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Abstract
STAT3 plays important roles in cell proliferation and survival signaling and is often constitutively
activated in transformed cells. In this study, we examined STAT3 activation in endothelial cells (EC)
during angiogenic activation and therapeutic angiogenesis inhibition. VEGF stimulation of cultured
EC induced STAT3 phosphorylation by a VEGFR2- and Src-dependent mechanism. FGF2 but not
PlGF also induced EC STAT3 activation in vitro. Activated STAT3 mediated VEGF induction of
EC Bcl-2 and contributed to VEGF protection of EC from apoptosis. In vivo, p-STAT3 was absent
by immunohistological staining in the vascular EC of most normal mouse organs but was present in
the vessels of mouse and human tumors. Tumor vascular p-STAT3 increased as tumors were induced
to overexpress VEGF, indicating that VEGF is an activator of EC p-STAT3 in vivo. Tumor vascular
p-STAT3 decreased during angiogenesis inhibition by antagonists of VEGF-VEGFR signaling,
VEGF Trap and SU5416, indicating that VEGF contributed to the EC STAT3 activation seen in the
tumors prior to treatment and that p-STAT3 may be used to monitor therapy. These studies show
that p-STAT3 is a mediator and biomarker of endothelial activation that reports VEGF-VEGFR2
activity and may be useful for studying the pharmacodynamics of targeted angiogenesis inhibitors.
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Introduction
Formation of new blood vessels is necessary for sustained tumor growth.1,2 Many factors
contribute to tumor neovascularization, but vascular endothelial growth factor (VEGF) is
among the most critical of these factors.3,4 VEGF production is stimulated by hypoxia and is
upregulated by the activity of certain oncogenes and proto-oncogenes and inactivation of
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certain tumor suppressor genes.5–7 These are common occurrences in cancers, making VEGF
probably ubiquitously expressed in tumors. The importance of VEGF in tumor
neovascularization is shown by the ability of VEGF inhibitors to retard tumor growth in
preclinical and clinical therapeutic settings.8 Bevacizumab, a humanized anti-VEGF
monoclonal antibody,8,9 is the first FDA-approved agent designed to inhibit angiogenesis10

and VEGF Trap, a chimeric decoy receptor, is another VEGF inhibitor in clinical trials.11

VEGF activates signaling in endothelial cells (EC) after binding cognate receptors on the cell
surface. Its two best characterized receptors are the tyrosine kinases, VEGF receptor 1
(VEGFR1) and VEGF receptor 2 (VEGFR2). VEGFR2 signaling activates a variety of
downstream mediators in EC, including Src, Ras and members of the PI3K-AKT and Raf-
MEK-ERK pathways12 and is responsible for many of the characteristic effects of VEGF on
EC, including cell proliferation, survival, chemotaxis and increased vascular permeability.13–
15 Antibody16 and small molecule kinase inhibitors of VEGFR2,17,18 have been shown to
inhibit tumor angiogenesis and one such inhibitor, sunitinib,19 is FDA-approved for the
treatment of renal cell carcinoma.

Members of the signal transducer and activator of transcription (STAT) family of latent
transcription factors directly mediate signaling from the cell membrane to the nucleus. Cell
stimulation by a variety of growth factors and cytokines induce STAT phosphorylation and
activation by JAK, Src-family and other tyrosine kinases, resulting in their dimerization and
nuclear translocation.20 STAT3 is activated by kinases with oncogenic potential and is
constitutively activated in a variety of tumor types.21,22 In turn, it activates genes associated
with cell proliferation and survival.23 Recent evidence has suggested that STAT3 may be
involved in VEGF-induced EC signaling and activation,24,25 but the evidence has been
confusing and its role in endothelial activation remains unclear. Studies presented here
demonstrate that STAT3 is activated upon VEGF stimulation of EC in vitro and in vivo by a
VEGFR2-dependent and Src-dependent mechanism and that STAT3 activation mediates Bcl-2
induction by VEGF. Activated STAT3 (p-STAT3) is observed in tumor endothelium and its
level decreases with antiangiogenic therapeutic manipulations that inhibit VEGF-VEGFR2-
induced signaling.

