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Abstract
Background & Aims—Tumor cells express vascular endothelial growth factor (VEGF), which
induces angiogenesis. VEGF also activates VEGF receptors (VEGFRs) on or within tumor cells to
promote their proliferation in an autocrine fashion. We studied the mechanisms of autocrine
VEGF signaling in Barrett’s esophagus cells.

Methods—Using Barrett’s epithelial cell lines, we measured VEGF and VEGFR mRNA and
protein, and studied the effects of VEGF signaling on cell proliferation and VEGF secretion. We
studied the effects of inhibiting factors in this pathway on levels of phosphorylated phospholipase
Cγ1 (PLCG1), protein kinase C (PKC), and extracellular signal-regulated kinases (ERK)1/2. We
performed immunohistochemical analysis of phosphorylated VEGFR2 on esophageal
adenocarcinoma tissues. We studied effects of sunitinib, a VEGFR2 inhibitor, on proliferation of
neoplastic cells and growth of xenograft tumors in mice.

Results—Neoplastic and non-neoplastic Barrett’s cells expressed VEGF and VEGFR2 mRNA
and protein, with higher levels in neoplastic cells. Incubation with recombinant human (rh)VEGF
significantly increased secretion of VEGF protein and cell number; knockdown of PLCG1
markedly reduced the rhVEGF-stimulated increase in levels of phosphorylated PLCG1 and
phosphorylated ERK1/2 in neoplastic cells. Esophageal adenocarcinoma tissues showed
immunostaining for phosphorylated VEGFR2. Sunitinib inhibited VEGF signaling in neoplastic
cells, and reduced weight and volume of xenograft tumors in mice.

Conclusions—Neoplastic and non-neoplastic Barrett’s epithelial cells have autocrine VEGF
signaling. In neoplastic Barrett’s cells, VEGF activation of VEGFR2 initiates a PLCG1–PKC–
ERK pathway that promotes proliferation and is self-sustaining (by causing more VEGF
production). Strategies to reduce autocrine VEGF signaling (e.g. with sunitinib) might be used to
prevent or treat cancer in patients with Barrett’s esophagus.

Keywords
vascular endothelial growth factor receptor 2; esophageal cancer; apoptosis; mouse model

Introduction
In the United States, there has been an alarming increase in the incidence of esophageal
adenocarcinoma over the past few decades.1 Barrett’s esophagus, the condition in which
esophageal squamous epithelium that has been damaged by gastroesophageal reflux is
replaced by an intestinal-type columnar metaplasia, is the main precursor lesion for
esophageal adenocarcinoma.2 Treatment for this cancer often involves a combination of
chemotherapy, radiation therapy, and surgery.3;4 Despite recent advances in multimodality
therapy, however, the overall 5-year survival rate for patients with esophageal
adenocarcinoma remains below 15%.5 Clearly, better agents are needed to treat this lethal
tumor.

Cancers develop in Barrett’s metaplasia through the accumulation of numerous genetic and
epigenetic alterations that enable cells to acquire the physiologic hallmarks of cancer.6

Among these key physiologic traits is the ability to induce angiogenesis, the formation of
new vascular supplies. Angiogenesis is regulated largely by signaling through vascular
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endothelial growth factor (VEGF) and its receptors, VEGFR1 (Flt-1) and VEGFR2 (Flk-1).7

Tumor cells produce VEGF, which interacts with VEGFRs on stromal and endothelial cells.
This interaction results in the recruitment of endothelial progenitor cells to the region
surrounding the tumor mass.7 The resultant neovascularization supplies the nutrients needed
to sustain tumor growth.

