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Abstract
Vascular endothelial growth factor receptor (VEGFR) has recently been discovered on ovarian
cancer cells, but its functional significance is unknown and is the focus of the current study. By
protein analysis, A2780-par and HeyA8 ovarian cancer cell lines expressed VEGFR-1 and HeyA8
and SKOV3ip1 expressed VEGFR-2. By in situ hybridization (ISH), 85% of human ovarian
cancer specimens showed moderate to high VEGFR-2 expression while only 15% showed
moderate to high VEGFR-1 expression. By immunofluorescence, little or no VEGFR-2 was
detected in normal ovarian surface epithelial cells, whereas expression was detected in 75% of
invasive ovarian cancer specimens. To differentiate between the effects of tumor versus host
expression of VEGFR, nude mice were injected with SKOV3ip1 cells and treated with either
human VEGFR-2 specific antibody (1121B), murine VEGFR-2 specific antibody (DC101), or the
combination. Treatment with 1121B reduced SKOV3ip1 cell migration by 68% (p < 0.01) and
invasion by 72% (p < 0.01), but exposure to VEGFR-1 antibody had no effect. Treatment with
1121B effectively blocked VEGF-induced phosphorylation of p130Cas. In vivo, treatment with
either DC101 or 1121B significantly reduced tumor growth alone and in combination in the
SKOV3ip1 and A2774 models. Decreased tumor burden after treatment with DC101 or 1121B
correlated with increased tumor cell apoptosis, decreased proliferative index, and decreased
microvessel density. These effects were significantly greater in the combination group (p<0.001).
We show functionally active VEGFR-2 is present on most ovarian cancer cells. The observed anti-
tumor activity of VEGF-targeted therapies may be mediated by both anti-angiogenic and direct
anti-tumor effects.
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INTRODUCTION
Ovarian cancer is the second most common gynecologic cancer in women and remains the
most common cause of death from gynecologic malignancy, with over 15,000 deaths per
year 1. Approximately 75% of women are diagnosed with advanced stage disease due to
lack of early warning signs and effective screening tools 2. Despite high initial response
rates to aggressive primary therapy, most ovarian cancers develop drug resistance resulting
in eventual patient demise3. Unfortunately, the 5-year survival rate for these patients has not
risen above 20–25% 4. There is hence a critical need to develop better therapeutic agents
and strategies.

Angiogenesis is a complex, highly regulated process that is critical for tumor growth and
metastasis. This dynamic process is regulated by a number of pro- and anti-angiogenic
molecules. VEGF-A (commonly noted as VEGF) is one of many proangiogenic factors and
has been identified as the predominant growth factor expressed by tumor cells 5. VEGF
expression is regulated by several factors including hypoxia, acidosis, mechanical stress, and
alterations in oncogenes and tumor suppressor genes, and is known to promote endothelial
proliferation, migration, survival, differentiation, and vascular permeability 6.

Overexpression of VEGF occurs in most solid tumors including breast, lung, colon, uterus,
and ovarian cancers, and has been associated with tumor progression and poor prognosis 7–
10. Several studies have shown a significant increase in serum VEGF levels in patients with
ovarian cancer compared to healthy individuals 7, 11, 12. VEGF overexpression has been
associated with a shortened disease-free survival 7 and overall survival in ovarian cancer 11.
In addition, elevated preoperative serum VEGF levels have been shown to be an
independent prognostic factor in patients with ovarian cancer 13. While VEGF-targeted
therapies show promise in the clinical setting, their mechanism of action is not fully
understood. The VEGF ligand has specific binding affinities to VEGF receptor (VEGFR) -1
and VEGFR-2. VEGFR-2 on the endothelial cells is thought to be the major mediator of
angiogenesis in solid tumors and has been a receptor of focus for a number of anti-
angiogenic agents currently in clinical investigation. Of particular interest, is the recent
discovery of VEGFRs on tumor cells, suggesting an autocrine VEGF/VEGFR pathway 14–
16. A functional VEGF/VEGFR autocrine loop has been identified in subsets of human
leukemias as well as cancers of the breast, prostate, colon, and skin (melanoma) 17–21. In a
lymphoma xenograft model, targeting tumor-associated VEGFR-1 (human lymphoma cells)
increased apoptosis, while targeting host (murine) VEGFR-2 decreased microvascular
density 22. In a breast cancer model, VEGFR-1 inhibition on tumor cells was effective in
blocking tumor growth. Importantly, combination treatment with monoclonal antibodies
(mAbs) targeting human VEGFR-1 on tumor cells and murine VEGFR-1 on vasculature had
an additive effect in decreasing tumor growth and angiogenesis17. While VEGFR-2
expression on ovarian cancer cells has been reported 23–25, its functional significance is not
known.

