers, MA) were grown
in 100 mm culture dishes to 80-90% confluence in complete HUVEC
cell medium Vasculife (Lifeline Cell Technologies) without VEGF.
Before adding VEGF (50 ng/ml) for 10 min at 37 °C, cells were in-
cubated in the presence or absence of 1uM squalamine for 1h.
Appropriate controls were also prepared. After treatment, cells were
rinsed with PBS 3 times and placed on ice before lysing in 100 pl cold
RIPA buffer (Thermo Fisher Scientific) in the presence of protease in-
hibitors (Thermo Fisher Scientific). Total protein concentration was
determined by a standard Bradford Assay. Protein samples (50 pug/lane)
were loaded on a 4-12% precast Tris-Glycine gel. Proteins were then
transferred to a PVDF membrane and immunoblotted with anti-
phosphoFAK (Y397) and anti-total FAK monoclonal antibodies (Cell
Signaling Technology). Bands were detected using the Pierce ECL
Western Blotting Substrate blocked with 5% BSA (Thermo Fisher
Scientific).

2.8. Measurement of extracellular VEGF protein by ELISA and Western
immunoblot

MCF-7 breast cancer cells were cultured under serum-free condi-
tions for 24 h and treated in the presence or absence of squalamine
(1.6 uM). Conditioned medium was collected after 24 h. The amount of
secreted VEGF was measured in the conditioned medium with a VEGF-
specific sandwich-ELISA assay (R & D Systems Inc., Minneapolis, MN)
according to the manufacturer's instructions [44]. VEGF protein levels
were normalized for protein content in the conditioned medium. For
Western immunoblotting MCF7/PAR and MCF7/HER2 cells were
grown in vitro and treated with increasing doses of squalamine. After
48 h supernatant was collected and concentrated using amicon Ultra-15
centrifugal filter devices (Thermo Fisher Scientific). Western im-
munoblots were done using anti-VEGF antibody (Thermo Fisher cat
#MA5-12184).
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2.9. Confocal microscopy for phospho-FAK detection

HUVECs were grown on glass coverslips. They were fixed with 3.7%
formaldehyde and permeabilized with 100% acetone. Phospho-FAK
was detected using a rabbit polyclonal antibody anti-FAK [pY>7]
(Biosource International; Camarillo, CA). Phospho-FAK antigen-anti-
body complexes were detected with fluorescein anti-rabbit IgG (H + L)
(VECTOR Laboratories; Burlingame, CA). F-actin was assessed using
rhodamine-conjugated phalloidin (0.165 pM) (Molecular Probe, Inc.;
Eugene, OR). After repeated washes with PBS, coverslips were mounted
onto glass microscope slides and viewed with a Leica TCS SP MP
Inverted Confocal Microscope [40,41].

2.10. Statistics

Statistical differences regarding in vitro cell proliferation, VEGF se-
cretion and microvessel density were analyzed using Student's t-test.
ANOVA was used for comparison of tumor xenograft volumes. All re-
sults were expressed as mean = SEM. P < 0.05 was considered as
statistically significant.