In addition to the well known effects of VEGF on endothelial cells in angiogenesis, recent
data suggest that autocrine VEGF signaling in tumor cells plays an important role in
promoting their proliferation and inhibiting apoptosis. Many different human tumor cell
types have been found to co-express VEGF and its receptors.8 Autocrine signaling occurs
when VEGF secreted by the tumor cell binds VEGF receptors on the cell surface. Autocrine
VEGF signaling has been linked with activation and nuclear translocation of VEGFR2 in
primary endothelial cells.8 Autocrine effects of VEGF signaling appear to contribute
importantly to tumorigenesis in K5-SOS transgenic mice, which develop epidermal skin
tumors with high levels of both VEGF and VEGFR1.9 When VEGFR1 is genetically
knocked out in the epidermal cells (but not in the endothelial cells) of these mice, they
exhibit a decrease in cell proliferation and in the formation of skin tumors. The fact that the
anti-tumor effects of VEGFR1 knockout occur in an angiogenesis-independent manner
suggests that autocrine VEGF signaling is important in this animal model.9

A number of studies have documented cytoplasmic expression of VEGF in the epithelial
cells of non-dysplastic Barrett’s metaplasia, and VEGF expression has been found to
increase during the neoplastic progression of Barrett’s metaplasia through dysplasia to
adenocarcinoma.10;11 Robust expression of VEGFR2 and weak expression of VEGFR1 has
been found on endothelial cells lining new blood vessels in non-dysplastic Barrett’s
mucosa. 12 However, few data are available on epithelial cell expression of VEGFRs in
Barrett’s carcinogenesis. Moreover, the role of VEGF signaling in Barrett’s epithelial cells
has not been investigated in Barrett’s carcinogenesis. Using neoplastic and non-neoplastic
Barrett’s epithelial cell lines, we studied the molecular mechanisms of VEGF produced by
Barrett’s cells on their growth, proliferation, and apoptosis, and we explored the contribution
of VEGFR2 inhibition in mediating those effects in vitro using the cell lines and in vivo
using tumor xenografts.

Materials and methods
Cell Lines

We used: 1) non-neoplastic, telomerase-immortalized Barrett’s epithelial (BAR-T) cell lines
that were developed in our laboratory, 2) Barrett’s cell lines that we transformed by
knockdown of p53 and expression of oncogenic H-Ras (P13R1 and P13R2), and 3)
adenocarcinoma cell lines [OE33, JH-EsoAd1, FLO-1, (Supplemental methods)]. 13–16

RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction (PCR)
Total RNAs were isolated from cell lines and subjected to real-time PCR for VEGF and
VEGFR mRNA expression (Supplemental methods and Supplemental table 1).

Total Protein Extraction and Immunoblotting
Total protein was extracted from cultured cells and fresh human tissue specimens, analyzed
using Western blot and quantified by densitometry (Supplemental methods and
Supplemental table 2).
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Promoter Reporter Gene Assays
The mouse VEGF (−807/+118) and VEGFR2 (−620/+304) promoter regions were inserted
into the firefly luciferase reporter plasmid pGL3-Basic (Promega, Madison, WI). Data were
expressed as fold luciferase activity calculated as a ratio to empty vector control
(Supplemental methods).

Cell Growth, Proliferation, Apoptosis, and Enzyme-Linked Immunosorbent Assays (ELISA)
Cells numbers were determined using a Z1 particle counter (Beckman Coulter, Fullerton,
CA). For proliferation assays, cells were labeled with bromodeoxyuridine (BrdU) for 6
hours using a Cell Proliferation Assay Kit per the manufacturer’s instructions (Calbiochem,
Gibbstown, NJ). Apoptosis rates were measured by flow cytometry (FACScaliber, Becton
Dickson, Franklin Lake, NJ) using Annexin-V. VEGF concentrations were determined using
a commercially available ELISA (Invitrogen, Camarillo, CA) per manufacturer’s
instructions (Supplemental methods).

Inhibition of VEGF/VEFGR2 Signaling
Cells were treated with (a) the VEGFR2 inhibitor SU1498 at doses ranging from 5 to 20
μM, (b) a VEGF neutralization antibody at 6 μg/ml, (c) sunitinib at doses of 5 and 10μM, or
(d) specific VEGFR2 siRNA or shRNA (Supplemental methods).