Results
STAT3 is activated in endothelial cells of tumors and lung but not other normal organs

A search for signaling pathways activated in angiogenic endothelium led us to stain histological
sections of K1735 murine melanoma with an antibody specific for the activated, Y705
phosphorylated form of STAT3 (p-STAT3). Immunostaining for p-STAT3 by IHC (DAB
chromogen) and for CD34 by IHC (SG blue chromogen) or by IF to reveal vessels and
counterstaining with hematoxylin (Fig. 1A–D), approximately 22% ± 4% (Mean ± SD) of
K1735 tumor vessels stained for p-STAT3 by IHC (more magnified Fig. 1B and C show vessel
EC staining for p-STAT3 and D shows EC not staining for p-STAT3). Staining in the EC of
these vessels was nuclear and all EC in a vessel tended to stain the same way for p-STAT3.
We determined that STAT3 activation was common in tumor vasculature when we found that
murine RENCA renal cell carcinomas (Fig. 1E and F) and Lewis lung carcinomas (LLC; not
shown) had 13% ± 2% (Mean ± SD) and 26% ± 4% (Mean ± SD) p-STAT3 positive vessels,
respectively. The nuclei of a substantial proportion of the malignant cells in these tumors also
stained for p-STAT3.

In contrast, p-STAT3 immunostaining was not seen in the vessels of most normal mouse organs
examined (<2% of vessels in kidney, liver, spleen, mammary gland, small intestines and large
intestines) (kidney shown in Fig. 1G and H and liver shown in and J). STAT3 was present in
EC of normal mouse organs (liver shown in Fig. 1K and L), indicating that the absence of p-
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STAT3 was not due to absence of the parent protein. An exception among normal mouse organs
was the lung, where pulmonary EC stained for nuclear p-STAT3 (Fig. 1M and N). Nuclear p-
STAT3 was also found in the EC of human cancers. In 12 human colorectal carcinomas, we
found a mean of 20% (range 11%–27%) of tumor vessels immunostaining for p-STAT3 (Fig.
1O and P).

VEGF activation of STAT3 in endothelial cells is VEGFR2- and Src-dependent
To understand the in vivo association of p-STAT3 with tumor endothelium, we studied STAT3
activation in EC following VEGF stimulation in vitro. STAT3 but not p-STAT3 was detected
in Western blots of lysates of human umbilical vein endothelial cells (HUVEC) and MS1
endothelial cells (immortalized tumor microvascular endothelial cells)30 cultured in media
containing .5% fetal calf serum. Addition of 10 ng/ml VEGF-A 165 amino acid isoform
(VEGF) rapidly induced STAT3 activation in these cells without a change in STAT3 levels
(Fig. 2A). Immunostaining of these cells confirmed the rapid induction of p-STAT3 in EC by
VEGF and showed, in addition, its translocation to nuclei (Fig. 2B and Suppl. Fig. 1). STAT3
could be activated in EC by growth factors other than VEGF, as shown by the ability of
fibroblast growth factor 2 (FGF2) to induce p-STAT3 (Fig. 2C). However, placenta growth
factor (PlGF), which is a ligand for VEGFR1, failed to activate STAT3 in EC (Fig. 2D).

We examined VEGFR2, which mediates many of VEGF’s effects on EC, as a potential
mediator of p-STAT3 induction by VEGF. As expected, VEGF treatment of HUVEC and MS1
cells resulted in VEGFR2 phosphorylation (Fig. 3A). VEGF treatment also induced
phosphorylation of Src, although low-level Src activation could be seen at baseline (Fig. 3B).
Pretreatment of HUVEC with an anti-human VEGFR2 antibody previously shown to inhibit
receptor activation31 prevented VEGF activation of VEGFR2, Src and STAT3, suggesting that
VEGFR2 mediated VEGF induction of STAT3 activation (Fig. 3C). Next, we performed co-
immunoprecipitation studies to examine whether these kinases become physically associated
with STAT3 following VEGF stimulation. Immunoprecipitation of STAT3 followed by
blotting for VEGFR2 revealed that these two proteins were physically associated in HUVEC
lysates following VEGF stimulation (Fig. 3D). Src immunoprecipitation followed by blotting
for VEGFR2 revealed that these two were also associated after VEGF stimulation. STAT3,
but not STAT5, also co-immunoprecipitated with Src, although this association was detectable
at low levels before VEGF treatment and became more pronounced following treatment (Fig.
3E). Similar results were obtained in co-immunoprecipitation studies performed on MS1 cell
lysates following VEGF treatment (Suppl. Fig. 2).

The association of STAT3 with VEGFR2 and with Src following VEGF treatment led us to
use inhibitors to test the functional relationship between these kinases and STAT3 activation.
As expected, exposure of HUVEC to the small molecule VEGFR2 kinase inhibitor,
SU5416,32 prevented VEGF induction of VEGFR2 phosphorylation in a dose-dependent
manner. SU5416 treatment also inhibited VEGF induction of Src and STAT3 phosphorylation
(Fig. 4A). Treatment with Src inhibitor PP1 or PP2,33 inhibited Src phosphorylation due to
VEGF stimulation and also inhibited STAT3 phosphorylation (Fig. 4B and C). The pattern of
inhibition by this panel of agents indicated that VEGF induction of EC STAT3 phosphorylation
is dependent on VEGFR2 and Src.