The purpose of this study was to evaluate the functional role of VEGFRs on ovarian cancer
cells. To differentiate between VEGF-mediated autocrine and paracrine effects in vivo, nude
mice engrafted with human ovarian cancer cells were treated with species-specific
antibodies against human VEGFR-2 (1121B) or murine VEGFR-2 (DC101). Signaling
mechanisms responsible for anti-tumor effects were also evaluated.
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MATERIALS AND METHODS
Cell culture

The ovarian cancer cell lines SKOV3ip1, A2780-par, A2774, and HeyA8 26 were
maintained and propagated in vitro by serial passage in RPMI-1640 supplemented with 15%
fetal bovine serum and 0.1% gentamicin sulfate (Gemini Bioproducts, Calabasas, CA). All
of the cell lines were routinely screened for Mycoplasma species (GenProbe detection kit;
Fisher, Itasca, IL). All of the experiments were performed at 70–80% confluence.

Reagents
Primary antibodies were purchased from the following manufacturers: rabbit anti-VEGFR-2
(Flk-1; Santa Cruz Biotechnology, Santa Cruz, CA); rabbit anti-VEGFR-2 Tyr (Santa Cruz
Biotechnology); phospho-p42/44 Erk (Cell Signaling Technology, Danvers, MA); phospho-
PI3K (Cell Signaling Technology), phospho-p130Cas (Cell Signaling Technology);
phospho-STAT3 (Cell Signaling Technology); phospho-paxillin (Epitomics, Burlingame,
CA). Human recombinant human growth factors were purchased from the following
manufacturers: VEGF-A (Invitrogen, Carlsbad, CA) and VEGF-B (R&D Systems,
Minneapolis, MN). Human monoclonal VEGFR-1 (18F1) and VEGFR-2 (1121B) antibodies
as well as the murine monoclonal VEGFR-2 (DC101) antibody were kindly gifted from
ImClone Systems (New York, NY) and were used for in vitro and in vivo inhibition.

Western blot
For evaluation of VEGFR-1 and VEGFR-2 expression, cell lysate was prepared from
ovarian cancer cells in log growth phase at 70% confluency. VEGFR-2 phosphorylation was
assessed following serum starvation of cells for 24 hrs and subsequent serum replacement
for various time periods (0 min, 15 min, 30 min, and 4 hrs). For evaluation of VEGFR-2
inhibition, cells were serum starved overnight and then exposed to VEGFR-2 blocking
antibody 1121B (20 μg/ml) for 2 hrs at 37°C. VEGF-A (10 ng/ml) or PBS control was added
and cell lysates were collected at various time points. All cultured cell lysates were prepared
by washing in PBS and then incubating in modified radioimmunoprecipitation assay (RIPA)
lysis buffer with 1 X protease inhibitor (Roche, Mannheim, Germany) and 1mM sodium
orthovanadate for 20 minutes on ice. Cells were removed from plates by scraping and then
collected for centrifuge at 13,000 rpm for 20 minutes at 4°C. The protein concentration of
the samples was determined by a bicinchoninic acid Protein Assay Reagent kit. Typically,
50 μg of protein from whole-cell lysate were fractionated by 10% SDS-PAGE, transferred to
nitrocellulose, blocked with 5% nonfat milk for 1h at room temperature, and probed with
primary antibody at 4°C overnight. Blots were then incubated with horseradish peroxidase-
conjugated anti-mouse or anti-rabbit secondary antibody (1:2000; The Jackson Laboratory,
Bar Harbor, ME). Blots were developed with use of an enhanced chemiluminescence
detection kit (ECL; Amersham Pharmacia Biotech, Piscataway, NJ). To ensure equal protein
loading, a monoclonal actin antibody (1:2000; Chemicon International, Temecula, CA) was
used.

Patient samples
After approval by the M.D. Anderson Cancer Center Institutional Review Board for the
Protection of Human Subjects, 28 formalin-fixed, paraffin-embedded human ovarian cancer
samples and 6 normal ovarian surface epithelium samples were collected. All of the patients
underwent surgical exploration and cytoreduction as the initial treatment. The treating
gynecologic oncologist determined the adjuvant therapy. Diagnosis was verified by a
pathology review at the institutional gynecologic oncology tumor board. All of the patients
were staged according to the International Federation of Gynecology and Obstetrics surgical
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staging system. A gynecologic pathologist reviewed all of the pathology results for all of the
patients.

RT-PCR
Total RNA was isolated and prepared from HeyA8, A2780-par, and SKOV3ip1 cells using
the RNAeasy minikit (Qiagen, Valencia, CA) according to the manufacturer’s instructions.
cDNA was synthesized from 5 μg of total RNA using the Superscript First-Strand Kit
(Invitrogen) as per manufacturer’s instructions. cDNA was subjected to reverse transcription
polymerase chain reaction (RT PCR) for VEGFR-1 and VEGFR-2 with β-Actin as a
housekeeping gene. The sequence of primers used are as follows: VEGFR-1 sense: 5′-
CGACGAATTGACCAAAGCAA-3′, antisense: 5′-CGGCCTTTTCGTAAATCTGG-3′;
VEGFR-2 sense: 5′-GCTCAAGACAGGAAGACCAA-3′, antisense: 5′-
ACTTTTGCACAGCCAAGAAC-3′. The PCR cycling conditions for VEGFR-1 were as
follows: 94 °C for 2 minutes, followed by 35 cycles of 94 °C for 30 seconds, 60 °C for 45
seconds, and 72 °C for 2 minutes. The PCR cycling conditions for VEGFR-2 were as
follows: 94 °C for 5 minutes, followed by 35 cycles of 94 °C for 45 seconds, 54 °C for 1
minute, and 70 °C for 45 seconds. Amplified PCR products were analyzed by
electrophoresis on 1% agarose gel with Tris-borate-EDTA buffer and visualized under UV
light after staining with ethidium bromide.