Inhibition of the PLC Signaling Pathway
Cells were treated with the PLC-γ inhibitor U73122 (Tocris Bioscience, Ellisville, MO) at
2.5 or 5 μM doses or specific PLC-γ1 siRNA (Thermo Fisher Scientific) (Supplemental
methods).

Activation of VEGF Pathway Signaling
Cells were treated with 30 ng/ml of recombinant human VEGF (rhVEGF) for times ranging
from 0–6 hours (Supplemental methods).

Immunofluorescence
Cells were seeded at a density of 1 × 105 cells per well onto glass cover slips and incubated
with primary antibodies against total and phospho-VEGFR2 (Supplemental methods and
Supplemental table 2).

Immunohistochemistry
Human esophageal adenocarcinoma tissue arrays purchased from US Biomax (BC0211;
Rockville, MD) containing 20 esophageal adenocarcinoma tissues with 20 adjacent,
histologically-normal esophageal epithelial tissues were stained with phospho-VEGFR2.
Tumor masses from xenograft experiments were processed using standard histological
procedures, and viable areas of the tumor were evaluated for CD31 and Ki67 staining
(Supplemental methods and Supplemental table 2).

Tumor Xenografts
All procedures were approved by the Institutional Animal Care and Use Committee at the
Dallas VA Medical Center. P13R1 cells or P13R1 cells (population or clone B3) that were
infected with VEGFR2 shRNA were suspended in 50% Matrigel and 50% culture medium
and implanted subcutaneously into the dorsal skin of female NOD/SCID mice (6 weeks old;
Taconic, Hudson, NY). For sunitinib studies, when mice developed a palpable mass (≥.5 cm
in greatest diameter), they were administered a daily oral gavage with either 4 mg/kg
sunitinib (Sutent®, Pfizer) or vehicle-only solution. Tumor size was measured twice a week
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with calipers, and volumes for total tumor burden and index tumors were calculated based
on a published method (Supplemental methods). 17

Data Analyses
All the experiments were repeated at least twice and each experiment was performed in
duplicate or triplicate. Data analyses were performed as described in Supplemental methods.
P values ≤ 0.05 were considered significant for all analyses.

Results
Increased VEGF and VEGFR2 mRNA and protein expression in transformed Barrett’s and
OE33 adenocarcinoma cells

Earlier studies using immunohistochemical staining of biopsy specimens showed that
Barrett’s epithelial cells express more VEGF than esophageal squamous cells, and that
esophageal adenocarcinoma cells express even greater VEGF levels than benign Barrett’s
cells. 11 To determine if these differences in VEGF expression levels were recapitulated in
our benign and neoplastic Barrett’s cell lines, we measured their VEGF promoter activity,
and their mRNA and protein expression levels. We found that VEGF mRNA levels and
promoter activity were significantly higher in transformed Barrett’s and OE33 cancer cells
than in non-neoplastic BAR-T cells (Figure 1A and Supplemental Figure 1A), suggesting
that the increased mRNA expression in the neoplastic cells was due to increased
transcriptional activity. Since secretion of VEGF out of the cell is required for autocrine
signaling, we measured the amount of VEGF protein secreted in the media using an ELISA
assay. Secretion levels of VEGF protein were minimal in BAR-T cells, and significantly
greater in the transformed Barrett’s and OE33 cells (Figure 1B). We found minimal
expression of VEGFR1 mRNA and protein in all the cell lines, with no significant difference
between the BAR-T and neoplastic cells (data not shown). In contrast, VEGFR2 mRNA
expression levels and transcriptional activities were significantly higher in transformed
Barrett’s and OE33 cells than in BAR-T cells (Figure 1C and Supplemental Figure 1B).
VEGFR2 protein expression levels were 3 to 6 fold higher in transformed Barrett’s and
OE33 cells than in BAR-T cells (Figure 1D). Staining by immunofluorescence demonstrated
membranous and cytoplasmic expression of total VEGFR2 in all cell lines (Supplemental
Figure 1C).