3. Results

3.1. Squalamine inhibits growth in vivo of MCF-7 breast tumors with or
without HER-2 overexpression

The antitumor activity of squalamine was evaluated using MCF-7
tumor xenografts in vivo. MCF-7/HER2 cells were first implanted sub-
cutaneously. When tumors grew to 50-75 mm?, animals were treated
with control, trastuzumab alone (8 mg/kg, loading dose, and 4 mg/kg
weekly thereafter), squalamine alone (2 mg/kg) on days 1-28, or the
combination of trastuzumab plus squalamine. Treatments were termi-
nated after day 28. Squalamine treatment alone significantly retarded
the growth of tumors as compared to controls (P < 0.001). However, a
more profound and sustained regression of tumors was observed with
the combination of squalamine and trastuzumab as compared to control
tumors that grew rapidly to more than 600-700 mm?® in the course of
the experiment (P < 0.001; Fig. 1). In parallel experiments using
parental MCF-7 tumor xenografts that do not overexpress HER-2 re-
ceptors, treatment with squalamine alone, but not trastuzumab alone,
also significantly reduced tumor growth in vivo (P < 0.001; cf [24]).
Notably, the antitumor effect of squalamine alone appears
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Fig. 2. Immunohistochemical staining for vascular endothelial cells in MCF-7/
HER-2 xenograft tissues obtained from nude mice treated for seven days with
either squalamine (SQ) or trastuzumab (MAb) administered alone or in com-
bination (MAb/SQ). Microvessels were stained using a polyclonal antibody
against vWf and were randomly counted from 5 different high-power fields
( X 200) per mouse tumor. The values are represented as means *+ SEM of
microvessel density per high-power field (n = 3). Treatment with squalamine
(SQ) alone or a combination of squalamine with trastuzumab (MAb/SQ) eli-
cited a significant reduction in microvessel density as compared to controls
(CON) or to trastuzumab (MAb) alone (P < 0.01, by student's t-test).

proportionately greater in HER2-overexpressing tumor xenografts than
that observed in tumors without HER2-overexpression.

3.2. Squalamine suppresses MCF-7/HER-2 breast xenograft-associated
angiogenesis in vivo

Immunohistochemical analysis of the vascularization of tumor xe-
nografts performed postmortem by staining with polyclonal antibody
against endothelial cell-specific von Willebrand factor demonstrated a
decreased microvessel density, as counted from five different high-
power fields ( X 200), in 7-day tumor tissues obtained from mice with
squalamine administered either alone or in combination with trastu-
zumab, as compared with control or trastuzumab alone-treated tumor
tissues (see Fig. 2). Microvessel density was quantitated based on data
from three mice in each treatment group.

3.3. Squalamine does not affect production of VEGF by MCF-7 breast
cancer cells with or without HER-2 gene overexpression

To determine whether HER-2 overexpression may contribute to
angiogenesis in breast cancer by promoting VEGF production, we
evaluated HER-2 effects on VEGF secretion. Parent and HER-2 over-
expressing breast MCF-7 cancer cells were incubated for 48 h in vitro,
and secretion of VEGF into conditioned media was determined by en-
zyme-linked immunosorbant assay (ELISA). MCF-7 cells overexpressing
HER-2 gene had significantly increased levels of VEGF secretion as
compared to that found in parental MCF-7 cells, a results consistant
with that reported previously in ovarian cancer cells with and without
HER2 overexpression [24]. Moreover, treatment with squalamine eli-
cited no significant effect on secretion of VEGF by the breast tumor cells
in vitro (Fig. 3A). These results were further confirmed by detection of
VEGF in the extracellular media of MCF7/PAR and MCF7/HER2 cells
after squalamine treatment by use of gel electrophoresis and Western
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immunoblot (Fig. 3B).

3.4. Squalamine blocks VEGF-induced proliferation of HUVECs in vitro, but
does not directly affect proliferation of MCF-7/HER-2 cells

To further assess the biological mechanism for the antiangiogenic
and antitumor effect of squalamine seen in MCF-7/HER-2 breast tumor
xenografts, HUVECs were grown in vitro in the presence of 50 ng/ml of
VEGF, 3.2 uM of squalamine and combinations of VEGF and different
concentrations of squalamine. A significant inhibition of VEGF-induced
vascular endothelial cell proliferation by squalamine was clearly evi-
dent at day 8. This growth-suppressive effect of squalamine is dose-
dependent with maximal suppression at 3.2 uM. Doses of 1.6 uM and as
low as 160 nM also showed significant suppression of endothelial cell
growth (Fig. 4a). In contrast, squalamine had no direct inhibitory effect
on the proliferation of human breast MCF-7 cancer cells, either with
HER2 overexpression (Fig. 4b) or without HER2 overexpression (data
not shown).

