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VEGTF induces phosphorylation of STAT3 through binding
VEGFR2 in ovarian carcinoma cells in vitro
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Summary

VEGEF plays a key role in ovarian carcinoma. Recent studies have shown that expressions of VEGF and its receptors were corre-
lated with signal tranducer phosphorylation and activators of transcription 3(p-STAT3) in ovarian carcinoma. The aim of this study
was to investigate the effects of STAT3 phosphorylation on VEGF signaling pathways in ovarian carcinoma cells. We selected an
ovarian carcinoma cell line Caov-3 as a target cell that co-expressed VEGFR2 and p-STAT3. We detected expressions of p-STAT3
in Caov-3 induced by VEGF with different concentrations and for different effect times by immunocytochemistry and Western Blot.
A concentration of 50 ng/ml VEGF was enough to increase phosphorylation of STAT3, and at 30 min, the p-STAT3 level reached
the peak and showed nuclear translocation of p-STAT3 from the cytoplasm to the nucleus. These effects could be overcome by a
small peptide (ATWLPPR) specific for VEGFR2. Taken together, VEGF-induced phosphorylation and nuclear translocation of
STAT3 and ATWLPPR could effectively block the VEGF effects, suggesting that phosphorylation of STAT3 participates in VEGF
signal transduction via VEGFR?2 in ovarian carcinoma cells.
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Introduction

Ovarian carcinoma is a disease with the poorest prog-
nosis in gynecological malignancies. Widespread and
great accumulation of ascites have been found in patients
with ovarian carcinoma at the first diagnosis, but the
mechanism remains unclear. Excessive high levels of
VEGEF in ascites may be involved [1]. VEGF is an
endothelial cell-specific mitogen. It can be produced by
various normal cells and cancer cells [2]. Up to now,
many studies have shown that VEGF stimulates prolifer-
ation, migration, angiogenensis of the endothelial cells
and increases the microvascular permeability [3]. It is
believed that VEGF receptors (VEGFRs), which mediate
VEGF biological effects and some kinds of signaling
pathways, including MAPK [4-6], PI3K [7, 8], PLC-y
and ion pathways, participate in this procedure in
endothelial cells. VEGF belongs to the family of growth
factors. Recent studies also showed that growth factors
such as EGF and PDGF could activate STAT signal trans-
duction [9-11].

STAT proteins were originally identified as mediating
interferon (IFN)-a and IFN-v. As a group of transcription
factors, they induced downstream gene transcription.
Nonactivated STATs are located in cytoplasm, but acti-
vated proteins may translocate to the nucleus where they
bind to target genes, such as oncogene fos, jun, and myc,
etc., transduce signals to the transcriptional region of
DNA, regulate the gene expression [12, 13] and then
change the endothelial cell biological characteristics.
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Taken together, tumor cells produce VEGF. Through
binding to VEGFRs on vascular endothelial cells, VEGF
exerts its biological effects through STATs signal trans-
duction. However, recent studies showed that VEGFRs
were also expressed on various kinds of tumor cells, e.g.
human neuroblastoma, prostate cancer, breast cancer,
pancreatic cancer, malignant melanoma and ovarian car-
cinoma [14-16]. It is thus suggested that there is not only
a paracrine loop of VEGF in endothelial cells to promote
angiogenesis, but also an autocrine loop in tumor cells to
directly induce tumor growth and prevent apoptosis [16,
17]. But how VEGEF affects tumor cells themselves and
induces intracellular signal transduction, and whether its
signal pathway is similar to that in endothelial cells,
especially, whether the STAT signal pathway is involved,
are not yet clear.