Transformed Barrett’s and adenocarcinoma cells are more sensitive to the growth
suppressive effects of VEGF/VEGFR2 inhibition than non-neoplastic Barrett’s cells

To determine whether VEGF signaling affects Barrett’s cell growth, we treated our cells
with a VEGF-neutralization antibody (NA). VEGF-NA had no effect on BAR-T cell
number, but significantly decreased transformed Barrett’s (P13R1 and P13R2) and OE33
cell numbers (Supplemental Figure 2A). We next treated BAR-T and P13R1 cells with the
VEGFR2 inhibitor SU1498 at concentrations ranging from 5 to 20 μM. Concentrations of
SU1498 ≥10 μM caused a significant, dose-dependent decrease in BAR-T cell number,
whereas significant decreases in P13R1 cell number were observed with SU1498 in
concentrations as low as 5 μM (Supplemental Figure 2B). SU1498 in a concentration of 5
μM also caused significant reductions in P13R2 and OE33 cell numbers (Supplemental
Figure 2C). These findings show that neoplastic Barrett’s cells are more sensitive to the
growth suppressive effects of VEGF/VEGFR2 inhibition than benign Barrett’s cells, and
suggest that inhibition of VEGF/VEGFR2 signaling might be an effective therapeutic target
for Barrett’s-associated neoplasms.
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Epithelial cells of human esophageal adenocarcinomas and their matching non-neoplastic
esophageal squamous tissues demonstrate VEGF/VEGFR2 signaling

To determine whether VEGF/VEGFR2 signaling occurs in primary esophageal
adenocarcinomas as well as in neoplastic Barrett’s cell lines, we performed
immunohistochemistry for phosphorylated VEGFR2 on 20 esophageal adenocarcinoma
tissues, and on their 20 matching (from the same patients) and histologically normal-
appearing esophageal squamous tissues. When activated by VEGF, VEGFR2 becomes
phosphorylated and moves from the surface membrane into the cytoplasm and nucleus.8 We
found phospho-VEGFR2 predominantly in the nucleus, with lower levels in the cytoplasm
of epithelial cells in both the non-neoplastic squamous epithelium (Figure 2A left panels)
and in the esophageal adenocarcinomas (Figure 2A right panels). This finding was
confirmed using fresh human esophageal adenocarcinoma tissues (Figure 2B).
Approximately 40% of adenocarcinoma and squamous tissues were negative for phospho-
VEGFR2 expression. In the esophageal adenocarcinoma tissues, staining intensity for
phospho-VEGFR2 was strong in 12.5% whereas none of the histologically normal tissues
had strong staining for this phospho-protein.

To determine if VEGF signaling causes nuclear translocation of phospho-VEGFR2 in
neoplastic Barrett’s cells, P13R1 and OE33 cells were treated with rhVEGF, and subcellular
fractionation and immunofluorescence for VEGFR2 were performed. In addition, cells were
transfected with either control or VEGFR2 siRNA. P13R1 cells containing control siRNA
demonstrated baseline phospho-VEGFR2 in the cytoplasm, but not in the nucleus, whereas
OE33 adenocarcinoma cells demonstrated minimal nuclear and no cytoplasmic expression
of phospho-VEGFR2 (Figure 2C). Following treatment with rhVEGF, there was a marked
increase in nuclear phospho-VEGFR2 expression levels in both P13R1 and OE33 cells. In
contrast, we observed no cytoplasmic or nuclear expression of phospho-VEGFR2 either at
baseline or following treatment with rhVEGF in the P13R1 and OE33 cells that contained
the VEGFR2 siRNA (Figure 2D). Following treatment with rhVEGF, there was intense
nuclear immunofluorescence staining of phospho-VEGFR2 in cells expressing the control
siRNA, but not in cells containing the specific VEGFR2 siRNA (Figure 2C).