STAT3 mediates VEGF induction of Bcl-2 and pro-survival effects in EC
The activation of STAT3 by VEGF suggested it had a role in mediating VEGF effect in EC.
VEGF was previously shown to induce Bcl-2 in EC34 and STAT3 is known to regulate Bcl-2
expression in other cell types.35,36 These observations prompted us to examine induction of
Bcl-2 as a potential role for STAT3 during EC stimulation by VEGF (Fig. 5A). Transfection
of STAT3 siRNA specifically reduced STAT3 levels in HUVEC (Fig. 5B) and attenuated
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VEGF induction of Bcl-2 in these cells (Fig. 5C). This effect was specific, as control siRNA
(NC) had no effect on STAT3 levels and did not inhibit Bcl-2 induction by VEGF. The STAT3-
dependence of VEGF induction of Bcl-2 and the demonstrated importance of Bcl-2 for VEGF
protection from EC death37 suggested that STAT3 siRNA treatment might have an effect on
HUVEC survival. To examine this, we placed HUVEC in low-serum medium. HUVEC
cultured in medium with 10% FCS had 1% TUNEL-positive cells, whereas those cultured in
medium with 0.5% FCS had 23% TUNEL-positive cells. The presence of 100 ng/ml VEGF in
0.5% FCS medium reduced HUVEC death to 10% TUNEL-positive cells (Fig. 5D), showing
that VEGF partially prevented apoptosis due to serum withdrawal. HUVEC transfected with
STAT3 siRNA and placed in 0.5% FCS medium containing 100 ng/ml VEGF had 16%
TUNEL-positive cells, while cells transfected with control siRNA had 9% TUNEL-positive
cells. These results show that STAT3 inhibition significantly impaired VEGF promotion of
EC survival.

Although the siRNA results supported a role for activated STAT3 in VEGF induction of Bcl-2
and prosurvival effects, reduction of EC STAT3 levels by siRNA may have had adventitious
effects, so we examined the effect of STAT3 activation by another approach. We used a p-
STAT3 inhibitory peptide (SIP) linked to a membrane translocation peptide (MTS).38 HUVEC
treatment with MTS-SIP inhibited p-STAT3 induction by VEGF (Fig. 5E), which showed that
this peptide inhibited STAT3 activation.39 Treatment with MTS-SIP inhibited VEGF induction
of Bcl-2 (Fig. 5F) and attenuated VEGF prosurvival effects on serum-deprived HUVEC (Fig.
5G). Treatment with SIP not linked to MTS, which enters cells poorly, did not inhibit VEGF
induction of EC p-STAT3 or Bcl-2 and did not attenuate VEGF promotion of HUVEC survival
(Fig. 5E–G). Together, these results demonstrated that STAT3 activation helps mediate VEGF
induction of Bcl-2 and promotion of survival in EC.

p-STAT3 is induced by VEGF and reports VEGF-VEGFR2 signaling invivo
Published studies on effects of VEGF on STAT3 activation in cultured EC report varying
results, some of which may be attributable to differences in the EC studied.24,25 To determine
whether our in vitro studies accurately portrayed events in vivo, we sought confirmation of
VEGF activation of STAT3 in tumor endothelium. We used K1735.VI4 tumors, which were
generated from K1735 tumors cells genetically engineered to express murine VEGF in the
presence of doxycycline (Dox). Two days after Dox was added to the drinking water of mice
bearing K1735. VI4 tumors, +Dox tumors had 45-fold more VEGF in their lysates measured
by ELISA than −Dox tumors. p-STAT3 was present in 22% of vessels in −Dox tumors, similar
to the frequency seen in wild-type K1735 tumors, whereas it was present in 45% of vessels in
+Dox tumors (Fig. 6A), showing that VEGF induced EC STAT3 activation in vivo.