Constitutive activation of STAT3 has been found in a lot
of malignancies including breast [9, 18], ovarian [19],
prostate cancer [20] and amyloid marrow lymphoma [21],
etc. In contrast, a benign ovarian tumor cell line, A2780,
and normal ovarian surface epithelial cells had little STAT3
phosphorylation [22, 23]. A further study showed that
ovarian carcinoma cells with activated STAT3 overex-
pressed Bcl-x(L) and cyclin D1, whereas A2780 cells
without activated STAT3 only slightly expressed the two
genes [22]. Experiments on naked mice also revealed that
abnormal activation of STAT3 could result in cell transfor-
mation and induce oncogenesis [10, 24-26]. All the above
results suggest that activation of STAT3 is a common event
during oncogenic transformation and is associated with
malignant behavior. Considering STAT3 function, we
propose that VEGF signal transduction in malignant cells
probably involves STAT3 phosphorylation.
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In the study, the expressions of p-STAT3 (phosphory-
lated STAT3) induced by VEGF with different concen-
trations and for different effect-times in ovarian carci-
noma cell lines in vitro were detected by
immunocytochemistry and Western Blot. Furthermore,
inhibition of p-STAT3 induced by VEGF was observed
through blocking the binding of VEGF and VEGFR2
with a peptide specific for VEGFR2. The aim of our
study was to investigate the effects of phosphorylated
STATs on VEGF signaling pathways in ovarian carci-
noma cells.

Materials and Methods

Reagents

VEGF was purchased from Sigma biotechnological company;
Peptide (ATWLPPR) was synthesized by Shengyou Biotech-
nology of China, LTC; Polyclonal antibodies against p-STAT3,
VEGFR2 and B-actin were purchased from Santa Cruz Biotech-
nology, Inc; HRP marked anti-goat and anti-rabbit secondary
antibodies were purchased from Santa Cruz Biotechnology, Inc.

Cell culture

Epithelial ovarian carcinoma (EOC) cell lines SKOV-3 and
Caov-3 were obtained from American Type Culture Collection
and 3A0 was obtained from the cell bank of Shanghai Institute
of Biochemistry and Cell Biology of the Chinese Academy of
Science. The cells were cultured in complete medium: RPMI
1640 (Life Technologies, Inc.), supplemented with 15% heat-
inactivated FCS, 2 mM L-glutamine, 100 units/ml penicillin,
and 100 mg/ml streptomycin (Life Technologies, Inc.). Eighty-
five or 90% percent confluent cells were cultured in serum-free
medium for 16~18 hours and then treated by VEGF with dif-
ferent concentrations and for different effect-times.

Experimental design

The expressions of p-STAT3 in three cell lines treated by
VEGF were detected, and the cell lines without VEGF treat-
ment as controls. A cell line with the highest expression of p-
STAT3 induced by VEGF was selected for further studies. P-
STAT3 expressions of the cells incubated with VEGF with
different concentrations (0, 5, 25, 50, 100 ng/ml) for 30 min and
with 50 ng/ml for different effect-times (0, 15, 30, 45, 60 min)
were detected. The inhibition of p-STAT3 expression induced
by VEGF (50 ng/ml) was further observed through blocking
VEGEF binding VEGFR2 by a peptide (ATWLPPR) with differ-
ent concentrations (0, 40, 80, 160, 320 u M) for 30 min and with
80 uM for different effect-times (0, 15, 30, 45, 60 min).

Immunocytochemistry

Incubation of VEGF was terminated by washing the cells
twice in ice-cold phosphorylate-buffered saline. The cells were
fixed with 2.5% glutaric dialdehyde for 10 min. Intracellular
translocation of p-STAT3 in response to VEGF was observed by
immunocytochemistry following a procedure described previ-
ously. Grade evaluation standard followed one described previ-
ously [27].

Extraction of proteins

Pretreatment of the cells with 40 u M NaVO, and incubation
of VEGF and peptide were terminated by washing the cells

twice in ice-cold phosphate-buffered saline. Cell lysates were
obtained using lysis buffer (10 mM HEPES pH 7.9, 10 mM
KCl, 1.5 mM MgCl,, 0.1 mM EDTA, 1.0 mM DTT, 100 u g/ml
PMSF, 1% NP-40, 200 u M NaVO,, 1 p g/ml Aprotinin). The
cells were incubated with cell lysates on ice for 30 min, scraped
and centrifugated at 12,000 rpm at 4°C. The supernatant was
collected and stored at -20°C.

Western Blot

Protein extracts were separated on 12% SDS polyacrylamide
gels and transferred to polyvinylidene difluoride membranes.
Immunoblotting using polyclonal antibodies against p-STAT3
and B-actin antibodies and signal was detected using peroxi-
dase-conjugated secondary antibody followed by development
using enhanced electrochemiluminescence system.