3.5. Squalamine suppresses VEGF-stimulated capillary tube-like formation
by HUVECs in vitro

HUVECs were cultured in serum-free medium on the surface of
Geltrex with the indicated treatments. Vehicle, squalamine (1 pM),
VEGF (50 ng/ml) or a combination of VEGF (50 ng/ml) with squala-
mine (1 uM). After 18 h incubation, endothelial cell tubular structures
were photographed and analyzed by using Angiogenesis Analyzer
ImageJ as described in methods. As shown in Fig. 5, the results reveal
representative capillary tube like formations as well as the skeletons of
tubular networks that identify established master segments, meshes,
master junctions, branches, nodes and segments. HUVEC cells in those
plates in which the networked capillary tubes were more effectively
inhibited by squalamine showed a marked alteration in their shape and
size, in contrast with the more characteristic spindle-shaped cells that
form capillary-like tubes either in the absence of squalamine or in the
presence of very low doses of squalamine. It is apparent that VEGF
alone promotes enhanced capillary tube-like formation as compared to
controls while treatment with squalamine in combination with VEGF
disrupts the expected VEGF-induced capillary tube-like formations
(Fig. 5).

3.6. Squalamine disrupts F-actin stress fibers and blocks VEGF-induced
phosphorylation of focal adhesion kinase in HUVECs

Next, we assessed the effect of squalamine on endothelial cell ar-
chitecture to further understand the mechanisms by which squalamine
inhibits endothelial cell proliferation and capillary tube-like formation.
HUVECs were stimulated with 50 ng/mL VEGF in the absence or pre-
sence of squalamine. Thereafter, the organization of actin filaments in
stress fibers and the activation of FAK were evaluated by using both
confocal microscopy and Western blots methods. The results indicate
that VEGF induced significant activation of FAK (Fig. 6¢c1 and 6c3) as
compared to cells treated with controls (Fig. 6al and 6a3) or with
squalamine alone (Fig. 6b1 and 6b3). In addition, actin filaments ap-
pear less organized and chaotic in control cells (Fig. 6a2 and 6a3) and
in cells treated with squalamine alone (Fig. 6b2 and 6b3). In contrast,
treatment with VEGF for 10 min induced a marked reorganization of
the actin filaments into more defined trans-cytoplasmic stress fibers
(Fig. 6¢2 and 6¢3). Notably, squalamine treatment essentially inhibited
formation of trans-cytoplasmic stress fibers as well as VEGF-induced
phosphorylation of FAK when both agents were administered in com-
bination (Fig. 6d2 and 6d3).

Results obtained by confocal microscopy were confirmed by use of
gel electrophoresis and Western immunoblot experiments. Incubation
of HUVEC cells with VEGF increased FAK (Tyr397) phosphorylation
that was inhibited when administered in the presence of squalamine
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(Fig. 7A). Inhibition of FAK phosphorylation (Tyr397) was dose-de-
pendent in the presence of increasing concentrations of squalamine
(Fig. 7B), thus confirming independent results obtained by confocal
microscopy.

4. Discussion

Tumor-associated angiogenesis is a prognostic factor that helps to
identify patients with breast cancer at high risk for disease recurrence
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and death. Several studies have clearly demonstrated that the in-
tratumoral microvessel density of breast carcinoma is associated with
aggressive tumor growth, invasion and further may serve to predict the
response to chemotherapeutics [54-57]. Overexpression of the HER-2
growth factor receptor also correlates with poor clinical outcome in
breast cancer [3,4,8-10,49], and HER-2-overexpression is closely as-
sociated with increased tumor-associated angiogenesis and increased
expression of VEGF [9,10,15,58,59]. We have confirmed that human
MCF-7 breast cancer cells with HER-2 gene overexpression exhibit
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Fig. 5. Regression of VEGF-induced HUVEC tube-like structures after squalamine treatment. HUVECs were cultured in serum-free medium on the surface of Geltrex
with the indicated treatments. A) vehicle (CONTROL); B) squalamine 1 uM (SQUAL); C) VEGF 50 ng/ml; D) VEGF (50 ng/ml) + squalamine (1 pM) (SQ + VEGF).
After 18 h incubation, endothelial cell tubular structures were observed under a fluorescent microscope and photographed with a 20 X objective (top panels) and
analyzed by Angiogenesis Analyzer ImageJ as described in methods. Middle and lower panels show corresponding skeletons of tubular networks identifying master
segments (orange), meshes (blue sky), master junctions (red), branches (green), nodes (red surrounded by blue) and segments (magenta). E) and F) ImageJ analyzed
parameters of tube formation E) node number, F) number of master segments, meshes and master junctions were calculated. Values are the mean and SEM calculated
from triplicates in 3 independent experiments (n = 3, *p < 0.05; **p < 0.01). HUVEC cells in those plates in which the networked capillary tubes were more
effectively inhibited by squalamine showed marked alteration in their shape and size, in contrast with the more characteristic spindle-shaped cells that form
capillary-like tubes either in the absence of squalamine or in the presence of very low doses of squalamine. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