STAT3 activation seen in tumor endothelium presumably results from EC stimulation by
angiogenic factors in the tumor microenvironment. VEGF is present in these tumors and may
contribute to the level of STAT3 activation seen. We treated tumor-bearing mice with inhibitors
of VEGF and VEGFR2 to determine the effect of treatment on EC p-STAT3. Treatment with
VEGF Trap significantly inhibited growth of both K1735 tumors (71% and 70% growth
inhibition at day 7 and 14, respectively, compared to Fc-treated control tumors) and RENCA
tumors (35% and 50% growth inhibition at day 7 and 14, respectively), suggesting that VEGF
contributed to angiogenesis in both tumor types. Immunostaining of K1735 and RENCA
tumors revealed a marked decrease in vessel staining for p-STAT3 in VEGF Trap-treated
tumors compared to Fc-treated tumors. A decrease in the percentage of K1735 vessels staining
for p-STAT3 was evident by day 3 of therapy and persisted to the end of therapy on day 14
(Fig. 6B; 82%, 78% and 43% decreases at days 3, 7 and 14, sequentially, compared to tumors
treated with control Fc injection). A decrease in the percentage of RENCA vessels staining for
p-STAT3 was evident by day 7 of therapy and became more pronounced at the end of therapy
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on day 14 (Fig. 6C; 56% and 96% decreases at days 7 and 14, sequentially). These results
indicated that VEGF was responsible for a significant portion of EC p-STAT3 in these tumors.
To examine the relationship between VEGF endothelial activation and STAT3 activation using
another inhibitor, we studied K1735 tumors treated with SU5416.32 Treatment significantly
reduced tumor vessels staining for p-STAT3 (Fig. 6D; 67% decrease at day 7), suggesting that
signaling through VEGFR2 was responsible for much of the p-STAT3 in the EC of these
tumors.

Discussion
The studies presented show that VEGF activation of VEGFR2 in cultured EC rapidly induces
the molecular association of VEGFR2, Src and STAT3 and results in STAT3 phosphorylation
by a VEGFR2- and Src-dependent mechanism. Immunocytochemical staining indicates that
p-STAT3 localizes largely to nuclei and, accordingly, is positioned to affect EC gene
expression. Others have examined EC STAT3 activation following in vitro VEGF stimulation
but have reported variable and often inconsistent results.24,25 Thus, even though our studies
showed VEGF induced STAT3 phosphorylation and nuclear localization in both MS1 cells
and HUVEC, it was important to examine events in vivo to determine the significance and
relevance of the in vitro observations. Immunohistological studies showed that p-STAT3 is
generally absent in the quiescent microvessels of most normal mouse organs, with the lung
being a notable exception. In contrast, p-STAT3 is present in the nuclei of a significant fraction
of microvascular EC in three kinds of murine tumors, indicating that STAT3 is activated in
angiogenic tumor EC. While these observations provided no indication of the factors that might
be activating STAT3 in EC in vivo, the increase seen following induction of VEGF
overexpression in K1735 tumors showed that VEGF can activate EC p-STAT3 in vivo and the
marked decrease seen following treatment with agents that inhibit VEGF or VEGFR2 showed
that VEGF is a primary activator of endothelial STAT3 in the tumors studied. Together, these
data show that STAT3 is a mediator of VEGF-VEGFR2 signaling in angiogenic tumor
endothelium.

Src is known to be activated following VEGFR2 engagement by VEGF40 and Src
phosphorylation of STAT3 has been described in other cell types.23 Thus, Src-mediated
STAT3 activation in EC follows a pathway established in other cell types for involving STAT3
signaling during cellular activation. In tumor cells ectopically expressing VEGFR2, VEGF has
been shown to activate STAT3,41 but the mediator(s) downstream of VEGFR2 was(were) not
identified. Src involvement in EC STAT3 activation suggests that other factors that stimulate
EC and recruit Src in the process may also activate STAT3. FGF2 is one such factor and was
shown to induce STAT3 activation. Interestingly, PlGF did not induce STAT3 activation,
indicating that not all EC activators involve STAT3 signaling.

STAT3 can be activated by cytokines (e.g., IL-6), growth factors (e.g., EGF, TGFα and HGF)
and oncoproteins (e.g., Src) in various cell types. In these cells, its phosphorylation by Janus
(JAK), receptor tyrosine or Src-family kinases has been shown to promote cell proliferation
and survival and/or contribute to cell transformation.23 STAT3 acts by modulating expression
of genes that regulate the cell cycle, apoptosis, epithelial-mesenchymal transition (EMT) and
cell invasion. The pleiotropic effects of STAT3 activation suggest that it probably impacts
numerous processes and events in VEGF-stimulated EC. Using a candidate approach based on
the known relationship between VEGF and Bcl-2,34 and cell survival,37 we identified a role
for STAT3 in activated ECs. Inhibition of STAT3 activity by siRNA and an inhibitory
phosphopeptide showed that VEGF induction of EC Bcl-2 and enhancement of EC survival
are mediated, at least in part, by STAT3 activation. STAT3 promotion of EC survival may go
beyond just Bcl-2 induction, because STAT3 has also been shown to activate expression of
the VEGF gene in EC24 and also in other cell types.42 EC production of VEGF may initiate
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an autocrine mechanism for cell survival as well as help sustain other EC effects of VEGF. EC
STAT3 is activated by angiogenic factors other than VEGF (e.g., FGF2) and the induction of
VEGF expression by STAT3 provides a potential mechanism for these other factors to enlist
VEGF participation in their activities and effects.43 Such a mechanism may help explain why
inhibitors of VEGF and VEGFR2 interfere with in vitro and in vivo angiogenesis induced by
FGF2.44

