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Abstract

Vascular endothelial growth factor (VEGF) signaling is critical for tumor angiogenesis. However,
therapies based on the inhibition of VEGF receptors have shown modest results in patients with
cancer. Surprisingly little is known about mechanisms underlying the regulation of VEGFR1 and
VEGFR2 expression, the main targets of these drugs. Here, analysis of tissue microarrays revealed
an inversely reciprocal pattern of VEGF receptor regulation in the endothelium of human
squamous cell carcinomas (high VEGFR1, low VEGFR?2), as compared to the endothelium of
control tissues (low VEGFRL1, high VEGFR2). Mechanistic studies demonstrated that VEGF
signals through the Akt/ERK pathway to inhibit constitutive ubiquitination and induce rapid
VEGFR1 accumulation in endothelial cells. Surprisingly, VEGFRL1 is primarily localized in the
nucleus of endothelial cells. In contrast, VEGF signals through the JNK/c-Jun pathway to induce
endocytosis, nuclear translocation, and downregulation of VEGFR2 via ubiquitination. VEGFR1
signaling is required for endothelial cell survival, while VEGFR2 regulates capillary tube
formation. Notably, the antiangiogenic effect of Bevacizumab (anti-VEGF antibody) requires the
normalization of VEGFR1 and VEGFR2 levels in human squamous cell carcinomas vascularized
with human blood vessels in immunodeficient mice. Collectively, this work demonstrate that
VEGF-induced angiogenesis requires the inverse regulation of VEGFR1 and VEGFR2 in tumor-
associated endothelial cells.
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Introduction

Vascular endothelial growth factor (VEGF) is a key regulator of physiologic angiogenesis,
and plays a major role in the pathobiology of cancer (1-3). Lack of one vegf allele is
sufficient to cause death early in embryonic development due to abnormal vessel
development (4,5) and autocrine VEGF signaling is required to maintain vascular
homeostasis in adult healthy tissues (6). The recognition of the prominent role for VEGF in
cancer led to the development of antiangiogenic therapies targeting this pathway (3,7).
Indeed, these therapies have become standard of care for several malignancies, including
metastatic colorectal cancer (3,8). However, resistance to antiangiogenic therapies has been
described in xenograft tumor models and in clinical trials (9-11). The understanding of
mechanisms underlying the regulation and function of VEGF receptors is imperative to
determine how vascular homeostasis is maintained in health and how these receptors
contribute to the pathobiology of angiogenesis dependent diseases, such as cancer.
Furthermore, the understanding of the cellular localization and regulation of these receptors
in healthy tissues and in tumors is critical for the improvement of the outcomes of therapies
targeted to the inhibition of VEGF signaling.

The VEGF receptors, VEGFR1 and VEGFR2, are structurally related members of the
receptor tyrosine kinase (RTK) family that mediate critical signaling pathways in endothelial
cells (12-14). VEGFRL is a receptor for VEGF-A, VEGF-B and PIGF, and is believed to
have low kinase activity (15,16). In contrast, VEGFR?2 is considered a highly active receptor
that mediates broad signaling cascades and regulates many endothelial cell functions
including proliferation, migration, and differentiation (15,17). Ligand-mediated degradation
of RTKs is an important regulatory step of signaling transduction. It is known that epidermal
growth factor (EGF) causes downregulation of EGFR by ubiquitination (18). VEGF
dependent VEGFR2 downregulation appears to involve endocytosis in either bovine aortic
endothelial cells or human endothelial cells (19,20). Notably, autophosphorylation of the
kinase domain of VEGFR?2 is necessary for receptor internalization (21). While ligand-
mediated downregulation of VEGFR2 has been described, mechanisms underlying the
reciprocal upregulation of VEGFR1 in endothelial cells exposed to VEGF and the impact of
this reversal of expression levels to endothelial cell proliferation, sprouting, survival, and
tumor angiogenesis have not been characterized. In this study, we showed that VEGF-
induced upregulation of VEGFRL1 is dependent upon Akt and ERK signaling, while the
downregulation of VEGFR2 is mediated by the JNK-c-Jun pathway. Gene silencing and
functional studies demonstrated that VEGFR1 signaling is critical for endothelial cell
survival, while VEGFR2 signaling is required for capillary tube formation. Notably, the
anti-angiogenic effect of the monoclonal anti-VEGF antibody bevacizumab in vivo
correlates with the reversal of VEGFR1 and VEGFR2 levels in the vascular endothelial cells
of squamous cell carcinomas.
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Results
VEGF reverses VEGFR1 and VEGFR2 protein levels in endothelial cells

A tissue microarray containing a panel of human squamous cell carcinomas (22) was used to
evaluate VEGFR1 and VEGFR2 protein levels in tumor-associated endothelial cells. We
found more VEGFR1-positive blood vessels in human squamous cell carcinomas than in
control tissues, i.e. oral mucosa (Figure 1a and b). In contrast, VEGFR2-positive vessels
were more prevalent in oral mucosa than within the tumor environment (Figure 1a and b).
Notably, while in human tumors the majority of blood vessels are VEGFR1-positive, in the
oral mucosa most vessels are VEGFR2-positive (Figure 1b). As expected, human squamous
cell carcinomas strongly express VEGF (Figure 1a). To evaluate the spatial relationship
between VEGF receptor expression and VEGF, we performed immunostaining of serial and
sequential tissue sections from xenografted human squamous cell carcinomas grown in
SCID mice. Confirming the data from the tissue microarrays, we observed strong
immunostaining for VEGF and VEGFR1, and weaker staining for VEGFR2 in the xenograft
tumors (Supplementary Figure 1). To begin to understand mechanisms involved in the
regulation of VEGFR1 and VEGFR2 expression, we exposed primary human dermal
microvascular endothelial cells (HDMEC) to increasing concentrations of fetal bovine
serum (FBS). While FBS downregulated VEGFR?2, it potently induced VEGFRL1 in
HDMEC (Figure 1c). Knowing that ligands exert regulatory functions on their own
receptors, that FBS contains VEGF, and that human squamous cell carcinomas express high
levels of VEGF, we evaluated the effect of recombinant VEGF on the regulation of
VEGFR1 and VEGFR2. VEGF induced expression of VEGFR1 while downregulating
VEGFR?2 in two primary endothelial cell types, i.e. HDMEC and human pulmonary
endothelial cells (HPEC) (Figure 1d). Treatment with anti-VEGF antibody inhibited VEGF-
regulatory effects on VEGFR1 and VEGFR?2 in a dose-dependent manner, demonstrating
specificity of responses (Figure 1e). To further verify the specificity of VEGF receptor
regulation, we evaluated the effect of EGF, which is known to downregulate its tyrosine
kinase receptor (18). EGF downregulated EGFR in squamous cell carcinoma cells (Figure
1g), but had no effect on the expression levels of VEGFR1 and VEGFR2 in endothelial cells
(Figure 1f and h). Likewise, the VEGF receptor ligand placental growth factor (PIGF), and
the angiogenic cytokine 1L-6 (Interleukin-6), had no effect on VEGFR1 or VEGFR2
expression (Figure 1f and i).