Immunohistochemistry staining of proliferating cell nuclear antigen (PCNA), CD31, and
TUNEL

For immunohistochemical analysis, paraffin-embedded tissues were sectioned (5-μm-thick)
and used to detect expression of proliferating cell nuclear antigen (PCNA), and terminal
deoxyribonucleotide transferase mediated nick-end labeling (TUNEL). Frozen sections were
used for detecting CD31. Generally, formalin-fixed, paraffin-embedded sections were
deparaffinized by sequential washing with xylene, 100% ethanol, 95%ethanol, 80% ethanol,
and PBS. After antigen retrieval, endogenous peroxidases were blocked with 3% H2O2 in
methanol for 5 min. After PBS washes, slides were blocked with 5% normal horse serum
and 1% normal goat serum in PBS for 15 minutes at room temperature, followed by
incubation with primary antibody in blocking solution overnight at 4°C. Next, the
appropriate secondary antibody conjugated to horseradish peroxidase (HRP) in blocking
solution was added for 1 hour at room temperature. HRP was detected with 3,3′-
diaminobenzidine (DAB; Phoenix Biotechnologies, Huntsville, AL) substrate for 5 minutes,
washed, and counterstained with Gill’s no. 3 hematoxylin (Sigma). Primary antibodies used
included anti-CD31 (platelet/endothelial cell adhesion molecule 1, rat IgG; PharMingen, San
Diego, CA), anti-VEGF (rabbit IgG; Santa Cruz Biotechnology Inc., Santa Cruz, CA), and
anti-PCNA (PC-10, mouse IgG; DAKO, Carpinteria, CA) using the appropriate secondary
HRP-conjugated antibody; followed by development with DAB. Antigen retrieval for
studies on paraffin-embedded slides was done by microwave heating for 5 minutes in 0.1
mol/L citrate buffer (pH 6.0; for PCNA). After endogenous peroxidase block, slides were
incubated with 0.13 μg/mL mouse IgG Fc blocker (The Jackson Laboratory, Bar Harbor,
ME) for 2 hours before primary antibody incubation. Immunohistochemistry for CD31 was
performed on freshly cut frozen tissue. These slides were fixed in cold acetone for 10
minutes and did not require antigen retrieval. For TUNEL staining, after deparaffinizing,
samples were treated with proteinase K (1:500 dilution) and rinsed with distilled water. One
set of slides was treated with DNase (1:50 dilution) as a positive control. Samples were
incubated with terminal (1:400) and biotin-16-dUTP (1:200) in terminal deoxynucleotidyl
transferase buffer at 37°C for 1 hour and then incubated with 2% bovine serum albumin/
normal horse serum in double-distilled water. Samples were incubated with peroxidase
streptavidin 1:400 in house detection diluent at 37°C for 40 minutes. A positive reaction was
indicated by a reddish-brown precipitate in the nucleus. Images were captured with the use
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of a three chip camera (Sony Corporation of America, Montvale, NJ) and Optimas Image
Analysis software (Bioscan, Edmond, WA). Staining for PCNA, CD31, and TUNEL was
conducted on tumors collected at the conclusion of 4-week therapy trials. For quantification
of PCNA or TUNEL expression, the number of PCNA- or TUNEL-positive tumor cells
were counted in 10 random fields at X200 magnification. To quantify microvessel density,
microvessel-like structures consisting of endothelial cells that were stained with the anti-
CD31 antibody were counted in similar fields.

Immunoflourescence
Fresh frozen ovarian tumors were cut into 8 μm sections and mounted on positively charged
slides. Sections were fixed in cold acetone for 10 minutes and then washed with PBS. Slides
were blocked with 4% cold water fish skin gelatin in PBS. Samples were then incubated
overnight with VEGFR-2 or p-VEGFR-2 primary antibody (Calbiochem, Darmstadt,
Germany) at 4°C (1:400, 1:600 dilution). Slides were then incubated with the corresponding
fluorescent secondary antibody goat anti-rabbit Alexa 488 for 1 hour at room temperature
(1:600 dilution). After PBS washes, Hoechst nuclear counterstain was applied.