Inhibition of VEGF/VEGFR2 signaling decreases proliferation and VEGF secretion in
transformed Barrett’s and OE33 adenocarcinoma cells

To explore the mechanism underlying the growth suppressive effects of VEGF/VEGFR2
inhibition, we studied cell proliferation and apoptosis. Both the VEGF-NA and 5 μM
SU1498 had no significant effect on BrdU incorporation in BAR-T cells, but significantly
decreased BrdU incorporation in transformed Barrett’s and OE33 cells (Figure 3 A&B).
Compared to controls, we found no significant changes in rates of apoptosis after treating
cells with VEGF-NA or with 5 μM SU1498 (data not shown). Since pharmacologic
inhibitors can have non-specific effects, we used a specific VEGFR2 siRNA to confirm our
findings. Knock-down of VEGFR2 protein in transformed and OE33 cells was confirmed by
western blotting (Figure 3C). VEGFR2 siRNA caused a significant decrease in BrdU
incorporation in all the cell lines (Figure 3D), confirming that inhibition of VEGFR2
decreases proliferation in transformed Barrett’s and OE33 cells. VEGFR2 siRNA also
caused a significant decrease in VEGF protein secretion in all the cell lines (Figure 3E),
demonstrating that VEGFR2 signaling regulates secretion of its own ligand. These findings
suggest that VEGF secretion by neoplastic Barrett’s cells may be contributing to cell
proliferation by binding to VEGFR2 in an autocrine manner.
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Treatment with VEGF stimulates it own production, increases proliferation, and signals
through a PLC-PKC-ERK1/2 pathway in transformed Barrett’s and OE33 adenocarcinoma
cells

To confirm that VEGF can stimulate its own production and increase cell growth by
activating VEGFR2, we treated P13R1 and OE33 cells with rhVEGF and measured VEGF
secretion and cell number. Treatment with rhVEGF caused a significant increase in VEGF
protein secretion (Figure 4A) and cell number (Figure 4B) in both neoplastic cell lines. To
explore the VEGFR2 signaling pathways whereby VEGF exerts its effects, we performed
Western blotting for phospho- and total PLC-γ1, PKC-α/β, ERK1/2, and Akt proteins.
Phosphorylation of VEGFR2 increased after 15 minutes of rhVEGF treatment, and peaked
between 30 and 180 minutes in both cell lines (Figure 4C). Increased levels of phospho-
proteins PLC-γ1, PKC-α/β, and ERK1/2 were detected after VEGF treatment in both cell
lines (Figure 4C). In contrast, phospho-Akt expression levels were either unchanged,
slightly decreased (P13R1) or only slightly increased [OE33, (Figures 4C)]. To confirm
these findings, we knocked down VEGFR2 with siRNA before stimulating with rhVEGF.
As expected, cells with control siRNAs showed an increase in phospho-PLC-γ1, PKC-α/β,
and ERK1/2 expression (Figure 5A & B). In contrast, P13R1 cells containing VEGFR2
siRNA demonstrated a delayed and substantially reduced increase in these phospho-proteins,
whereas OE33 cells with VEGFR2 siRNA showed no increase in any of the phospho-
proteins (Figure 5A&B). Taken together, these results suggest that activated VEGFR2
signals primarily through the PLC, PKC, and ERK1/2 pathways in transformed Barrett’s and
OE33 adenocarcinoma cells.

VEGFR2 can activate ERK1/2 directly through Ras or indirectly via the PLC/PKC
pathway.18 To explore the mechanism of ERK1/2 phosphorylation, we knocked down PLC-
γ1 using siRNA, and then stimulated the cells with rhVEGF. Compared to control cells,
PLC-γ1 knockdown cells demonstrated marked reductions in rhVEGF-stimulated phospho-
PKC-α/β and -ERK1/2 expression levels (Figure 5 A&B). These findings suggest that
VEGFR2 activates ERK1/2 indirectly through the PLC/PKC pathway in transformed
Barrett’s and OE33 adenocarcinoma cells.