The reversal of VEGFR1 and VEGFR2 protein levels in endothelial cells happened within
minutes of exposure to VEGF (Figure 1h), which suggested that this process was not
regulated at the transcriptional level. Reverse transcriptase polymerase chain reaction (RT-
PCR) and real-time PCR (gPCR) analyses confirmed this hypothesis showing that VEGF
had no effect on VEGFR1 or VEGFR2 mRNA within the same timeframe (Figure 2a and b).
We then reasoned that intracellular receptor trafficking and differential regulation of
ubiquitination might be involved in the process of VEGF-induced regulation of VEGFR1
and VEGFR2. Confocal microscopy showed that VEGFR?2 is translocated to the nucleus
within 30 minutes of VEGF treatment (Figure 2c). Surprisingly, most of the VEGFRL1 is
found in the nucleus of untreated or VEGF-treated HDMEC (Figure 2c). Cell fractionation
studies confirmed that VEGFR1 is mainly expressed in the nucleus, while VEGFR?2 is in the
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cytoplasmic/cell membrane fraction in untreated cells (Figure 2d). VEGFR1 remained in the
nucleus upon treatment with VEGF, while VEGFR2 translocated from the cytoplasmic/cell
membrane fraction to the nucleus (Figure 2d). EGF and IL-6 did not affect VEGFR2
localization (Figure 2e). Treatment with Concanavalin-A revealed that VEGF-induced
VEGFR?2 nuclear translocation depends on endocytosis (Figure 2f). However, blockade of
nuclear translocation did not prevent VEGF-induced VEGFR2 downregulation (Figure 2f).
Interestingly, only the high molecular weight VEGFR2 isoform translocated into the nucleus
upon treatment with VEGF (Figure 2d-g). To determine the glycosylation state of the
VEGFR? isoform translocated to the nucleus, we treated cell lysates with an enzymatic
cocktail that eliminates all N-linked and most O-linked forms. Interestingly, we observed
that both VEGFR?2 isoforms are glycosylated (Figure 2g), suggesting that the nuclear
translocation is not differentially regulated by VEGFR2's glycosylation.

VEGF-induced VEGFR2 downregulation requires signaling through the JNK-c-Jun pathway
and activity of the ubiquitin/proteasome system

To evaluate the role of the ubiquitin-proteasome system on VEGF-induced VEGFR2
downregulation, HDMEC were exposed to VEGF in presence of specific inhibitors. We
observed that inhibition of ubiquitin or proteasome activity partially prevented VEGF-
induced VEGFR2 downregulation, but not nuclear translocation (Figure 3a and b). It is
known that JNK targets ubiquitination of regulatory proteins (23). HDMEC exposed to
VEGF showed strong phosphorylation of JINK-2, and to some extent JNK-1, resulting in c-
Jun activation (Figure 3c and d). Notably, phosphorylation of JNK correlated with a marked
decrease in VEGFR2 protein levels (Figure 3c and d). Indeed, blockade of JNK activity
inhibited VEGF-mediated VEGFR2 downregulation and partially blocked VEGFR1
upregulation in HDMEC and HPEC (Figure 3e and f). However, inhibition of INK activity
did not affect VEGF-induced VEGFR2 nuclear translocation (Figure 3g). We also evaluated
two additional means of directly inducing JNK activity, UV radiation and Anisomycin (24).
Both strategies were sufficient to downregulate VEGFR2 protein levels in endothelial cells,
bypassing the requirement for VEGF (Supplementary Figure 2a and b). Of note, blockade of
JNK and c-Jun phosphorylation with SP600125 prevented Anisomycin-induced
downregulation of VEGFR2 (Supplementary Figure 2b). Taken together, these data
demonstrated that signaling through the JNK/c-Jun pathway and activity of the ubiquitin-
proteasome system are necessary for VEGF-induced downregulation of VEGFR2 protein
levels in primary endothelial cells.

VEGF signals through PI3k-Akt to inhibit ubiquitination and rapidly increase VEGFR1
levels in endothelial cells

Since VEGFR1 expression was upregulated within minutes of exposure to VEGF, we
hypothesized that VEGFR1 was continuously being degraded by the ubiquitin-proteasome
system to maintain its homeostatic levels. This hypothesis was confirmed by the observation
that inhibition of either ubiquitin or proteasome activity was sufficient to rapidly induce
VEGFR1 expression (Figure 3h and i). Then, we evaluated the function of the PI3K/Akt and
ERK pathways in VEGF-induced VEGFR1 expression in HDMEC (Figure 3j-1). Inhibition
of either Akt or ERK1/2 phosphorylation suppressed VEGF-mediated VEGFR1
upregulation, but had no effect on VEGFR2 protein levels (Figure 3k and I).
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VEGFR1 signaling is required for the anti-apoptotic effect of VEGF, while VEGFR2
signaling is required for VEGF-induced capillary tube formation

It is known that VEGF protects endothelial cells against apoptosis induced by growth factor
starvation (Figure 4a) (25). To evaluate the relative role of VEGFR1 and VEGFR2 in
endothelial cell survival, we used shRNA-mediated gene silencing with lentiviral vectors
(Figure 4b). Unexpectedly, shRNA-mediated downregulation of VEGFR2 resulted in
upregulation of VEGFR1 protein levels, while downregulation of VEGFRL1 did not affect
VEGFR?2 protein (Figure 4b). VEGFR1 knockdown had a stronger impact on endothelial
cell density than VEGFR2 silencing (Figure 4c). These findings correlated with a 2-3-fold
increase in apoptosis of serum-starved VEGFR1-knockdown endothelial cells, while
VEGFR2 knockdown had no effect on cell survival (Figure 4d). To confirm these data using
a second apoptotic assay, we analyzed activity of the effector of apoptosis caspase-3 (Figure
4f and g). We observed that VEGFR1, but not VEGFR2, knockdown is sufficient to enhance
caspase-3 activity in starved endothelial cells (Figure 4f and g). Knockdown of either
VEGFR1 or VEGFR2 did not have any effect on endothelial cell cycle (Figure 4e). Notably,
with complete endothelial cell medium (5% FBS), we observed a decrease in capillary tube
formation only when VEGFR2 expression was knockdown in endothelial cells (Figure 4h
and i). However, under a low serum concentration (2.5%), downregulation of either receptor
led to a significant inhibition of capillary tube formation (Figure 4h and i). Together, these
data demonstrate that while VEGFR1 signaling primarily regulates endothelial cell survival,
VEGFR?2 signaling is involved in vascular differentiation and capillary-like tube formation.