In situ hybridization
VEGFR mRNA levels were assessed in formalin-fixed, paraffin-embedded tissue from the
short-term experiment on established tumors described above that had been sectioned and
mounted on ProbeOn slides using the Microprobe manual system (Fisher Scientific,
Pittsburgh, PA). Slides were deparaffinized and rehydrated as described above and subjected
to enzymatic digestion with pepsin (Dako) for 20 minutes at 37°C. Slides were incubated
with a biotinylated VEGFR probe (1:200 dilution in PBS) for 60 minutes at 45°C. They
were then washed three times, for 2 minutes each, in 2× SSC at 45°C, incubated with
alkaline phosphatase labeled avidin (Dako) for 30 minutes at 45°C, rinsed in 50 mM Tris
HCl buffer (pH 7.6), exposed to alkaline phosphatase enhancer (Biomeda Corp, Foster City,
CA) for 1 minute, and finally incubated with Fast Red chromagen substrate (Research
Genetics, Carlsbad, CA) for 30 minutes at 45°C. Red staining indicates a positive reaction.
Concurrent controls were performed. The negative control included all steps, with
elimination of biotinylated probe from the hybridization reaction. The positive control used
a poly(dT) 20 oligonucleotide, which provided both confirmation of mRNA integrity and a
comparison group for analysis of stain intensity. All samples, including controls, were tested
together in a single experimental run. For imaging analysis, regions at the periphery of the
tumor, representing the areas of greatest staining, were compared between groups. Four
photographs of each slide were taken. Ten areas of each photograph were selected at
random, and the histogram output of mean staining intensity using the histogram tool in
Adobe Photoshop was recorded as intensity of staining. Both the intensity of staining as
given by histogram measurement and a “relative” score are given. For relative scoring, the
absolute intensity measurement for the negative control is designated zero and the absolute
intensity measurement for the positive control is designated 100, with relative intensity
scores for experimental samples calculated based on these reference points.

Migration assay
To determine the effects of human VEGFR-1 and VEGFR-2 blockade on tumor cell
migration, 1 × 105 tumor cells, pretreated with VEGFR-1 or VEGFR-2 mAb for 24 hrs,
were resuspended in serum-free media (SFM) and plated onto a 0.1% gelatin coated
membrane matrix using a membrane culture system 13. Bottom wells were filled with SFM
or SFM + VEGF-A (10 ng/ml) as a chemoattractant. Chambers were incubated for 6 hours
at 37°C. At completion, cells in bottom chambers were removed with 0.1% EDTA, loaded
onto a 3.0 micron polycarbonate filter (Osmonics, Livermore, CA) using an S&S Minifold I
Dot-Blot System (Schleicher & Schuell, Keene, NH), fixed, stained, and counted by light
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microscopy 13. Cells from ten random fields (final magnification= 400×) were counted by
two investigators (W.A.S. and A.K.S) and quantified as a percentage of migrated cells/1 ×
105 cells plated. Experiments were performed in duplicate.

Invasion Assay
The effect of VEGFR-1 and VEGFR-2 blockade on tumor cell invasion was performed
using a membrane invasion culture system as previously described 13. In brief, SKOV3ip1,
A2780-par, or HeyA8 cells were pretreated with antibody for 24 hours. The following day, 1
× 105 viable cells (resuspended in SFM) were placed into the top wells onto a membrane
uniformly coated with a matrix consisting of human laminin (Sigma), type IV collagen
(Sigma), and gelatin (ICN Biomedical, Aurora, CO). SFM was placed into bottom wells as
chemoattractant and chambers were then incubated for 24 hours at 37°C. Analysis of
invaded cells was performed as previously described for migration assay. The invasion
assays were performed in duplicate and repeated once.

Cell proliferation assay
In order to determine the in vitro effects of VEGFR-2 blockade on the growth of ovarian
cancer cells, 2,000 cells per well were plated in a 96-well plate with experimental conditions
set in triplicate. Cells were then subjected to sequentially diluted concentrations of 1121B,
with and without VEGF-A stimulation (10 ng/ml) and then incubated for 72 hours at 37°C.
To assess for cell viability, 50 μL of 0.15% 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (Sigma) was added to each well, and incubated for 2 hours at
37°C. The medium/3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
preparation was then removed from each well, and 100 μL of DMSO (Sigma) was added.
Absorbance was read at 570 nm absorbance (Ceres UV 900C, Bio-Tek Instrument, Inc.,
Winooski, VT) within 30 minutes.