We next confirmed that the PLC/PKC signaling pathway was responsible for the VEGF-
induced increase in proliferation and VEGF production that we had previously observed.
Treatment with U73122, a pharmacologic inhibitor of PLC-γ, caused a significant decrease
in VEGF secretion and cell number in both P13R1 and OE33 cells (Supplementary Figure
3A&B). Similarly, reductions in VEGF secretion and BrdU incorporation were observed in
both cell lines with PLC-γ1siRNA (Figure 5C&D). These data show that VEGF binding to
VEGFR2 activates signaling via a PLC-PKC-ERK pathway that stimulates production of its
ligand (VEGF) and promotes cell proliferation in neoplastic Barrett’s cells.

To explore the effects of VEGFR2 knockdown on tumor growth in vivo, we produced a
stable line of P13R1 cells infected with VEGFR2 shRNA, and confirmed knockdown of
VEGFR2 by Western blot both in the population and in a selected clone (B3, data not
shown). We injected these VEGFR2 shRNA cell lines and the parental P13R1 cells (without
VEGFR2 shRNA) subcutaneously into NOD/SCID mice. Unlike the parental cells,
xenografts of the population and of the B3 clone of P13R1 cells with VEGFR2 knockdown
exhibited no tumor growth whatsoever (Figure 5E). These findings suggest that VEGFR2
signaling is required for tumor growth of neoplastic Barrett’s cells in vivo.
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Sunitinib decreases phospho-PLC-γ1 protein expression and inhibits cell proliferation and
VEGF protein secretion in transformed Barrett’s and OE33 adenocarcinoma cells

Sunitinib is a small-molecule, multi-target receptor tyrosine kinase inhibitor that includes
VEGFR2 among its targets. Treatment with sunitinib decreased phospho-PLC-γ1 protein in
P13R1 and OE33 cells in a dose-dependent fashion (Figure 6A). These same doses of
sunitinib significantly decreased VEGF protein secretion, cell number, and BrdU
incorporation in a dose-dependent fashion in transformed Barrett’s and OE33
adenocarcinoma cells (Figure 6B–D). Sunitinib also significantly reduced VEGF protein
secretion and cell number in two additional adenocarcinoma cell lines, JH-EsoAd1 and
FLO-1 (Supplemental Figure 4).

Sunitinib delays tumor growth and decreases tumor volume in mouse xenografts
We next injected P13R1 cells subcutaneously into NOD/SCID mice. We selected P13R1
because it forms tumors within 10 weeks of inoculation, allowing for a long time course
over which to assess the effects of sunitinib. When mice first developed a palpable (≥.5cm)
mass (the index tumor), they were treated with either sunitinib (4 mg/kg/day) or vehicle
solution daily until sacrifice. Compared to vehicle-treated controls, sunitinib-treated mice
demonstrated a delay in growth of the index tumor (Figure 7A). The growth rate per day in
index tumor volume (Figure 7B) and the index tumor volume at the time of sacrifice (Figure
7C) also were significantly lower in the sunitinib-treated mice. At sacrifice, the average total
tumor weight (i.e. the weight of the index tumor plus any additional tumors) for sunitinib-
treated mice was significantly lower than that of vehicle-treated control mice (Figure 7D).
Sunitinib-treated tumors had lower numbers of Ki-67 staining cells and exhibited a similar
density of microvessels compared to the vehicle-treated controls (Figure 7E). Finally,
sunitinib-treated tumors had decreased phospho-PLC-γ1 protein and exhibited no apparent
differences in expression of VEGF protein compared to the vehicle-treated controls
(Supplemental Figure 5A&B). A schematic model summarizing our findings is provided in
Figure 7F.

Discussion
We have shown that both neoplastic and non-neoplastic Barrett’s epithelial cells produce
VEGF that contributes to their growth by activating VEGFR2. However, the neoplastic
Barrett’s cells express more VEGF and VEGFR2, and are more sensitive to the growth-
suppressive effects of VEGF/VEGFR2 inhibition than their non-neoplastic counterparts. We
have found robust nuclear and cytoplasmic staining for active, phosphorylated VEGFR2 in
the epithelial cells of human esophageal adenocarcinoma tissues, further supporting a role
for VEGF signaling in the growth of those tumors. In neoplastic Barrett’s cells, we have
demonstrated that VEGF activation of VEGFR2 initiates a PLC-PKC-ERK pathway that is
both pro-proliferative and self-sustaining in that it causes the production of more VEGF. We
have shown that sunitinib, a multi-target tyrosine kinase inhibitor, inhibits PLC signaling in
neoplastic Barrett’s cells, which reduces their proliferation and decreases their VEGF
production. Finally, in mice with tumor xenografts, we have shown that knockdown of
VEGFR2 abolishes tumor growth, and that treatment with sunitinib delays tumor growth and
decreases tumor weight and volume.