VEGF was shown to enhance endothelial cell survival by inducing expression of Bcl-2
(Figure 5a) (25). We observed that VEGFRL1 signaling is required for VEGF-induced
upregulation of Bcl-2 expression in endothelial cells (Figure 5b). Surprisingly, VEGFR2
knockdown correlated with baseline increase in Bcl-2 expression and c-Jun phosphorylation
in unstimulated endothelial cells (Figure 5c and d). However, VEGF does not induce Bcl-2
or phospho-c-Jun levels above baseline in VEGFR2-knockdown HDMEC (Figure 5c¢ and d).
JNK-c-Jun signaling is known to control expression of proteins involved in the regulation of
cell survival (26). Here, we observed that blockade of c-Jun phosphorylation inhibited
VEGF-induced Bcl-2 expression, survival, and the angiogenic potential of HDMEC (Figure

5e-g).

It is known that STAT3, Akt, and ERK mediate survival and differentiation signals in
endothelial cells (27-29). We observed that the basal levels of phosphorylation of STAT3
and Akt are reduced in VEGFR1 knockdown endothelial cells, but not in VEGFR2
knockdown cells (Figure 5h and i). Notably, VEGF's ability to induce Akt phosphorylation
involves signaling through VEGFR1 (Figure 5h). VEGFR1 knockdown (but not VEGFR2)
increased the basal levels of phosphorylated ERK (Figure 5h). VEGFR1 knockdown further
enhanced the induction of ERK phosphorylation in response to a 15-minute exposure to
VEGF, as compared with vector control endothelial cells treated with VEGF (Figure 5h).
However, the level of ERK phosphorylation in response to VEGF in VEGFR2 knockdown
cells was similar (shRNA-VEGFR2a), or lower (sShRNA-VEGFR2b), than in control cells
(Figure 5i). Knockdown of either VEGFR1 (data not shown) or VEGFR2 had no effect on
EGF-mediated signaling, confirming the specificity of the responses to VEGF (Figure 5j).
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Functional assays revealed that PI3K/AKkt signaling is required for capillary tube formation
(Supplementary Figure 3). STAT3 inhibition mediated similar effects, but the decrease in
the number of capillary tubes was not as pronounced. In contrast, blockade of ERK1/2
signaling inhibited capillary tube formation without a comparable decrease in cell number
(Supplementary Figure 3). Together, these data demonstrated that VEGFRL1 signaling is
involved in the regulation of STAT3 and Akt homeostatic activity, which have been shown
to be required for endothelial cell survival (30,31). On the other hand, VEGF signals through
VEGFR?2 to activate ERK1/2, which is required for capillary tube formation (29).

Bevacizumab normalizes VEGFR1 and VEGFR2 protein levels in tumor-associated
endothelial cells

To evaluate mechanisms underlying the regulation of VEGFR1 and VEGFR2 protein levels
mediated by tumor cells in vitro, HDMEC were exposed to conditioned medium (CM) of
VEGF-expressing human squamous cell carcinoma cells (UM-SCC-1) (Figure 6a). The
expected increase in endothelial cell number and capillary tube formation mediated by UM-
SCC-1 CM correlated with upregulation of VEGFR1 and downregulation of VEGFR2
(Figure 6b-d). UM-SCC-1 CM induced phosphorylation of c-Jun, Akt, ERK1/2, and
STATS3, and upregulation of Bcl-2 expression in endothelial cells (Figure 6d-f and 7c¢).
VEGFR1 signaling participates in UM-SCC-1-induced phosphorylation of STAT3 and Akt,
but not in ERK1/2 phosphorylation (Figure 6f). In contrast, VEGFR2 signaling is involved
in UM-SCC-1-induced ERK1/2 phosphorylation, but has no effect on STAT3 and Akt
activity (Figure 6Q).

To understand the effect of VEGF on the regulation of VEGFR1 and VEGFR2 in tumor-
associated endothelial cells, we used the humanized anti-VEGF monoclonal antibody
bevacizumab (Avastin) that is approved for treatment of several cancers (3). In absence of
FBS, bevacizumab had no effect on VEGFR1 or VEGFR2 protein levels (Figure 7a).
Bevacizumab inhibited the effect of FBS or tumor cell CM (UM-SCC-1 and OSCC3), and
restored baseline levels of VEGFR1, VEGFR2, and Bcl-2 in human endothelial cells in vitro
(Figure 7b and c; Supplementary Figure 4). To evaluate the effect of bevacizumab on
VEGFR1 and VEGFR?2 protein levels in vivo, we engineered human tumors vascularized
with human blood vessels in immunodeficient mice, as described (32,33). UM-SCC-1 cells
were selected because they express high levels of VEGF (Figure 6a) but have undetectable
levels of VEGFR1 or VEGFR2 (Figure 7d). The anti-angiogenic effect of 15 mg/kg
bevacizumab (Figure 7f and g) correlated with the normalization of VEGF receptor
expression levels within the tumors, i.e. downregulation of VEGFR1 and upregulation of
VEGFR?2 (Figure 7e).

Discussion

The understanding of mechanisms underlying VEGF signaling has become critically
important in recent years due to the increasing use of therapeutic inhibitors of this pathway
for the treatment of cancer. It has become evident that while some patients benefit from such
therapy, a significant subset of patients is refractory to treatment. This might be due to the
development of evasive resistance to VEGF inhibition by “turning on” alternative
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angiogenic pathways, or by enhancing recruitment of circulating endothelial progenitor cells
(11,34,35). In both cases, the activity and regulation of VEGF receptor signaling pathways
play a critical role.