Orthotopic ovarian cancer mouse model
Female athymic nude mice (NCr-nu) were purchased from the Animal Production Area of
the National Cancer Institute-Frederick Cancer Research and Development Center. The mice
were housed and maintained under specific pathogen-free conditions in facilities approved
by the American Association for Accreditation of Animal Care in accordance with current
regulations and standards of the United States Department of Agriculture, United States
Department of Health and Human Services, and the National Institutes of Health. The mice
were used according to institutional guidelines when they were 8–12 weeks of age.
SKOV3ip1, A2774, and A2780-par tumor cells were harvested from sub-confluent cultures
by a brief exposure to 0.25% trypsin. Trypsin was neutralized with FBS-containing medium.
The cells were then washed once in serum-free medium and reconstituted in serum-free
Hank’s balanced salt solution (Life Technologies, Carlsbad, CA) at a concentration of 5 ×
106 cells/ml for 200 μL i.p. injections. Only single-cell suspensions with greater than 95%
viability, as determined by trypan blue exclusion, were used for the injections. Seven days
after tumor cell injection, mice were randomized into four groups (n = 10/group), and the
following treatments were initiated as 200 μL, intraperitoneal (IP) injections: control IgG (1
mg twice weekly), 1121B (1 mg twice weekly), DC101 (800 μg once weekly), or 1121B and
DC101 in combination (1 mg twice weekly and 800 μg once weekly) for 4 weeks. Mice
were sacrificed 28 to 42 days after tumor cell injection, at which time body weight was
recorded. Tumors in the peritoneal cavity were excised and weighed. For
immunohistochemical staining and H&E staining procedures, tumors were fixed in formalin
and embedded in paraffin. For immunofluorescence staining, terminal deoxynucleotidyl
transferase mediated dUTP nick-end labeling (TUNEL) and immunohistochemistry
requiring frozen tissue, tumors were embedded in OCT compound (Miles, Inc.), frozen
rapidly in liquid nitrogen, and stored at −80°C.
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Statistical analysis
All measurements are depicted as the average ± SE of the mean. Continuous variables were
compared with the Student’s t test or ANOVA if normally distributed and the Mann-
Whitney rank sum test if distributions were nonparametric using Statistical Package for the
Social Sciences (SPSS, Inc.). A p-value of < 0.05 was considered statistically significant.

RESULTS
VEGFR expression in ovarian carcinoma

Prior to performing functional assays, we first characterized VEGFR expression in the
ovarian cancer cells. RT-PCR revealed that VEGFR-1 was present in the HeyA8,
SKOV3ip1, and A2780-par ovarian cancer cells (Fig. 1a). VEGFR-2 was detected only in
the HeyA8 and SKOV3ip1 cell lines (Fig. 1a). With regard to protein expression, variable
VEGFR-1 expression was noted in A2780-par and SKOV3ip1 cell lines, and VEGFR-2 was
detected in SKOV3ip1 and HeyA8 cell lines (Fig. 1b). VEGFR-2 was also detected in the
A2774 ovarian cancer cell line. Murine ovarian endothelial cells (MOECs) were used as a
positive control. VEGFR-2 was constitutively phosphorylated in the positive cell lines (data
not shown).

We next asked whether VEGFR was also present on the cancer cells from fresh human
tumors. Fifteen invasive epithelial ovarian cancer samples were examined for VEGFR
expression by in situ hybridization. Intensity of staining was obtained using a histogram
measurement and reported as a relative score. Low VEGFR expression was designated as
<50% staining intensity and moderate to high VEGFR expression as >50% staining intensity
of the positive control. Eighty-five percent of ovarian cancer specimens showed moderate to
high VEGFR-2 expression while only 15% showed moderate to high VEGFR-1 expression
(Fig. 1c). Since the human ovarian cancer samples predominantly expressed VEGFR-2, we
next tested 28 invasive epithelial ovarian cancer specimens and 6 normal ovarian specimens
for VEGFR-2 expression by immunoflourescence. As expected, VEGFR-2 was present and
phosphorylated in the tumor vasculature of all samples (data not shown). While little or no
VEGFR-2 was detected in epithelial cells of normal ovarian samples, expression was
detected in tumor cells from 75% of invasive cancer samples. Moreover, ovarian cancer-cell
associated VEGFR-2 was phosphorylated in 71% of ovarian tumor specimens (Fig. 1d).
Since VEGFR-2 was the predominant receptor in human ovarian cancer samples, we
focused on this receptor for further in vitro and in vivo characterization.

In vitro effects of VEGFR-2 inhibition on ovarian cancer cells
VEGFR-1 has been implicated in colorectal cancer cell migration and invasion 27; however,
the role of VEGFR-2 is not fully known. Therefore, to characterize the functional
significance of VEGFR on ovarian cancer cells, we examined the effects of VEGFR
inhibition on tumor cell migration, invasion, and proliferation in vitro. Tumor cells were
pretreated with either VEGFR-1 or VEGFR-2 mAb for 24 hrs prior to the assays. Exposure
to VEGFR-2 mAb 1121B resulted in a 68% decrease in SKOV3ip1 cell migration compared
to cells treated with control Ab (p < 0.01; Fig. 2a). As expected, treatment with 1121B mAb
did not affect migration of A2780-par cells. To examine the effect of VEGFR-2 blockade on
chemokine induced migration of ovarian cancer cells, VEGF-A was used as a
chemoattractant in the bottom chamber. A 48% increase in SKOV3ip1 cell migration was
observed in response to VEGF-A (p < 0.001; Fig. 2b). The addition of VEGFR-2 mAb
1121B inhibited this increase in migration, confirming that the effect was VEGFR-2
dependent. Treatment with the VEGFR-2 mAb 1121B also significantly decreased
SKOV3ip1 tumor cell invasion compared to control (72% reduction, p < 0.01: Fig. 2c), but
again had no effect on the A2780-par cells. The VEGFR-1 mAb had no effect on in vitro

Spannuth et al. Page 7

Int J Cancer. Author manuscript; available in PMC 2010 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



tumor cell migration or invasive potential in any of the cell lines. VEGF-A stimulation or
treatment with the 1121B antibody had no effect on tumor cell proliferation (data not
shown), suggesting that the observed changes in invasion and migration were independent of
proliferation.