The role of VEGF in inducing angiogenesis has been appreciated for decades. Hypoxia is a
potent stimulus for VEGF production, and it is conceivable that local tissue hypoxia induced
by reflux esophagitis underlies the increased VEGF protein expression and accompanying
neovascularization that have been described in non-dysplastic Barrett’s metaplasia.12 Both
benign and neoplastic Barrett’s epithelial cells have been found to express high levels of
VEGF that correlate with local vessel density.19 Recent studies suggest that VEGF produced
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by tumor cells also can activate receptors on or within the tumor cells themselves to sustain
growth in an angiogenesis-independent manner.9 Our study provides evidence for
angiogenesis-independent, pro-proliferative VEGF effects in both neoplastic and non-
neoplastic Barrett’s epithelial cells. We have shown that these cells demonstrate
transcriptional activation of VEGF mRNA and protein secretion, with the highest levels in
the neoplastic cells. The finding that our cell lines recapitulate the differences in epithelial
VEGF expression that have been observed in biopsy specimens of benign and neoplastic
Barrett’s tissues suggests that they are appropriate models for the study of VEGF signaling
in Barrett’s esophagus.11

When activated by VEGF, VEGFR2 becomes phosphorylated and then moves from the
surface membrane into the cell cytoplasm and nucleus.8 VEGF signaling through VEGFR2
is not restricted to endothelial cells, and appears to occur frequently in both benign and
malignant cells of many different types. Stewart et al. used immunohistochemistry to study
phospho-VEGFR2 localization in a panel of normal human tissues from 18 different organs
(not including esophagus), and in tumor tissues from 5 different organs (also not including
esophagus).20 They found phosphorylated VEGFR2 in the cytoplasm and nucleus of
disparate cell types in both the normal and tumor tissues from all organs evaluated, with
more intense staining in the tumors. In our study, we found cytoplasmic and nuclear
immunostaining for phospho-VEGFR2 in both esophageal adenocarcinoma tissues and in
the accompanying esophageal squamous epithelium from the same patients, generally with
stronger staining in the tumors. Although the squamous epithelium from these patients
appears normal histologically, it has been reported that such squamous tissues can exhibit a
carcinogenic “field effect”. 21 Compared to the squamous esophagus of healthy controls, for
example, the squamous esophagus of patients with esophageal adenocarcinoma can show
increased expression of VEGF mRNA.21 Thus, it is possible that the VEGF/VEGFR2
signaling that we observed in the histologically-normal squamous tissues of the
adenocarcinoma patients might be exaggerated due to a carcinogenic field effect. Further
studies on VEGF/VEGFR2 signaling in esophageal squamous tissue from healthy controls
are warranted.

When we treated our neoplastic Barrett’s cells with VEGF, we found prominent nuclear
translocation of phospho-VEGFR2. In primary endothelial cells, VEGF binding of VEGFR2
has been shown to induce its phosphorylation and translocation to the nucleus, where the
VEGFR2 binds its promoter to regulate its own transcription.8 Thus, nuclear translocation of
VEGFR2 might serve to amplify the angiogenesis and cell proliferation effects induced by
VEGF activation.8 Further studies are needed to establish the role of nuclear VEGFR2 in
Barrett’s-associated neoplasia.