We observed that recombinant human VEGF, FBS, or conditioned medium from VEGF-
expressing tumor cell lines induce a “rheostat-like” pattern of regulation of VEGF receptors,
enhancing VEGFR1 while decreasing VEGFR2 protein levels in primary endothelial cells.
Notably, the sub-cellular distribution of VEGFR1 and VEGFR2 is fundamentally different.
Our studies demonstrate that VEGFRL1 is found primarily in the nucleus and does not move
from there upon stimulation with VEGF. Of note, a recent study demonstrated by
fluorescence microscopy the presence of VEGFRL1 in the Golgi of human umbilical vein
endothelial cells (HUVEC) (36). The data presented here does not exclude the possibility
that some VEGFRL can be found in the cytoplasmic fraction of HDMEC. However, our cell
fractionation and confocal microscopy studies demonstrated unequivocally that the majority
of VEGFR1 is present in the nucleus. In contrast, VEGFR2 clearly changes location from
the cell membrane/cytoplasmic fraction to the nucleus when endothelial cells are treated
with VEGF. Western blots for VEGFR2 typically show two bands (representing two
isoforms) in unstimulated endothelial cells. However, upon stimulation with VEGF we
observed that only the larger isoform is translocated to the nucleus. The most significant
decrease in expression mediated by VEGF is observed with the larger isoform, through
mechanisms that are currently under investigation in our laboratory. Notably, blockade of
endocytosis prevented VEGF-induced nuclear translocation of VEGFR2, but did not prevent
its downregulation. In contrast, inhibition of the ubiquitin/proteasome system prevented
VEGF-induced VEGFR2 downregulation, but did not prevent nuclear translocation. These
data suggest that the processes of nuclear translocation and VEGFR2 downregulation are
mechanistically independent.

It is known that JNK targets the ubiquitination of regulatory proteins, including ATF2 (23).
We observed here that VEGF induced potent activation of the JINK-c-Jun pathway, and that
JNK activity is associated with ubiquitination of VEGFR2. On the other hand, inhibition of
the ubiquitin or proteasome activity is sufficient to enhance expression of VEGFR1 in
primary endothelial cells. These findings suggest that endothelial cells are continuously
synthesizing VEGFRL1 and that ubiquitin/proteasome activity is necessary to maintain its
homeostatic levels. Notably, the regulation of VEGFR1 protein levels is dependent on Akt
and ERK1/2 phosphorylation. Since these two kinases typically inhibit the degradation of
proteins by the ubiquitin/proteasome system, we postulate that VEGF induces
phosphorylation of Akt and ERK1/2, which in turn prevents the degradation of VEGFR1 by
the ubiquitin/proteasome system. Collectively, these data suggest that VEGF orchestrates an
intricate process mediated by the AKt/ERK and JNK/c-Jun that protects VEGFR1 while
“tagging” VEGFR2 for degradation, leading to rapid reversal of the protein levels of these
two receptors. We propose that this mechanism is involved in the well-characterized ability
of the vascular endothelium to quickly adapt to sudden changes in the microenvironment.

We and other colleagues have reported that VEGF enhances the survival of endothelial cells
by regulating the activity of the anti-apoptotic Bcl-2 and inhibiting caspase-mediated cell
death (25,37). At that time, it was believed that this process was mediated by VEGFR2
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signaling. The availability of specific ShRNA constructs to selectively downregulate
expression of each VEGF receptor allowed us to revisit these data. We demonstrate here that
endothelial cell survival is regulated primarily by VEGFR1 signaling, while VEGFR2
signaling regulates the differentiation of endothelial cells into capillary tubes.

Our ability to discriminate the function of VEGFR1 and VEGFR2 in vivo is hindered by the
fact that both receptors play critical and complementary roles in angiogenesis (38,39).
However, in attempt to validate the concepts tested here within relevant tumor models, we
exposed the endothelial cells to the conditioned medium of VEGF-producing squamous cell
carcinomas. As expected, the tumor cells enhanced the survival and angiogenic potential of
endothelial cells. This was correlated with an increase in the expression of VEGFR1, Bcl-2
and phospho-c-Jun, which is consistent with the increase in the survival typically observed
in tumor-associated endothelial cells (25).

The inhibition of tumor angiogenesis mediated by VEGF signaling blockade with
bevacizumab correlated with a reversal in VEGFR1 and VEGFR2 protein levels. These data
raise the intriguing hypothesis that the anti-tumor effect of anti-VEGF therapies requires the
normalization of VEGFR1 and VEGFR?2 protein levels. This work suggests that the process
of normalization of VEGFR1/VEGFR2 can potentially constitute a novel conceptual target
for cancer treatment. Moreover, the reversal of VEGFR1 and VEGFR2 can potentially be
useful as a molecular biomarker for the effectiveness of anti-VEGF therapies.

Collectively, our studies demonstrated that VEGFRL1 is the dominant receptor in the tumor
microenvironment, and that VEGFRL1 is required for endothelial cell survival. These
findings support the concept that VEGFRL is the preferable therapeutic target in cancer.
However, the unexpected finding that this receptor is localized in the nucleus of angiogenic
endothelial cells suggests that highly permeable drugs are required to achieve clinically
relevant inhibition of VEGFRL1 signaling in vivo. Moreover, this work revealed a novel
mechanism by which a ligand inversely regulates two receptors to promote angiogenesis.
Inversely reciprocal regulation of receptors by a single ligand might be a common
mechanism shared by cells to regulate the function of other ligand/receptor systems in
physiology and in disease.