STAT3 anti-apoptotic activity is demonstrable in EC in vitro, but its effects during VEGF-
induced angiogenesis in vivo is less clear. Mice with conditional endothelial STAT3 knockout
are born at the expected Mendelian ratio and develop normally,45 signifying that developmental
angiogenesis, a VEGF-dependent process, can proceed without EC STAT3. VEGF signaling
through other pathways, such as PI3K-AKT46 or Raf,47 may provide redundant signals and
compensate for the absence of endothelial STAT3 during development. The endothelium is
abnormal in the absence of STAT3 function, however, as evidenced by the observations that
EC STAT3 knockout mice exhibit an exaggerated inflammatory response and lethal
susceptibility to lipopolysaccharide (LPS) challenge,45 increased susceptibility to hyperoxia-
induced lung EC injury48 and enhanced post-ischemia myocardial injury.49 How STAT3
deficiency impacts tumor angiogenesis, which is often VEGF-driven, is currently unclear, as
tumor studies in EC knockout mice have not been published to date.

The presence of p-STAT3 in tumor endothelium distinguishes it from the quiescent
endothelium of most normal mouse organs and reflects its activated state. Factors other than
VEGF can activate EC STAT3 and stimulate tumor angiogenesis, which makes it difficult to
know which factors might be responsible for STAT3 activation in tumor endothelium without
additional information. In the case of colorectal carcinoma, the therapeutic efficacy of the
VEGF inhibitor, bevacizumab,10 provides supplementary information and suggests that at least
a portion of the activated STAT3 seen in human colon carcinoma vessels may be due to VEGF.
The fact that VEGF has been shown or is suspected to be an inducer of angiogenesis in many
tumor types suggests that it probably contributes to STAT3 activation in the endothelium of
many tumors. This was proven in the case of K1735 and RENCA mouse tumors by p-STAT3
downregulation following therapeutic interventions targeting VEGF and VEGFR2. These
results also suggest that p-STAT3, if present in tumor endothelium prior to therapy, may be
useful for monitoring therapeutic VEGF-VEGFR2 inhibition. We undertook these studies in
a search for histological reporters of endothelial activation associated with angiogenesis that
provide pathway information usable for investigating the pharmacodynamics of targeted
antiangiogenic agents in preclinical and clinical settings. Based on the studies reported herein,
endothelial p-STAT3 appears suitable for this purpose.

In summary, a combination of in vitro and in vivo studies establishes the participation and
contribution of STAT3 activation during VEGF endothelial activation. EC STAT3 activation
distinguishes quiescent and angiogenic mouse endothelium and can be a reporter of VEGF
activity in tumors. Levels of EC p-STAT3 change with therapeutic modulation of VEGF-
VEGFR2 signaling, making it potentially useful for monitoring the effect of this class of
angiogenesis inhibitors. As part of a biomarker panel reporting on the activity of EC signaling
pathways and cell fate decisions, p-STAT3 can help delineate the pharmacodynamics of
antiangiogenic agents in vivo.

Materials and Methods
Reagents

Recombinant human and mouse VEGF, recombinant human and mouse FGF2, recombinant
human PlGF and anti-human inhibitory VEGFR2 antibody were purchased from R&D Systems
(Minneapolis, MN). SU5416 was purchased from Sigma-Aldrich (St. Louis, MO). Selective
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inhibitors of Src tyrosine kinase, PP1 and PP2, were purchased from Biomol (Plymouth
Meeting, PA) and Calbiochem (San Diego, CA), respectively. VEGF Trap (aflibercept) was
obtained from Regeneron Pharmaceuticals (Tarrytown, NY). SIP with or without MTS was
purchased from Calbiochem (San Diego, CA). ApopTag kit was obtained from Chemicon
(Temecula, CA).