enhanced secretion of VEGF as compared with parental cells lacking breast tumor xenografts in vivo. Most of the animals in the dual treat-
HER-2 overexpression (Fig. 3) [15,24]. Expression of VEGF is also as- ment group showed complete macroscopic remission of tumor xeno-
sociated with worse prognosis in breast cancers that lack HER-2 over- grafts at 28 days after initiation of the combined treatment. In addition,
expression [60-63]. Hence, angiogenesis is a key component of breast administration of squalamine alone elicits a partial reduction in tumor
cancer growth, invasion and metastasis, and inhibition of angiogenesis xenograft size as compared to appropriate controls (Fig. 1A). Such in
has been an attractive strategy for breast cancer treatment, particularly vivo effects of squalamine directly correlated with a reduction of blood
using bevacizumab [12,13,15,16,18]. However, despite increased re- vessel formation (about 70%; P < 0.01) in the tumors as demonstrated
sponse rates in both the metastatic and neoadjuvant setting, bev- by immunohistochemical analysis of tumor vascularization by staining
acizumab has failed to show any overall survival benefit [64-67]. In with antibody against endothelial cell-specific von Willebrand Factor
addition, randomized clinical trials of dual therapy with bevacizumab (Fig. 2). Of special note, treatment with squalamine alone, but not
and trastuzumab have not demonstrated an additional overall survival trastuzumab alone, also reduced the growth of MCF-7 tumor xenografts
benefit of adding bevacizumab to trastuzumab and/or docetaxel che- without HER-2 gene overexpression (Fig. 1B). The inhibitory action of
motherapy despite some improvement in progression-free survival squalamine alone in MCF-7 cells is proportionately less than the marked
[11,12,16,17,19,20,68]. We postulate that further identification of suppression observed in tumors with HER2-overexpression.
antiangiogenic agents that may function by different mechanisms may The antiangiogenic activity of squalamine appears to be mediated
help to address this problem. by a direct effect on vascular endothelial cells. We demonstrated that
Our results provide evidence that the combination of trastuzumab squalamine was able to block VEGF-induced HUVEC proliferation in
plus squalamine significantly suppresses the growth of MCF-7/HER-2 vitro in a dose-dependent manner (Fig. 4a), but squalamine had no
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CON

SQ+VEGF

Fig. 6. Squalamine blocks FAK phosphorylation and formation of actin stress fibers in HUVECs exposed to VEGF. a) HUVECs were made quiescent and either treated
with a) control (CON); or b) treated with squalamine (SQ; 3.2 u M) alone for 60 min; c) treated with 50 ng/ml VEGF for 10 min; and compared with d) cells pre-
treated with squalamine (3.2 p M) for 60 min and 50 ng/ml VEGF for 10 min. FAK phosphorylation (green signal) was detected using a polyclonal antibody anti-FAK
[pY>%7]; and F-actin (red signal) was detected using rhodamine-conjugated phalloidin. Cells were examined by confocal microscopy and DAPI was used for nuclear
staining (blue). Results show that VEGF stimulates FAK phosphorylation (c1) as compared to control (al) and squalamine (b1) treatment, while this effect is inhibited
by combined treatment with squalamine (d1). Further, VEGF also induces a reorganization of actin stress fibers (c2) as compared to control (a2) and squalamine (b2)
treatment, while this action is reversed by dual treatment with squalamine (d2). The lower panel (a3-d3) presents an overlay of the green and red signals for FAK and
F-actin, respectively for each of the treatment groups. The bulk of HUVECs responded to VEGF-induced FAK phosphorylation as reported by others [78] as well as to
squalamine-dependent disruption of VEGF-induced FAK phosphorylation. Representative fields are shown, based on data obtained in 5 different experiments. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