Materials and Methods

Cell culture and reagents

Primary human dermal microvascular endothelial cells (HDMEC; Cambrex, Walkersville,
MD) and primary human pulmonary endothelial cells (Cambrex) were cultured in
endothelial growth medium-2 for microvascular cells (EGM2-MV; Cambrex). Head and
neck squamous cell carcinoma cells (UM-SCC-1 and UM-SCC-11B, gift from T. Carey,
University of Michigan; OSCC3, gift from M. Lingen, University of Chicago) were cultured
in Dulbecco's modified Eagle's medium (DMEM, Invitrogen, Carlsbad, CA) supplemented
with 10% FBS, 100 U/ml penicillin, and 100 pg/ml streptomycin. HDMEC and UM-SCC-1
cells were starved overnight, and treated with 0-50 ng/ml rhEGF, 0-50 ng/ml rhVEGF1¢5, or
0-50 ng/ml rhPIGF (R & D Systems, Minneapolis, MN), 0-50 ng/ml rhVEGF-E (Fitzgerald,
Concord, MA), or 0-20 ng/ml rhIL-6 (Biosource, Camarillo, CA) for indicated time points.
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Alternatively, HDMEC were treated with 0-5 pg/ml goat anti-human VEGF antibody (R &
D Systems); 0-20 uM LY294002 (PI13K inhibitor; A.G. Scientific Inc., San Diego, CA);
0-30 uM PD98059 (MEK-1 inhibitor, upstream of ERK1/2, Cell Signaling Technology, Inc,
Danvers, MA); 0-10 uM SP600125 (JNK inhibitor; A.G. Scientific Inc.); 0-5 pg/ml
Anisomycin (Sigma; St. Louis, MO); 0-5 uM Ubiquitin aldehyde inhibitor (Upstate,
Temecula, CA); 0-10 uM proteasome inhibitor MG132 (Sigma); 0-10 pg/ml Concanavalin
A (Con A, Sigma). At indicated time points, cells were collected, and Western blot or RT-
PCR was performed.

Sub-cellular fractionation

Cells were resuspended in cytoplasmic extraction buffer (Panomics, Redwood, CA)
containing protease inhibitors, and incubated for 3 min on ice. The suspension was
centrifuged at 13,000 rpm for 5 min at 4°C. The supernatant was collected as cytoplasmic/
cell membrane extract (CE). The nuclear extract (NE) was obtained by suspending the
nuclear pellet in nuclear extraction buffer (Panomics) for 40 min on ice with occasional
vortexing and clarified by centrifuging at 13,000 rpm for 10 min at 4°C. The supernatant
was collected as NE.

Confocal microscopy

HDMEC were seeded in Lab-Tek chamber slides (Nalge Nunc International; Noperville,
IL), starved overnight, and treated with 0-50 ng/ml rhVEGF g5 for 15-30 min. Cells were
fixed with methanol or 4% paraformaldehyde/PBS, treated with 3% H,0O, for 10 min, and
then incubated with 1-2 pug/ml rabbit anti-human VEGFR2 (Santa Cruz), VEGFR1 (Abcam
Inc, Cambridge, MA) for 1 hour at room temperature or overnight at 4°C. ProLong Gold
anti-fade reagent with DAPI (Invitrogen) was used to identify nuclei. Images were captured
in a Zeiss Confocal microscope (Microscopy and Image Analysis laboratory, University of
Michigan). Here, and throughout this manuscript, at least three independent experiments
were performed to verify reproducibility of results.

In vitro capillary tube formation

5 x 10* HDMEC cells were seeded in 24 well plates (Corning Incorporated, Corning, NY)
coated with growth factor reduced Matrigel (BD Biosciences, Bedford, MA). When
indicated, UM-SCC-1 conditioned medium, SP600125, AG490, Ly294002, or PD98059
were used at the concentrations described above. After 24 hours, capillary tubes were
counted in random fields from 3 wells/condition.

VEGFR1 and VEGFR2 gene silencing

HEK 293T cells were transiently co-transfected with Lentivirus packaging vector psPAX2,
pMD2.G, and shRNA-C (control), ShARNA-VEGFR1 or shRNA-VEGFR2 (Vector Core,
University of Michigan) by the calcium phosphate method. Supernatants containing
lentiviruses were used to infect HDMEC overnight. HDMEC were selected with 1 pg/ml
puromycin (InVivogen, San Diego, CA) for at least one week, and downregulation of target
genes was examined by Western blot.
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SCID Mouse Model of Human Tumor Angiogenesis

Xenograft human tumors vascularized with human blood vessels were generated under an
UCUCA approved protocol, as described (32). Briefly, highly porous poly-L(lactic) acid
(Boehringer Ingelheim, Ingelheim, Germany) scaffolds were seeded with 9 x 10° HDMEC
and 1 x 10° UM-SCC-1 cells. SCID mice (CB.17.SCID; Taconic, Germantown, New York)
were anesthetized with ketamine and xylazine, and two scaffolds were implanted in the
subcutaneous space of the dorsal region of each mouse. When tumors reached 1 cm?3, mice
were injected intraperitonealy twice with 15 or 30 mg/kg bevacizumab (humanized anti-
VEGF monoclonal antibody; Genentech) or vehicle control, with a 48-hour interval between
each injection. Mice were euthanized the day after last injection, tumors were homogenized
with NP-40 protein lysis buffer at 4°C, and Western blots were performed for VEGFR1 and
VEGFR2. Tumor microvessel density was determined following identification of blood
vessels by immunohistochemistry with a polyclonal anti-human factor V111 antibody (Lab
Vision, Fremont, CA), as previously described (32).

Western Blots

ELISA

Cells were lysed in 1% Nonidet P-40 (NP-40) lysis buffer (50 mM Tris-HCL, PH 7.4, 200
mM NaCl and 2 mM MgClI, containing protease inhibitors. Membranes were incubated with
the following primary antibodies for 1 hour at room temperature or overnight at 4°C: rabbit
anti-human VEGFR1, rabbit anti-human VEGFR2, mouse anti-human phosphor-c-Jun,
mouse anti-human phosphor-JNK, mouse anti-human JNK, rabbit hnRNP, mouse anti-
human VE-Cadherin, and rabbit anti-human E-cadherin (Santa Cruz Biotechnology, Santa
Cruz, CA); mouse anti-human phosphor STATS3, rabbit anti-human STAT3, mouse anti-
human ERK1/2, rabbit anti-human phosphor-ERK1/2, rabbit anti-human phosphor-AKT,
rabbit anti-human AKT, and rabbit anti-human c-Jun (Cell Signaling); mouse anti-GAPDH
(Chemicon, Billerca, MA), hamster anti-human Bcl-2, mouse anti-human Bcl-x; (BD
Biosciences, San Jose, CA). The molecular weight for the VEGFR1 bands is approximately
200 kDa, and for the VEGFR2 bands is approximately 220 kDa. The glycosylation status of
VEGFR2 was evaluated with the Enzymatic CarboRelease Kit (QA-Bio, Palm Desert, CA),
according to manufacturer's instructions. HDMEC were starved overnight, and treated with
50 ng/ml VEGF for 20 min. Cell fractionation was performed, as described below. Cell
lysates (60-100 pg) were deglycosylated, and VEGFR2 was detected by Western blot with
rabbit anti-VEGFR2 antibody (Santa Cruz). Affinity-purified second antibodies conjugated
with horseradish peroxidase (Jackson ImmunoResearch Laboratories, West Grove, PA) were
used, and immunoreactive proteins were visualized by SuperSignal West Pico
chemiluminescent substrate (Thermo Scientific, Rockford, IL) and exposed to x-ray film.