Anti-human VEGFR-2 mAb suppresses in vivo growth of human xenograft ovarian
carcinomas

Based on the in vitro functional effects of VEGFR-2 mAb, we next asked whether tumor
cell VEGFR-2 has implications for tumor growth in vivo. For these studies, a well
characterized orthotopic mouse model of ovarian carcinoma was utilized. SKOV3ip1 or
A2774 bearing animals were randomly assigned to one of the following 4 groups (n=10
mice per group): 1) control antibody, 2) anti-human VEGFR-2 mAb 1121B, 3) anti-mouse
VEGFR-2 mAb DC101, and 4) combination of 1121B and DC101. To simulate advanced
disease, therapy was initiated 1 week after tumor cell injection. Treatment was continued
until control animals exhibited significant tumor burden and became moribund
(approximately 4 weeks), at which time all mice in the experiment were sacrificed together.
Compared to controls, treatment with the anti-human VEGFR-2 mAb 1121B significantly
decreased tumor growth in SKOV3ip1 (44%; p < 0.05) and A2774 (62%; p < 0.05) cell lines
(Fig. 3a, b). The anti-mouse VEGFR-2 mAb DC101 also significantly decreased tumor
growth in both SKOV3ip1 (69%; p < 0.005) and A2774 cell lines (76%; p < 0.005).
Combination therapy with 1121B and DC101 significantly decreased tumor growth in both
models (88%, p < 0.005; and 86%, p < 0.005). Anti-VEGFR-2 treatment also significantly
decreased ascites. Treatment with 1121B and DC101 led to an 84% and 88% decrease in
ascites in the SKOV3ip1 cell line, respectively. The greatest effect was seen in the
combination group, with a 99% decrease in ascites. Similar effects of anti-VEGFR-2 therapy
on reduction of ascites were noted in the A2774 model. To test the specificity of effect, we
also examined the impact of these antibodies in the VEGFR-2 negative A2780-par model.
As anticipated, anti-human VEGFR-2 mAb 1121B did not affect tumor weight compared to
control antibody in this model (mean tumor weight 2.11 g versus 1.95 g, p = 0.14; Fig. 3c).
DC101 treatment resulted in a 78% reduction in tumor growth (p = 0.008). The effects of
combination therapy were similar to treatment with DC101 alone (p = 0.06).

Effects of VEGFR-targeted therapy on angiogenesis, proliferation, and apoptosis
To determine the biological effects of treatment with 1121B and DC101, SKOV3ip1 ovarian
tumors harvested from mice following therapy were subjected to immunohistochemistry for
cell proliferation (PCNA), apoptosis (TUNEL), and mean vessel density (CD31). Treatment
with DC101 resulted in a 45% decrease in MVD (p < 0.001). Interestingly, even treatment
with 1121B resulted in a modest 38% decrease in MVD compared to controls (p < 0.001),
but the greatest decrease in MVD was noted in the combination group (58% decrease; p <
0.001; Fig. 4). There was a 38% reduction in the mean number of PCNA-positive cells in
1121B-treated mice compared to controls and a 42% reduction in mean PCNA-positive cells
in DC101-treated mice. The combination of 1121B and DC101 produced the largest
reduction in PCNA-positive cells (51%, p < 0.001; Fig. 4).

In 1121B-treated mice injected with SKOV3ip1 tumor cells, the mean number of apoptotic
tumor cells by TUNEL was increased by 274% compared to controls (p < 0.001). Tumors
from mice treated with DC101 showed a 247% increase in the number of apoptotic tumor
cells (p < 0.001), with the largest number of apoptotic cells seen with the combination of
1121B and DC101 (565% increase, p < 0.001; Fig. 4).
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VEGFR-2 regulates the p130Cas signaling pathway
To elucidate potential mechanisms responsible for the efficacy of VEGFR-targeted therapy,
we examined potential effects on signaling pathways involved. Neither stimulation nor
inhibition of VEGFR-2 affected phosphorylation of MAPK, PI3K, STAT3, paxillin, or PLC-
gamma1 (Fig. 5a). We then focused on p130Cas (Crk-associated substrate, Cas) given its
observed modulation with both stimulation and inhibition of the receptor in endothelial cells.
Assembly of this complex is known to modulate migration, invasion, and cell survival in
carcinoma cells 28–30. We found that anti-human VEGFR-2 mAb 1121B inhibited VEGF-
mediated phosphorylation of p130CAS in the SKOV3ip1 ovarian cancer cells (Fig. 5b).
VEGF-A stimulation led to a time-dependent increase in p130Cas phosphorylation (Fig. 5c).