Statistical Analysis

The results were semi-quantitified by grade evaluation for
immunocytochemical staining and Quantity One Software (Bio-
Rad, Inc.) for Western blot. Oneway ANOVA and univariate
analysis of variance were used for statistical analysis. All data
were managed with SPSS 10.0 for windows. For all statistical
analyses, the level with a probability of 0.05 was considered
significant. Data were presented as the mean + SE.

Results

Expression of p-STAT3 and VEGFR?2 in EOC cell lines

VEGFR?2 and p-STAT3 were found to be co-expressed
in all three cell lines. The p-STAT3 was located in the
cytoplasm and nucleus, and VEGFR2 was mainly located
on the surface of cell membranes and partially in cyto-
plasm. Caov-3 was selected as a model for further study
because it co-expressed both VEGFR?2 and p-STAT?3 and
expressed the highest p-STAT3 after VEGF incubation
(50 ng/ml, 30 min).

Expression of p-STAT3 in Caov-3 induced by VEGF

Localization

Expression of p-STAT3 in Caov-3 induced by VEGF
with different stimulation concentrations was increased
including both intensity of staining and the number of
positive-stained cells. The translocation of p-STAT3
was found depending on the time of VEGF incubation
(Figure 1).

Semi-quantitative analysis for different VEGF concen-
trations

P-STAT3 expression of Caov-3 was significantly ele-
vated following increased VEGF concentration (p =
0.000) (Figure 2).

Semi-quantitative analysis for different VEGF effect-times

VEGEF induced different levels of p-STAT3 expression in
Caov-3 for different effect-times, and there were signifi-
cant differences among different groups (immunocyto-
chemistry: p = 0.000, Western blot: p = 0.001) (Figure 3).
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A: 15 in (200 x 1) B: 30 min (200 x 1) C: 60 min (200 x 1)

Figure 1. — Translocation of p-STAT3 in Caov-3 induced by VEGF with different effect-times. A: p-STAT3 was located in the cyto-
plasm and perinuclear region at 15 min; B: in the nucleus at 30 min; C: mainly in cytoplasma again at 60 min.
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Figure 2. — Expression of p-STAT3 in Caov-3 induced by VEGF with different concentrations. Expression of p-STAT3 was
increased with ascending VEGF concentrations, 50 ng/ml VEGF induced p-STAT3 to reach the maximum. A, B, C: expression of
p-STAT3 by immunocytochemistry; D: expression of p-STAT3 by the Western blot method; E, F: dose-dependent curves. Compar-
ison between the two groups showed that there were significant differences of p-STAT3 expression at 0 and 5, 5 and 25 ng/ml of
VEGEF concentration by immunocytochemistry (p = 0.000 and 0.000) and at 25 and 50 ng/ml by Western blot (p = 0.000). However
no significant differences of p-STAT3 expression existed at 25 and 50 ng/ml by immunocytochemistry (p = 0.140) and at 50 and
100 ng/ml by both detection methods (immunocytochemistry: p = 0.87, Western blot: p = 0.052).
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Figure 3. — Expression of p-STAT3 induced by VEGF with different effect-times. A: expression of p-STAT3 in Caov-3 by Western
blot; B, C: time-dependent curves. Expression of p-STAT3 reached the peak at 30 min and was significantly higher compared with
that at O min and 60 min by both detection methods (immunocytochemistry: p = 0.000 and 0.000, Western blot: p = 0.000 and 0.001),
but not significantly compared with that at 15 and 45 min; although at 15 and 45 min they were higher than at 0 and 60 min, but

not significantly.

Peptide-blocked increase of p-STAT3 induced by VEGF
in Caov-3

Peptide with different concentrations blocking VEGF
effects

The expressions of p-STAT3 in Caov-3 induced by
VEGF were decreased following increased peptide con-
centration and there were significant differences of p-
STAT3 expression among the groups (Immunocytochem-
istry: p = 0.000, Western blot: p = 0.000) (Figure 4).

Peptide blocking VEGF effects for different effect-times

Expressions of p-STAT3 induced by VEGF were sig-
nificantly blocked by peptide for different effect-times by
both detecting methods (p = 0.000) (Figure 5).