Supernatants of 24-hour cell cultures were collected and centrifuged to eliminate cellular
debris. VEGF expression was determined with a human VEGF ELISA kit (Quantikine, R &
D System) according to the manufacturer's instructions.
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Reverse Transcriptase PCR and Real Time PCR

Total RNA was prepared in Trizol (Invitrogen), according to manufacturer's instructions.
RT-PCR was performed by SuperScript Il Platinum one step RT-PCR kit (Invitrogen). The
primers used in this study were: VEGFR1, sense 5-CCT CAC TGC CAC TCT AAT TGT
C-3, antisense 5-ACA GTT TCA GGT CCT CTC CTT-3; VEGFR2, sense 5’-CTC ATG
TCT GAA CTC AAG ATC C-3, antisense 5,-CCA GAA TCC TCT TCC ATG CTC A-3/;
GAPDH, sense 5’- GAC CCC TTC TTC ATT GAC CTC AAC T-3’, antisense 5-CAC
CACCTT CTT CTT GAT GTC ATC-3'. PCR products were submitted to electrophoresis in
agarose gels. Primers for Real Time PCR were obtained from TagMan Gene Expression
Assays (AB Applied Biosystems, Foster, CA, USA): VEGFR1 Hs01052937_ml; VEGFR2
Hs00176676_ml; and GAPDH Hs99999905 ml. cDNA products were diluted 10 times, 1 pl
was used for Real-time PCR with Tap Man Universal PCR Master Mix (AB Applied
Biosystems). The reactions were done in 96 well plates in triplicate using AB17700
Sequence Detection System (AB Applied Biosystems). The data were normalized by the
data of GAPDH.

UV and Anisomycin treatment

For ultraviolet (UV) treatment, HDMEC were pre-incubated with 0-10pM SP600125 (A.G.
Scientific) for 1 hour, and treated with UV (254 nM, 150-200 pW/cm2) for 1 min.
Alternatively, cells were starved overnight, and treated with 0-2.5 ug/ml Anisomycin
(Sigma) for indicated time points (after 1 hour pre-incubation with 0-10 uM SP600125). At
the end of the experimental period, cells were collected, Western blot or RT-PCR was
performed.

Flow Cytometry

HDMEC stably transduced with shRNA-C, shRNA-VEGFR1 or shRNA-VEGFR2 were
cultured for 48 hours. Cells were counted, fixed in 70% ethanol for 1 hour at 4°C, and
resuspended in propidium iodide solution containing 0.1% sodium citrate, 25 pug/ml
propidium iodide (Sigma), 100 pg/ml RNase A, and 0.1% Triton X-100. Cells were
analyzed for DNA content by flow cytometry (FACSCalibur; BD Biosciences; San Jose,
CA). The proportion of cells in sub-G0/G1, G1, S, G2/M phase was determined using
Modfit cell cycle analysis software (Verity Software, Topsham, ME).

Caspase-3 activity assay

shRNA-transduced HDMEC were cultured with EGM2-MV (Lonza) for 48 hours. Cell
extracts were prepared and caspase-3 activity assay was carried out at 37°C using 10 uM
Ac-DEVD-AMC (Alexis, San Diego, CA, USA). 20 uM caspase-3 inhibitor, Ac-DEVD-
CHO (Alexis), was used to determine specificity of reactions, and purified recombinant
human caspase-3 (Alexis) was used as a positive control. Caspase-3 activity was detected by
luminescence microplate reader (TECAN, GENios, Austria) using 360 nm excitation and
465 nm emission wavelength.
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Tumor cell conditioned medium

UM-SCC-1 or OSCC3 were cultured for 24 hours in serum-free medium (EBM2, Cambrex),
and the supernatants were collected as conditioned medium (CM). HDMEC were starved
overnight and treated with UM-SCC-1 or OSCC3 CM in presence of 0-50 pg/ml
bevacizumab (Avastin; Genentech, San Francisco, CA) or vehicle for 24 hours. VEGFR1,

VEGFR2, and Bcl-2 expression were detected by Western blot, as described above.

Statistical Analysis

Statistical analysis was performed using one-way ANOVA followed by post-hoc tests for
multiple group comparison with SigmasStat 2.0 statistical software (SPSS, Chicago, IL,
USA). The level of significance was determined at P<0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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VEGF inversely regulates VEGFR1 and VEGFR2 in endothelial cells. (a)
Immunohistochemical analysis of VEGFR1, VEGFR2, and VEGF expression (brown
staining) in representative specimens from human squamous cell carcinomas or normal
human oral mucosa. Arrows point to blood vessels. Scale bars: left panels, 50 um (100x);
right panels, 20 um (400x). (b) Quantification of VEGFR1 and VEGFR2 positive blood
vessels (100x) in normal human oral mucosa and human squamous cell carcinomas (HSCC)
from the human tissue microarrays used in panel (a). * Number of VEGFR1-positive versus
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VEGFR2-positive vessels in the oral mucosa (p<0.001); ** Number of VEGFR1-positive
versus VEGFR2-positive vessels in HSCC (p<0.001); *** VEGFR1-positive in oral mucosa
versus VEGFR1-positive vessels in HSCC (p<0.001); **** VEGFR2-positive in oral
mucosa versus VEGFR2-positive vessels in HSCC (p=0.005). (¢) Primary human dermal
microvascular endothelial cells (HDMEC) were serum-starved overnight and then were
incubated with increasing concentrations of FBS for 24 hours. (d) HDMEC or primary
human pulmonary endothelial cells (HPEC) were serum-starved overnight, and treated with
50 ng/ml VEGF¢5 for indicated time points. (€) HDMEC were starved overnight, pre-
incubated with 0-5 pg/ml anti-VEGF neutralizing antibody for 1 hour, then treated with 50
ng/ml VEGF¢5 for additional 2 hours in presence of the anti-VEGF antibody. Isotype-
matched 1gG was used as negative control. (f and g) HDMEC (f) or UM-SCC-1 cells (g)
were serum-starved and treated with 50 ng/ml EGF, 50 ng/ml VEGF g5, or 20 ng/ml IL-6
for 24 hours. Alternatively, cells were cultured in 5% FBS. (h and i) HDMEC were treated
with 50 ng/ml EGF, 50 ng/ml VEGF 145 (h), 50 ng/ml PIGF (i), or left untreated for the
indicated time points. VEGFR1, VEGFR2, and EGFR expression was detected by Western
blots. (c-i) The molecular weight for the VEGFR1 bands is approximately 200 kDa, and for
the VEGFR2 bands is approximately 220 kDa. Numbers depicted in Western blots represent
quantification of band density normalized initially by GAPDH, and then normalized by
untreated controls.