DISCUSSION
The key findings in this study include the presence of functionally active VEGFR-2 on
ovarian cancer cells and inhibition of autocrine or paracrine VEGFR-2-mediated pathways
with species-specific antibodies inhibiting tumor growth in an ovarian cancer model.
Suppression of tumor growth was achieved, at least in part, through increased tumor cell
apoptosis, and decreased tumor proliferation and vascularization. In vitro inhibition of
VEGFR-2 on ovarian cancer cells also significantly reduced tumor cell migration and
invasion. These anti-tumor effects may be mediated, in part, through the p130Cas signaling
pathway.

VEGF-A (VEGF) is a prominent stimulator of angiogenesis and has been implicated in the
proliferation and metastasis of a number of malignancies 31–35. It is secreted by most solid
tumors and is expressed in > 70% of ovarian carcinomas 23, 24. Elevated VEGF levels in
serum and ascitic fluid of patients with ovarian cancer has been correlated with tumor
microvessel density (MVD) and stage of malignancy 25, 36. In addition, VEGF expression
has been linked to increased tumor aggressiveness and decreased 5-year survival in patients
with this disease 24. VEGF normally exerts its effects through binding VEGFR found on
endothelial cells, but there is recent evidence for aberrant VEGFR expression on tumor cells.
It is conceivable that VEGF increases tumor growth not only by stimulating angiogenesis,
but also by direct stimulation of VEGFR expressed on tumor cells. In fact, VEGF-mediated
autocrine loops have been identified in breast, colorectal, prostate, and other solid tumor cell
lines 15, 17, 18, 20, 21. In a breast cancer xenograft model, inhibiting human VEGFR-1
significantly decreased tumor growth as a result of direct inhibition of VEGFR-1 activation
and subsequent downstream kinase signaling. Inhibiting murine VEGFR-1 using a selective
anti-murine VEGFR-1 mAb had an additive effect in decreasing tumor growth and
angiogenesis 17. In a lymphoma xenograft model, inhibiting autocrine VEGFR-1 pathways
or paracrine VEGFR-2 pathways significantly decreased the growth of established tumors
by increasing tumor cell apoptosis and decreasing vascularization and endothelial cell
number 22. While VEGFRs have recently been identified on ovarian cancer cells, the
functional significance of this finding is still unclear.

We hypothesized that the presence of VEGFRs on ovarian cancer cells would allow cells to
respond to VEGF through an autocrine signaling pathway. Indeed, inhibition of human
VEGFR-2 using a selective anti-human VEGFR-2 mAb (1121B) significantly reduced
tumor growth in an established ovarian cancer xenograft model. Decreased tumor growth
was mediated, at least in part, through increased apoptosis, and decreased proliferation and
vascularization. In addition, targeting murine VEGFR-2 using a selective anti-murine
VEGFR-2 mAb (DC101) led to a significant reduction in tumor growth. Combination
therapy with 1121B and DC101 had the greatest effect, supporting both an autocrine and
paracrine VEGF/VEGFR-2 loop in ovarian cancer. To confirm the specificity of these
results, a VEGFR-2 null model A2780-par was evaluated, which demonstrated no effect of
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the anti-human VEGFR-2 1121B antibody on tumor growth. Similar results have been
shown by Dias and associates using a human leukemia model. Targeting either autocrine or
paracrine VEGF/VEGFR-2 pathways delayed leukemic growth and engraftment in vivo.
Blocking both pathways was necessary to achieve long-term remission or cure 37.

While there is growing evidence that VEGF can directly promote tumor cell proliferation
and survival, the underlying cellular processes are not fully understood. We found that
treatment with anti-human VEGFR-2 mAb 1121B significantly decreased tumor cell
migration and invasion compared to control. Treatment with 1121B also inhibited VEGF-A
induced tumor cell migration and invasion. This effect was not seen in the A2780-par cell
line that lacks the VEGFR-2 receptor. Exposure to anti-human VEGFR-1 mAb had no effect
on tumor cell migration or invasion. The signaling pathways downstream of VEGFR-2 in
tumor cells are also not fully understood. In this study, we show increased levels of
phosphorylated p130Cas in response to ovarian cancer cell stimulation with VEGF. This
phosphorylation was effectively blocked by VEGFR-2 inhibition with the 1121B mAb. Our
results are consistent with findings by Endo et al. who showed that VEGFR-2 blockade
could reverse VEGF-stimulated phosphorylation of p130Cas in human aortic endothelial
cells (HAECs)38. P130Cas is a docking protein that complexes with Crk (CT10 regulator of
kinase) upon phosphorylation, leading to the recruitment of various effectors that couple the
scaffold to the actin cytoskeleton of the cell 28. Evidence indicates that Cas/Crk assembles
at the plasma membrane and focal adhesions to modulate cell migration, invasion, and
survival 28–30. Based on these and other studies linking p130Cas to tumor cell invasion and
migration, our data provide new insight into underlying mechanisms that link VEGFR-2 on
ovarian cancer cells to such aggressive features 39.