Rat anti-mouse CD34 was purchased from Abcam (Cambridge, MA), mouse anti-human CD31
was obtained from Dako (Carpinteria, CA), rabbit monoclonal anti-p-STAT3 (Tyr 705), rabbit
anti-STAT3, rabbit anti-STAT5, rabbit monoclonal anti-p-VEGFR2 (Tyr 1175), rabbit
monoclonal anti-VEGFR2, rabbit anti-p-Src (Tyr 416), rabbit anti-Src, rabbit anti-Src, rabbit
anti-GAPDH antibodies were obtained from Cell Signaling (Beverly, MA). Rabbit polyclonal
anti-Bcl-2 was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Biotinylated anti-
rabbit and rat immunoglobulin secondary antibodies, ABC reagent, 3, 3-diamin-
obenzidine26 and SG blue chromogen were obtained from Vector Laboratories (Burlingame,
CA).

Cell culture
MS1 cells were purchased from American Type Culture Collection (Manassas, VA) and
maintained in a DMEM, supplemented with 25 mM NaHCO3, 10% fetal bovine serum (FBS),
penicillin/streptomycin. HUVECs were maintained in EBM-2 complete endothelial growth
medium (Clonetics, Walkersville, MD) according to the instructions of the supplier.

Immunohistochemistry and immunocytochemistry
Five-μm paraffin-embedded tissue sections were subjected to antigen retrieval in citric acid
solution and primary antibody to analyte was applied overnight. After washing, slides were
process for immunohistochemistry (IHC) by incubating with biotinylated secondary antibodies
and ABC reagent and immune complexes were detected with DAB. The same sections were
subsequently stained for vessels using anti-CD34 antibody by IHC using SG blue as chromogen
or by immunofluorescence (IF) using a fluorescent-labeled secondary antibody. p-STAT3 was
quantitatively detected only by IHC, whereas CD34 was detected equally well by IHC and by
IF. Immunostainable p-STAT3 was observed to decrease significantly if slides were stained
more than a month after sectioning. Accordingly, all slides for p-STAT3 analysis were stained
within two weeks of sectioning. A vessel was counted positive for p-STAT3 when at least one
EC within the vessel stained for nuclear p-STAT3.

For cultured MS1 or HUVEC cells, cells were fixed in 4% paraformaldehyde and
immunocytochemistry was performed as detailed previously.27 Dying cells were identified by
TUNEL staining using the ApopTag followed by DAPI counterstain.28

Western blotting and immunoprecipitation
For Western blotting, 30 to 60 μg cultured cells lysate were boiled for five minutes in Laemmli’s
sample buffer and subjected to an 8–10% SDS-PAGE. Gels were transferred to nitrocellulose
and probed with different primary antibodies overnight at 4°C. After washing, blots were
incubated with the corresponding horseradish-peroxidase (HRP)-conjugated IgG (1:2000)
(Amersham, Arlington Heights, IL) and developed for enhanced chemiluminescence
(Amersham, Arlington Heights, IL). Blots were subsequently stripped and reprobed.

For immunoprecipitation, cells were lysed in cold RIPA buffer. Lysates were then cleared by
centrifugation and then incubated overnight with primary antibody and an additional three
hours with protein-A sephrose beads (Invitrogen, Carlsbad, CA). Beads were then washed five
times with cold RIPA buffer, boiled in sample buffer, separated on 10% SDS-PAGE,
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transferred to a nitrocellulose membrane and probed with the appropriate detection antibody
for determining endogenous protein-protein association.

siRNA
HUVECs were seeded at a density of 80,000/ml in complete EBM-2 in a six well plate. Cells
were transfected with STAT3 siRNA (SMARTpool) or negative control (NC) siRNA using
siIMPORTER transfection reagent according to manufacturer’s instruction (Millipore,
Billerica, MA). Protein expression was verified by Western blot analysis as indicated above.

Tumor studies
K1735, RENCA and LLC tumors were generated in female C3H/HeN, BALB/c and C57BL/
6 mice, respectively, as previously reported.29 Tumor-bearing mice were treated with (a) VEGF
Trap (25 mg/kg) or control Fc injected subcutaneously twice a week or (b) SU5416 (20 mg/
kg) or vehicle injected intraperitoneally daily. Mice were euthanized according to guidelines
established by the Institutional Animal Care and Use Committee.