Discussion

STAT3 phosphorylation participates in VEGF signal
transduction in ovarian carcinoma cells

Oncogenesis is always associated with abnormal regu-
lation of cell growth procedures. STATs, activator tran-
scription factors obtaining double recognizations, play

key roles in regulation of downstream gene expression
[28]. VEGF exerts angiogenesis through binding to
VEGFRs and inducing phosphorylation of STAT3 in
endothelial cells. A concentration of 10 ng/ml was
enough to induce significant phosphorylation of STAT3
resulting in regulation of downstream gene expression,
thus promoting proliferation and preventing apoptosis
[13, 29-31]. However, phosphorylation of STATs in
VEGEF signaling in tumor cells has not been conclusive.
Schaefer LK er al. [32] found that co-expression of
STAT3 o and VEGFR?2 in brain tumors resulted in
ligand-independent activation of STAT3 o and was
related to increased transcription activity, but they did not
explore the relationship between VEGF and STAT3. In
our previous study, we detected VEGF, VEGFR and p-
STAT3 expression in patients with epithelial ovarian car-
cinoma by immunocytochemistry and found that there
were high co-expressions of VEGF, VEGFR and p-
STATs in carcinoma cells. Furthermore the expressions
of phosphorylated STAT3 and STATS were positively
correlated with VEGF and VEGFRs.

In the study, co-expression of p-STAT3 and VEGFR2
in ovarian carcinoma cell lines was detected. Expressions
of p-STAT3 in Caov-3 were increased after VEGF stim-
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Figure 4. — Expression of p-STAT3 induced by VEGF was blocked by peptides with different concentrations. A: expression of p-
STAT3 blocked by peptide using Western blot; B, C: dose-dependent curves. With 80 uM, 160 uM and 320 uM peptide, significant
decreases of p-STAT3 expression induced by VEGF (50 ng/ml) were observed compared with the control by both detection methods
(immunocytochemistry: p = 0.000, Western blot: p = 0.000), whereas with 160 pM and 320 uM they were more significantly lower
than with 80 uM (160 uM vs 80 uM: immunocytochemistry: p = 0.000, Western blot: p = 0.025; 320 uM vs 80 pM: immunocyto-
chemistry: p = 0.000, Western blot: p = 0.040). However there were no differences between 160 pM and 320 pM (immunocyto-

chemistry: p = 0.574, Western blot: p = 0.790).

ulation with different concentrations, indicating that
STAT3 phosphorylation participates in VEGF signaling in
ovarian carcinoma cell lines. Further observation found
that 5 ng/ml of VEGF was enough to induce a significant
increase of p-STAT3 expression by immunocytochemistry
and 50 ng/ml by both immunocytochemistry and Western
blot. Thus, we believe that 50 ng/ml is an efficient con-
centration to induce phosphorylation of STAT3 in ovarian
carcinoma cells in vitro. However, this concentration
seems obviously higher than that in endothelial cells. The
mechanism of the discordance between the two cell types
is unclear. The different numbers of receptors on the two
type cells might be involved. Furthermore, we could not
find a significant difference of p-STAT3 expression
between with 50 ng/ml and 100 ng/ml concentrations of
VEGEF. It is indicated that too high a concentration of
VEGEF stimulation does not promote further activation of
STAT3 in ovarian carcinoma cells in vitro.

Not only is phosphorylation of STAT3 induced by

VEGF related to its concentration, but its also related to
the effect-time. In previous studies on endothelial cells,
C5b9 and IFN-y could activate STAT3, with the peak of
p-STAT3 expression occurring at 15~30 min and return-
ing to the basic level at 120 min after C5b9 and IFN-y
stimulation [33, 34]. However, another study showed that
STAT3 activation could reach a peak at 5 min after stim-
ulation [35]. We found that after VEGF stimulation, p-
STAT3 expression started to increase at 15 min, reached
the climax at 30 min and then decreased. It indicated that
a too long effect-time of VEGF stimulation does not
promote any further activation of STAT3. Taken together,
our findings suggest that VEGF induces phosphorylation
of STAT?3 in ovarian carcinoma cells in vitro, but the
intensity of its effect is associated with its incubating
concentration and effect-time. The mechanisms are not
clear and may be due to a negative feedback between
VEGF and VEGFRs or the saturation of VEGFRs
binding to VEGF, but further investigation is needed.
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Figure 5. — Expression of p-STAT3 induced by VEGF was blocked by peptides for different effect-times. VEGF (50 ng/ml) induced
an increase of p-STAT3 expression with a peak at 30 min. However, the peptide (80 u M) inhibited the expression of p-STAT3
induced by VEGF. The effects occurred at 15 min, obviously at 30 min and maintained until 60 min by both detection methods, but
there were no significant differences among the effect-times by either detection method (immunocytochemistry: p = 0.166; Western