direct effect on either parental or HER-2 overexpressing MCF-7 human
breast cancer cell proliferation, nor on the levels of VEGF production by
these cancer cells. The current findings confirm earlier reports (cf [24])
that HER-2-overexpressing tumors produce significantly greater levels
of VEGF than corresponding tumors that lack HER2-overexpression,
thereby implicating a role for VEGF in the antiangiogenic activity of
squalamine. The suppression of VEGF-induced HUVEC proliferation in
vitro by squalamine was then investigated with additional experiments
that demonstrated that squalamine suppressed VEGF-stimulated capil-
lary tube-like formation by HUVECs, also in a dose-dependent manner.

A SQ
VH SQ VEGF VEGF

v —
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125 kDa

FAK =—> 125 kDa

The current findings are consistent with independent reports
showing that squalamine inhibits tumor-associated angiogenesis and
malignant growth in multiple animal models [21-36]. This effect is
considered to be mediated, at least in part, by blocking mitogen-in-
duced proliferation and migration of endothelial cells, thus preventing
neovascularization of tumors. Overall, squalamine has been found to
have no observable effects on unstimulated endothelial cells, is not
directly cytotoxic to tumor cells and does not alter mitogen production
by tumor cells [cf [24,27]. To further clarify the mechanism by which
squalamine exerts its antiangiogenic effect, we examined the assembly

squalamine

VH 0.001 0.01
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Fig. 7. Squalamine blocks FAK phosphorylation in HUVECs exposed to VEGF. HUVECs were incubated in the presence of VEGF, squalamine or a combination of both
VEGF and squalamine A) HUVEC cells were treated with control vehicle (VH), VEGF (50 ng/ml), squalamine (SQ; 1 uM) or VEGF in combination with squalamine
( SQ/VEGF). Lysates were prepared and processed as described in materials and methods. Western blotting was done with monoclonal antibodies against
phosphoFAK (upper panel) and total FAK (lower panel). B) HUVEC cells were treated with control vehicle (VH) or increasing concentrations of squalamine from
0.001 to 1 puM for 1 h in vitro. Inmunoblotting was done with anti-phospho (Y397) FAK. For loading control, membranes were stripped and reprobed with anti total
FAK.

72



D.C. Mdrquez-Garbdn, et al.

of actin into trans-cytoplasmic stress fibers and the activation of focal
adhesion kinase by use of confocal fluorescence microscopy [38-41].
Squalamine inhibited both the VEGF-induced phosphorylation of FAK
and the organization of actin filaments into stress fibers. Focal adhe-
sions are points of tight adhesion which provide a structural link be-
tween the cytoskeleton in the inner side of the endothelial cell and the
extracellular matrix on the outer side. They are assembled following the
recruitment of several signaling molecules such as talin, paxillin, vin-
culin, tensin and a-actinin, orchestrated by activation of the key mo-
lecule, FAK [69]. Prior reports have shown that squalamine also blocks
VEGF-induced phosphorylation of SAPK2/p38 MAP kinase, which in
turn modulates the activation of HSP27 in human endothelial cells
[40,41]. HSP27 acts as an F-actin cap-binding protein and shows a
phosphorylation-modulated inhibitory function on F-actin polymeriza-
tion [70-73]. The rapid phosphorylation of HSP27 upon activation of
SAPK2/p38 would release its binding to actin allowing polymerization
which then contributes, in tight coordination with assembly of focal
adhesions, to the formation of stress fibers in cells exposed to various
agonists, such as VEGF and TGF-3, among others [40,41,70,71]. The
integrity of stress fibers as well as focal adhesion structures is vital for
the angiogenesis process, because it permits the migration of en-
dothelial cells and their subsequent attachment to the surrounding
extracellular matrix in order to begin the formation of new tubular
structures [24,25,27,40,41]. We propose that squalamine blocks an-
giogenesis by first inhibiting FAK and potentially p38 MAP kinase
phosphorylation [40,41] and subsequent assembly of focal adhesion,
actin filament polymerization and anchorage, affecting in this way the
stress fiber formation in endothelial cells. This will affect, in turn, the
migration and organization of these cells in newly-growing blood ves-
sels. In support of these results, Williams et al. [74] and Connolly et al.
[32] also report that squalamine induces disorganization of F-actin
stress fibers and a concomitant reduction of detectable cell adhesion
molecule VE-cadherin on the endothelial cell surface.