Cell Death Differ. Author manuscript; available in PMC 2010 September 01.



1duosnue Joyiny 1duasnueln Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 18

Untreated

@
=

VEGFR1

> mMRNA (normalized)

VEGFR2

VEGFR

‘Untreated EGF  VEGF  IL-6

Unt. EGF VEGF IL-6

VEGFR2
VEGFR1 P.5
-Stat3

VEGFR2

Stat3
GAPDH

GAPDH
hnRNP

hnRNP

30 Time (min) Deglycosylated
+ ConA + - +
- VEGF

W o wow wow w
O zZzZ 0O Zz2 oz O Z
VEGFR2 VEGFR2

GAPDH GAPDH
hnRNP hnRNP

Figure 2.
VEGFRL is localized in the nucleus of endothelial cells, while VEGFR2 undergoes

endocytosis and nuclear translocation upon exposure to VEGF. (a and b) Serum-starved
HDMEC were treated with 50 ng/ml EGF, 50 ng/ml VEGF4gs5, 20 ng/ml IL-6, or left
untreated for 1 hour. RT-PCR (a) and real-time PCR (b) were performed to evaluate
VEGFR1 and VEGFR2 mRNA expression levels. Data for the real-time PCR was
normalized against untreated controls. (c) Representative confocal microscopy images of
VEGFR1 and VEGFR2 in untreated HDMEC or HDMEC exposed to 50 ng/ml rhVEGF g5
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for 30 min. VEGFR1 and VEGFR2 were detected with FITC-conjugated antibodies (green
color), and DAPI was used for identification of cell nuclei (blue color). The exposure time
for the panels depicting VEGFR2 expression in VEGF-treated HDMEC was increased to
allow for visualization of the staining and evaluation of the cellular localization of this
receptor. (d-f) VEGFR1 and VEGFR2 sub-cellular distribution (CE, cytoplasmic/cell
membrane extract; NE, nuclear extract) were detected by cell fractionation followed by
Western blots. GAPDH was used as control for cytoplasmic/cell membrane fraction, and
hnRNP as control for nuclear fraction. (d) HDMEC were treated with 0 or 50 ng/ml
VEGFg5 for 30 min. (€) HDMEC were treated with 50 ng/ml EGF, 50 ng/ml rhVEGF 14,
20 ng/ml IL-6, or left untreated for 30 min. Expression of phospho-STAT3 in HDMEC
treated with I1L-6 was used as positive control for nuclear translocation. (f) Starved HDMEC
were preincubated with the inhibitor of endocytosis Concanavalin A (ConA) for 30 min,
then treated with 50 ng/ml VEGF 145 in presence of 5 pg/ml ConA for additional 30 min. (g)
HDMEC were starved overnight, and treated with 50 ng/ml VEGF g5 for 20 min to induce
VEGFR?2 translocation. VEGFR2 was deglycosylated with an enzyme cocktail constituted
of PNGase, sialidase, O-Glycosidase, 3-Galactosidase and Glucosaminidase. Western blot
with rabbit anti-VEGFR2 antibody was performed from both nuclear (NE) and cytoplasmic
(CE) extracts.
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Figure 3.

Signaling pathways required for VEGF-induced inverse regulation of VEGFR1 and
VEGFR2 in primary endothelial cells. (a) Starved HDMEC were pretreated with 5 uM
ubiquitin aldehyde inhibitor (Ub) or 10 uM proteasome inhibitor MG132 for 1 hour, and
then treated with 50 ng/ml VEGF for 30 min in presence of Ub or MG132. VEGFR2
expression was detected by Western blot. (b) Cell fractionation was used to determine sub-
cellular distribution of VEGFR2 in HDMEC treated with 50 ng/ml VEGF¢5 in presence of
Ub or MG132. (c-g) Western blots to evaluate the effect of INK-c-Jun signaling on
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expression of VEGFR1 and VEGFR2. (c,d) HDMEC were exposed to 50 ng/ml VEGF 145
for times indicated (c), or for 1 hour (d). HDMEC (e and g) or HPEC (f) were preincubated
for 1 hour with 10 pM JNK inhibitor SP600125, followed by treatment with 50 ng/ml
VEGF¢5 in presence of SP600125. (h) Starved HDMEC were treated with 10 uM MG132
for 2 hours. Sub-cellular distribution of VEGFR1 was detected by Western blot. (i) HDMEC
were pretreated with 5 uM Ub for 1 hour, and treated with 50 ng/ml VEGFg5 in presence of
Ub for 30 min. VEGFR1 expression was detected by Western blots. (j) HDMEC were
treated with 50 ng/ml VEGF 45 for indicated time points. Western blots were performed for
VEGFR1, VEGFR2, P-Akt, Akt, P-ERK1/2 and ERK1/2. (k and I) HDMEC were
preincubated with 20 uM LY 294002 (k) or 20 uM PD98059 (1) for 1 hour, followed by
treatment with 50 ng/ml VEGFg5 in presence of inhibitors for indicated time points.
Western blots were performed to evaluate VEGFR1, VEGFR2, P-Akt, Akt, P-ERK1/2 and
ERK1/2 expression.
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Figure4.