Several studies have shown increased VEGFR-2 expression in human ovarian cancer
specimens. Inan and coworkers demonstrated increased immunoreactivity of VEGFR-2 in
all malignant ovarian tumor samples compared to benign or borderline tumors 40. Nishida
and associates demonstrated high tissue expression of VEGFR-2 in 75% of ovarian cancer
specimens examined immunohistochemically 24. We found similar results by
immunoflourescence, with VEGFR-2 expression detected in a majority of ovarian cancer
specimens but largely absent in epithelial cells of normal ovarian samples. However, we
extend prior work by demonstrating that VEGFR-2 is phosphorylated on ovarian cancer
cells, and VEGFR-2 mRNA is also detected at increased levels in ovarian cancer cells. In
contrast to other malignancies such as pancreatic and colorectal cancer 21, 41, 42, VEGFR-1
expression is largely absent in ovarian cancer cells.

In summary, we have demonstrated a functional role for VEGFR-2 in ovarian cancer cells
and identified a distinct VEGFR-2-mediated pathway promoting tumor growth through
autocrine mechanisms. Targeting VEGFR-2 with anti-human VEGFR-2 mAb 1121B
significantly inhibited tumor growth and vascularization in vivo, providing further insight
into the anti-tumor role of VEGF/VEGFR pathways. In early clinical studies, IMC-1121B
(Imclone Systems, New York, NY) is showing promising results where 2 of 12 patients
achieved a partial response while seven achieved stable disease 43. Our preclinical results,
in addition to phase I study results, support further evaluation of VEGFR-2-targeted therapy
in ovarian carcinoma.
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Figure 1.
VEGFR expression on ovarian cancer cell lines and human ovarian tumor samples. (a) RT-
PCR was performed with mRNA from HeyA8, SKOV3ip1, and A2780-par cell lines. (b)
Western blot analysis of whole-cell lysates probed with anti-VEGFR-1, anti-VEGFR-2, and
anti-actin antibodies. (c) In situ hybridization for VEGFR. Ovarian cancer specimens were
mounted on slides and then incubated with biotinylated probes against VEGFR. Red staining
indicates a positive reaction. Concurrent controls were performed. Intensity of staining was
obtained using a histogram measurement and reported as a relative score. (d) Representative
immunoflourescence staining of VEGFR-2 and phospho-VEGFR-2 in ovarian tumor
samples.
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Figure 2.
VEGFR-2 regulates ovarian cancer cell migration and invasion. (a) SKOV3ip1 and A2780-
par ovarian cancer cells were pretreated with VEGFR-1 or VEGFR-2 mAb for 24 hours and
migration was assessed after 6 hours. (b) Invasive potential of SKOV3ip1 and A2780-par
cancer cells was assessed following treatment with VEGFR-1 or VEGFR-2 mAb. (c) SFM
with or without VEGF-A as a chemoattractant was placed in bottom wells and invasion of
SKOV3ip1 cells pretreated with 1121B mAb was assessed after 24 hours. *, p < 0.01.
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Figure 3.
Therapeutic efficacy of 1121B. Nude mice were injected i.p. with SKOV3ip1, A2774, or
A2780-par cells and randomly allocated to one of the following groups (n = 10 per group):
IgG control, DC101, 1121B, or DC101 + 1121B. Treatment was started 1 week after tumor
cell injection, and mice were sacrificed when control mice became moribund (4–5 weeks
following treatment initiation). *, p<0.05.
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Figure 4.
Proliferation index, microvessel density (MVD), and apoptotic index in tumors treated with
DC101, 1121B, or the combination. Representative sections (pictures taken at original
magnification, X200) are shown for the various treatment groups. A graphic representation
of the average number of CD31-positive vessels per field, mean percentage of PCNA-
positive cells, and mean percentage of TUNEL-positive cells are shown in the adjoining
graphs. Five slides per group and at least five fields per slide were examined. *, p<0.001.
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Figure 5.
Effect of VEGFR-2 targeted antibodies on intracellular signaling. SKOV3ip1 ovarian cancer
cells were serum starved overnight and then exposed to 1121B (20 μg/ml) for 2 hrs at 37°C.
VEGF-A (10 ng/ml) or PBS control was added and cell lysates were collected at various
time points. (a) Western blot analysis of whole-cell lysates probed with antibody to phosho-
paxillin, -MAPK, -PI3K, -STAT3, or PLCgamma1. (b) Western blot analysis of lysates
probed with antibody to phospho-p130Cas. (c) p130Cas phosphorylation following serum
starvation of cells for 24 hrs and subsequent VEGF-A (10 ng/ml) stimulation for various
time periods (0 min, 15 min, 30 min, and 4 hrs). Whole-cell lysate samples were analyzed
for p130Cas and phospho-p130Cas.
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