In a previous report, we also determined that squalamine blocks
VEGF-stimulated tyrosine phosphorylation of MAP kinase in HUVEC
cells in vitro [24]. This effect was observed in quiescent HUVEC cells
upon treatment with VEGF in combination with squalamine for
10-30 min in vitro. Squalamine inhibition of endothelial cell prolifera-
tion may also result in part from its interaction with endothelial cell
surface proton pumps, thus altering intracellular pH and impeding
downstream signaling by VEGF and possibly other vascular growth
factors [75-77]. Alternatively, calcium-dependent cell signaling fol-
lowing exposure to growth factors such as VEGF may be dysregulated
when squalamine forces intracellular redistribution of calmodulin [32].
Irrespective of which specific mechanism is operating, we find that
squalamine blocks VEGF-stimulated proliferation of human umbilical
vein endothelial cells in vitro, while it does not directly interfere with
growth of 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 neuro-
pilin, present at the surface of endothelial cells [78-80]. The pro-
liferative 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 MAPK) and ERK-2 (p42 MAPK) [41,80,81]. On
testing the assumption that blockade of endothelial cell proliferation by
squalamine may occur, in part, by suppression of MAP kinase signaling
cascades induced by VEGF in endothelial cells, we found that squala-
mine significantly curbs VEGF-stimulated phosphorylation of MAP ki-
nase isoforms p42 and p44 in HUVEC [24]. Thus, squalamine may
prevent endothelial cell growth and associated angiogenesis by inter-
rupting critical signal transduction necessary for vascular endothelial
cell activation necessary for tumor-associated angiogenesis [54-57].

In previous studies, we suggested that combinations of treatments
incorporating agents that work by different mechanisms might elicit a
more complete suppression of tumor growth and tumor-associated
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angiogenesis [24]. Consistent with this notion, Izumi et al. explored the
possibility that trastuzumab treatment elicited a rearrangement of the
tumor vascular network to more closely resemble normal networks,
thereby facilitating drug delivery to previously inaccessible regions
[82]. Therefore, dual therapy with trastuzumab plus squalamine could
offer a more optimal combination for breast cancer, as we demonstrate
in the current experimental model focused on human breast cancers
overexpressing HER-2 receptors. Treatment with squalamine in breast
tumors with or without HER-2-overexpression, potentially including
triple-negative subtypes [61,67] may be a reasonable option to consider
going forward because squalamine lactate for clinical use is reported to
be safe and well-tolerated and shows evidence of antitumor activity in
patients afflicted with non-small cell lung cancer and ovarian cancer in
Phase I-1I trials [21-23].

In conclusion, results of this study show that the antiangiogenic
steroidal compound squalamine effectively suppresses the growth of
human breast cancer cells with or without HER-2 receptor over-
expression when administered alone and especially when administered
in combination with trastuzumab in HER-2-overexpressing tumors
using preclinical models in vivo. The antitumor effect exerted by squa-
lamine is due, in part, to blockade of VEGF-induced phosphorylation of
ERK-1 (p44 MAPK) and ERK-2 (p42 MAPK) as well as focal adhesion
kinase, affecting, in turn, assembly of actin filaments into trans-cyto-
plasmic stress fibers in endothelial cells and the process of tumor-as-
sociated angiogenesis [56-58,82].
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