blot: p = 0.315).

VEGF induces phosphorylated STAT3 translocating into
nuclei

STAT is a member of the cytoplamic protein family, but
is able to form a dimmer and translocate into a nucleus
after activated in order to regulate the expression of down-
stream genes. However, the opinion that activated STAT3
translocated into nuclei has been debated in previous
studies. Bartoli er al. found that VEGF activated STAT1
and STAT®6, and induced them to translocate into nuclei in
bovine aortic endothelial cells, but not translocation of
activated STAT3. Similarly in keratocytes, IL-4 induced
STAT3 phosphorylation, but phosphorylated STAT3 was
not found to translocate into nuclei [35]. However, most
reports have concurred that activated STAT3 could translo-
cate into nuclei. For example, C5b9 induced phosphory-
lated STAT3 can translocate into nuclei in endothelial cells
15 min after stimulation [33]. Similar results have been
observed in various tumor cells such as breast cancer,
fibroblastoma, lymphoma, etc. [9, 36, 37]. However no
study on translocation of activated STAT3 induced by
VEGF in tumor cells has been reported.

In the study, we first found that VEGF induced STAT3
phosphorylation and phosphorylated STAT3 translocated
into nuclei. It is morphologically suggested that activated
STAT3 induced by VEGF participates in VEGF signaling
transduction and regulates the transcription of down-
stream genes. Moreover, we also observed that the stain-
ing idensity of activated STAT3 was significantly
decreased at 60 min, and the most positive granules were
again located in the cytoplasm. This morphologic evi-
dence further supports our opinion that VEGF-induced
STAT3 activation in vitro is dependent on its effect-times.

VEGF induces phosphorylatation of STAT3 mediated by
VEGFR?2

Although the affinity of VEGFRI1 is about 10-fold
higher for VEGF than VEGFR2, the latter is considered

to be a major receptor that conveys VEGF-induced sig-
naling in endothelial cells. Bartoli ef al. and Korplelanen
et al. [13, 38] confirmed that VEGF inducing activation
of STATs was mainly mediated by VEGFR2. Our previ-
ous studies revealed that the expression of VEGFR2 had
a significant correlation with activation of STAT3 in
ovarian epithelial carcinoma cells by immunocytochem-
istry. It was suggested that VEGF-induced STAT activa-
tion was probably mediated by VEGFR?2 in ovarian car-
cinoma, but there is no exact evidence.

The peptide (ATWLPPR) is an inhibitor to block
VEGF binding to VEGFR2. Binetruy et al. [39] identified
the peptide able to block VEGF-KDR(VEGFR?2) interac-
tion by a phage epitope library, screening affinity by
membrane-expressed KDR or by an anti-VEGF neutral-
izing monoclonal antibody. ATWLPPR can completely
abolish VEGF binding to cell-displayed KDR. It was
reported that this effect led to the inhibition of the VEGF-
mediated proliferation of human vascular endothelial
cells in vitro and abolished totally VEGF-induced angio-
genesis in a rabbit corneal model [39]. In the study, we
observed that ATWLPPR effectively inhibited the
increase of p-STAT3 expression induced by VEGF in
Caov-3. A further analysis revealed that the effects of
inhibition were related to peptide concentration and
effect-time. This phenotype of inhibition supports the
theory that VEGF-induced p-STAT3 activation is medi-
ated by VEGFR2. Our results also indicate that the small
peptide may have clinical application potential as an
antagonist of VEGFR2.
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