VEGFR1 signaling is critical for endothelial cell survival, while VEGFR2 regulates
capillary tube formation. (a) HDMEC cells were cultured in serum-free medium
supplemented with 0 or 50 ng/ml VEGF145 for 4 days. Cell number was determined every
day under light microscopy at 100x. (b) HDMEC were stably transduced with lentiviruses
encoding two different sShRNA sequences (“a” & “b”) for VEGFR1 and VEGFR2, or a
scrambled sequence control (ShRNA-C), and selected with puromycin. VEGFR1 and
VEGFR?2 expression were evaluated by Western blots. (¢) HDMEC transduced with
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lentiviruses encoding sShRNA-VEGFR1, shRNA-VEGFR2, or shRNA-C were cultured for 3
days. Cell number was determined every day under light microscopy at 100x. (d and €)
HDMEC stably transduced with sShRNA-VEGFR1, shRNA-VEGFR2, or shRNA-C were
cultured for 48 hours, and retrieved for flow cytometric analysis after staining with
propidium iodide. (d) Apoptotic cells were identified as sub-G¢/G; populations. Data is
expressed as percentage of apoptotic cells. (€) Percentage of viable cells in Gq, S or Go/M
phase of the cell cycle. (f and g) shRNA-transduced HDMEC were cultured in EGM2-MV
for 48 hours and caspase-3 activity was determined at 37°C by the conversion of the
substrate, Ac-DEVD-AMC. Caspase-3 inhibitor, Ac-DEVD-CHO, was used to verify
specificity of reaction, and recombinant human caspase-3 used as a positive control. (h and
i) Capillary-like tube formation assay with HDMEC cultured in growth factor reduced
Matrigel for 24 hours. (h) Graph depicting the number of capillary branches and (i)
representative photomicrographs (40x) of HDMEC transduced with shRNA-VEGFR1,
ShRNA-VEGFR2, or shRNA-C and cultured with complete EGM2-MV medium (containing
5% FBS), or serum-decreased medium (containing 2.5% FBS). One asterisk indicates
p<0.05, as compared to shRNA-Control transduced cells. Two asterisks depict p<0.05 when
endothelial cells transduced with ShRNA-VEGFR1 are compared to cells transduced with
ShRNA-VEGFR2.
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Figure5.
VEGF signals through the INK-c-Jun axis to induce Bcl-2 and enhance the angiogenic

potential of endothelial cells. (a) Starved HDMEC were incubated with 50 ng/ml VEGF for
indicated time points. VEGFR1, VEGFR2 and Bcl-2 expression was determined by Western
blot. (b and c) HDMEC stably transduced with ShARNA-VEGFR1 (b) or shRNA-VEGFR2
(c) were cultured with 50 ng/ml VEGF¢5 for 24 hours. VEGFR1, VEGFR2 and Bcl-2
expression was detected by Western blot. (d) HDMEC stably transduced with shRNA-
VEGFR2 were treated with 50 ng/ml VEGF¢5 for indicated time points. P-c-Jun and c-Jun
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expression levels were detected by Western blot. (€) HDMEC cells were preincubated with
5 UM SP600125 for 1 hour, then treated with 50 ng/ml VEGF in presence of SP600125
overnight. Bcl-2 and Bcl-x;_ expression levels were detected by Western blot. (f) Graph
depicting the number of capillary branches and (g) representative photomicrographs (40x) of
HDMEC cultured in presence of 0 or 5 uM SP600125 for 24 hours. Data are represented as
mean +/- SD from three independent experiments. Asterisk indicates p<0.05. VEGFR1
signaling is required for maintaining basal activity of STAT3 and Akt, while VEGFR2 is
required for VEGF-induced ERK phosphorylation in endothelial cells. (h-j) HDMEC stably
transduced with ShRNA-VEGFR1 (h), shRNA-VEGFR?2 (i and j) or control ShRNA-C were
cultured in medium supplemented with 50 ng/ml VEGF 45 (h and i) or 50 ng/ml EGF (j). P-
STAT3, STATS3, P-Akt, Akt, P-ERK1/2, and ERK1/2 expression levels were detected by
Western blots.
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Effect of the growth factor milieu secreted by squamous cell carcinomas on VEGFR1 and
VEGFR2 expression and signaling in endothelial cells. (a) ELISA for secreted VEGFg5 in
HDMEC and UM-SCC-1 cells. (b) Graph depicting the number of cells when HDMEC were
cultured with UM-SCC-1 conditioned medium (CM; no FBS) or with control medium
(DMEM; no FBS). (c) Capillary tube assay with HDMEC cultured in growth factor reduced
Matrigel for 24 hours. HDMEC were cultured with UM-SCC-1 conditioned medium (CM)
or control DMEM medium. Representative images of capillary tubes at 40x. (d) HDMEC
were treated with UM-SCC-1 conditioned medium (CM) for the indicated time points, and
VEGFR1, VEGFR2, P-c-Jun, and c-Jun expression levels were evaluated by Western blots.
(e-g) HDMEC (e), HDMEC transduced with sShRNA-VEGFR1 (f), HDMEC-transduced
with shRNA-VEGFR2 (g), or sShRNA-C controls were starved overnight, and treated with
UM-SCC-1 conditioned medium for indicated time points. VEGFR1, VEGFR2, P-STAT3,
STATS3, P-Akt, Akt, P-ERK1/2, and ERK1/2 were detected by Western blots. Asterisk

indicates p<0.05.
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The antiangiogenic activity of bevacizumab correlates with the normalization of VEGFR1
and VEGFR2 expression levels in xenografted squamous cell carcinomas. (a) HDMEC were
cultured without fetal bovine serum (FBS), and treated with 0-100 pug/ml Bevacizumab for
24 hours. VEGFR1 and VEGFR2 expression were detected by Western blot. (b-c) HDMEC
were preincubated with Bevacizumab for 2 hours, and then treated with UM-SCC-1 (b) or
OSCC3 (c) conditioned medium (CM) for additional 24 hours in presence of increasing
concentrations of Bevacizumab. VEGFR1, VEGFR2 and Bcl-2 were detected by Western
blot. (d) The endogenous expression levels of VEGFR1 and VEGFR2 were evaluated in
untreated HDMEC, UM-SCC-1, and UM-SCC-11B by Western blot. VE-cadherin and E-
cadherin were used as markers of endothelial cells and cells from epithelial origin,
respectively. (e-g) Mice bearing engineered human tumors vascularized with human blood
vessels received two i.p. injections of 15 or 30 mg/kg Bevacizumab or vehicle control with a
one-day interval between injections. The day after completion of treatment, tumors were
retrieved, homogenized, and VEGFR1 and VEGFR2 expression was evaluated by Western
blot (e). (f) Graph depicting the number of microvessels per microscopic power field (200x)
from 8 tumors per experimental condition. Asterisk represents p<0.05. (g) Representative
photomicrographs (400x) of tumors treated with Bevacizumab or vehicle treated controls.
Tissue sections were immunostained for Factor V111 to identify blood vessels (brown, DAB-

positive cells).
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