To generate K1735 tumor cells with doxycycline (Dox)-inducible expression of VEGF, K1735
cells were stably transfected with pEF2-rTtA (neo) to obtain clones expressing the reverse
tetracycline transactivator. One clone of transfectants was subsequently stably transfected with
TRE-VEGF (hygro) to obtain K1735.VI4 cells, which overexpress murine VEGF164 in the
presence of Dox. For induction in vivo, Dox (2 mg/ml) was added to the drinking water of
mice bearing K1735.VI4 tumors, tumors were excised two days later and VEGF levels in tumor
lysates were assayed by ELISA (R&D, Minneapolis, MN). For histological studies, tumors
were processed as previously reported.29

Statistics
Unless specifically mentioned, all values were expressed as Mean ± SEM. Student’s t test was
used to determine statistical significance of differences between two groups (GraphPad Prism,
GraphPad Software, San Diego, CA).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

DAB 3, 3-diaminobenzidine

Dox doxycycline

EC endothelial cells

EGF epidermal growth factor

EMT epithelial-mesenchymal transition

FBS fetal bovine serum
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FGF2 fibroblast growth factor 2

HGF hepatocyte growth factor

HIF-α hypoxia inducible factor α

HRP horseradish-peroxidase

HUVEC human umbilical vein endothelial cells

IHC immunohistochemistry

IF immunofluorescence

LLC Lewis lung carcinomas

MMP-2 matrix metalloproteinase-2

MMP-9 matrix metalloproteinase-9

MTS membrane translocation peptide

PlGF placenta growth factor

SFK Src family kinase

SIP p-STAT3 inhibitory peptide

STAT signal transducer and activator of transcription

TGFα transforming growth factor-α

VEGF vascular endothelial growth factor

VEGFR VEGF receptor
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Figure 1.
STAT3 is activated in endothelial cells of tumors but not in endothelial cells of most murine
normal organs. Thin sections of paraffin-embedded K1735 (A–D) and RENCA (E and F)
murine tumors, normal mouse organs, kidney (G and H), liver (I and J) and lung (M and N),
and human colorectal cancer (O and P) were stained with anti-p-STAT3 antibody using DAB
chromogen (brown) and with anti-CD34 antibody using SG blue chromogen (blue in A, B, G,
H–J, O and P) or by immunofluorescence (green in C–F, M and N). Regions of 400X fields of
view (A, E, G, I, M, O) outlined by red boxes are shown at higher magnification in the ensuing
panels (B, F, H, J, N and P) to reveal detail. Examples of endothelial cell (EC) nuclei staining
for p-STAT3 are pointed out by red arrows; examples of EC nuclei not staining for p-STAT3
in tumors are pointed out by black arrows in (D) and are abundant in normal organs (H and J)
except the lung. Note that a large fraction of tumor cell nuclei stain positively for p-STAT3
(B–D and F). Normal mouse liver (K and higher magnification, L) was stained with anti-
STAT3 antibody using DAB chromogen and with anti-CD34 antibody using SG blue
chromogen.

Chen et al. Page 13

Cancer Biol Ther. Author manuscript; available in PMC 2010 September 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
VEGF and FGF2 activate STAT3 in endothelial cells. HUVEC and MS1 endothelial cells were
cultured in medium containing 0.5% serum for 24 hours and then cultured in medium
containing 10 ng/ml VEGF (A and B) or 25 ng/ml FGF2 (C) for different durations, or 2–200
ng/ml PlGF (D) in HUVEC cell for 10 minutes. Western blots of cell lysates were probed for
p-STAT3, stripped and reprobed for STAT3 (A, C and D). HUVEC cells were fixed and stained
using anti-p-STAT3 antibody. DAPI counterstaining of nuclei is shown (B). All experiments
were performed twice with similar results.
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Figure 3.
VEGF induces endothelial cell VEGFR2, Src and STAT3 activation and intermolecular
association. HUVEC and MS1 endothelial cells were cultured in medium containing 0.5%
serum for 24 hours and then cultured in medium containing 10 ng/ml VEGF for different
durations. Western blots of the lysates were probed with antibody specific for phospho-
VEGFR2, stripped and reprobed for VEGFR2 (A), and probed with antibody specific for
phospho-Src, stripped and reprobed for Src (B). HUVEC cells were pretreated with anti-human
VEGFR2 inhibitory antibody (1 μg/ml) or IgG (1 μg/ml) for one hour and were stimulated with
10 ng/ml VEGF for 10 min. Western blots of the lysates were probed with antibody specific
for phospho-VEGFR2, phospho-Src, phospho-STAT3, stripped and reprobed for VEGFR2,
Src and STAT3 (C). HUVEC lysates were immunoprecipitated with anti-STAT3 antibody and
Western blots of the precipitate were probed with antibody to VEGFR2, stripped and reprobed
with antibody to STAT3 (D). HUVEC lysates were immunoprecipitated with anti-Src antibody
and Western blots of the precipitate were probed sequentially with antibodies to VEGFR2,
STAT3, STAT5 and Src (E). All experiments were performed twice with similar results.
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Figure 4.
VEGFR2 or Src inhibition abrogates STAT3 activation by VEGF. HUVEC were cultured in
medium containing 0.5% serum for 24 hours and exposed to different concentrations of
SU5416, PP1 or PP2 inhibitor for one hour. VEGF (10 ng/mg) was added, and cell lysates
were prepared 10 minutes later. Western blots of lysates from cells treated with SU5416, a
VEGFR2 inhibitor, were probed with antibodies to p-VEGFR2, p-Src and p-STAT3; the last
blot was stripped and reprobed with antibody to STAT3 (A). Blots of lysates from cells treated
with c-Src inhibitors PP1 (B) or PP2 (C) were probed with antibodies to p-Src and p-STAT3;
these blots were stripped and reprobed with antibodies to Src and STAT3, respectively. All
experiments were performed twice with similar results.

Chen et al. Page 16

Cancer Biol Ther. Author manuscript; available in PMC 2010 September 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 5.
VEGF induces Bcl-2 and protects endothelial cells from death by a STAT3-dependent
mechanism. HUVEC were placed in serum-free medium overnight, stimulated with medium
containing 0.5% serum + VEGF (100 ng/ml) for 48 or 72 hours. Blots of the lysates were
probed with antibody to Bcl-2, stripped and reprobed with antibody to GAPDH (A). HUVEC
were transfected with STAT3 siRNA (siRNA; 100 nM) for 48, 72 or 96 hours, transfected with
negative control siRNA (NC; 100 nM) for 96 hours, mock transfected (Mock) or untransfected
(UT). Blots were probed sequentially with antibodies to STAT3, VEGFR2 and GAPDH (B).
HUVEC were transfected with STAT3 siRNA (siRNA; 100 nM) or negative control siRNA
(NC; 100 nM) for 72 hours. The transfected cells were cultured in serum-free medium overnight
and then placed in medium containing 0.5% serum + VEGF (100 ng/ml). Cell death was
assayed after 24 hours and cell lysates were prepared after 48 hours. Blots were probed with
antibodies to Bcl-2 and STAT3, stripped and reprobed with antibody to GAPDH (C). Cell
death was assayed by TUNEL staining (D). This experiment was performed a total of three
times with similar results. HUVEC were treated with 20 μM p-STAT3 inhibitory peptide linked
to a membrane translocating sequence (MTS-SIP) or with unlinked SIP at 20 μM in serum-
free medium for 16 hours. They were then stimulated with VEGF (100 ng/ml) for 10 minutes.
Cells were fixed and stained using anti-p-STAT3 antibody. DAPI counterstaining of nuclei is
shown (E). HUVEC were treated with 0.2, 2 or 20 μM p-STAT3 MTS-SIP or with unlinked
SIP at 20 μM in serum-free medium for 16 hours. They were then cultured in medium
containing 0.5% serum + VEGF (100 ng/ml) and the peptides. Cell death was assayed after 24
hours and cell lysates were prepared after 48 hours. Blots were probed with antibodies to Bcl-2,
stripped and reprobed with antibody to GAPDH (F). Cell death was assayed by TUNEL
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staining (G). All Western blot experiments were performed twice and the other experiments
were performed a total of three times with similar results.
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Figure 6.
Tumor endothelial cell p-STAT3 is induced by VEGF and decreased by inhibitors of VEGF
and VEGFR2. Tumors were raised in syngeneic mice by subcutaneous inoculation of cultured
tumor cells. When tumors reached 5 mm in diameter, hosts were treated with the agents
described and the tumors harvested at various times after start of treatment. Vascular p-STAT3
expression was examined immunohistochemically by dual staining with anti-p-STAT3
antibody (DAB chromogen, brown chromogen) and anti-CD34 antibody (SG blue, blue
chromogen). C3H/HeN mice bearing K1735.VI4 tumors (engineered to express murine
VEGF165 under doxycycline, Dox, induction) were given Dox (2 mg/ml) in their drinking
water or not for two days (number of tumors analyzed for each group indicated within
histogram) (A). Mice bearing K1735 tumors were treated with control Fc or VEGF Trap (25
mg/kg given subcutaneously twice a week) and their tumors excised 3, 7 or 14 days after start
of treatment (B). BALB/c mice bearing RENCA tumors were treated with control Fc or VEGF
Trap and their tumors analyzed as described (C). Mice bearing K1735 tumors were treated
with vehicle or SU5416 (20 mg/kg daily) (D) and their tumors analyzed after seven days of
treatment. Differences were analyzed by Student’s test and p value was shown.
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