In both neoplastic and non-neoplastic Barrett’s cell lines, we found that 48 hours of
treatment with the VEGFR2 inhibitor SU1498 decreased cell numbers, suggesting that
autocrine VEGF/VEGFR2 signaling contributes to epithelial cell growth in both benign and
neoplastic Barrett’s metaplasia. This autocrine signaling appears to be especially important
for the growth of neoplastic Barrett’s cells, however. Compared to non-neoplastic Barrett’s
cells, growth suppression was achieved with lower concentrations of SU1498 in neoplastic
Barrett’s cells, and inhibition of their VEGF signaling through multiple methods (VEGF-
neutralizing antibody, pharmacologic VEGFR2 inhibition, VEGFR2 siRNA) decreased
VEGF production and cell proliferation without significant effects on apoptosis. Recently,
Chatterjee et al. reported that autocrine VEGF/VEGFR2 signaling is required for the
initiation of tumor growth in vivo. 22 This observation is supported by our finding that
VEGFR2 knockdown in transformed Barrett’s cells abolished their ability to form tumors in
immunodeficient mice. Our study suggests that agents that target VEGFR2 might be used to
prevent or treat cancer in Barrett’s esophagus.

Zhang et al. Page 9

Gastroenterology. Author manuscript; available in PMC 2015 February 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



To delineate the downstream molecular events in VEGF signaling, we stimulated our
neoplastic Barrett’s cells with rhVEGF and observed the effects of a series of pharmacologic
inhibitors and siRNAs. In support of our observation that VEGF signaling affects cell
proliferation but not apoptosis, we found that VEGF induced the pro-proliferative PLC/PKC
and ERK1/2 pathways, but not the pro-survival Akt pathway. VEGFR2 is known to activate
ERK1/2 directly through Ras, or indirectly via the PLC/PKC pathway.18 Our observation
that siRNA against PLC-γ1 markedly reduced expression of phospho-ERK1/2 suggests that
VEGFR2 activates ERK1/2 indirectly (via PLC) in neoplastic Barrett’s cells. In primary
endothelial cells, Takahashi et al. showed that VEGF-induced PLC-γ activation was
required both for ERK activation and for cell proliferation. 23 In agreement with those data,
we found that inhibition of PLC-γ1 decreased phosphorylated ERK expression and cell
number in our neoplastic Barrett’s cells.

Although drugs that target VEGF signaling traditionally have been called “anti-angiogenesis
agents”, our study suggests that these agents might have substantial angiogenesis-
independent effects on cancer in Barrett’s esophagus. Some so-called anti-angiogenesis
agents have established efficacy in the treatment of metastatic colorectal cancer, metastatic
renal cell carcinoma, and hepatocellular carcinoma, but these agents have not prolonged
survival for patients with advanced esophagogastric cancers in Phase II and III clinical
trials.24 The anti-angiogenesis agent used in most of those clinical trials was bevacizumab, a
monoclonal antibody directed against VEGF (Reviewed in 24).

In malignancies that exhibit autocrine VEGF signaling, agents that target primarily
extracellular VEGF (e.g. bevacizumab) are not as effective as those that can target
intracellular VEGF signaling (e.g. sunitinib, a small-molecule inhibitor of VEGFR kinase). 9

In our neoplastic Barrett’s cells (which exhibit autocrine VEGF signaling), we found that
sunitinib decreased levels of phospho-PLC-γ1, VEGF secretion, and cell proliferation in a
dose-dependent manner. Sunitinib treatment of mice bearing xenografts of transformed
Barrett’s cells resulted in a significant delay in tumor growth and a significant reduction in
tumor volume and weight. Moreover, xenografts from sunitinib-treated mice demonstrated
decreased protein levels of phospho-PLC-γ1, but not VEGF. The failure of sunitinib to
reduce VEGF levels is not surprising because, in tumor cells in vivo, VEGF production can
be stimulated by a number of factors in addition to autocrine VEGF signaling including cell
stress and inflammatory cytokines. 25 Thus, our study suggest that intracellularly-targeted
inhibitors of VEGF signaling such as sunitinib have a potential role as anti-tumor agents for
patients with Barrett’s-associated neoplasms.

Sunitinib currently is used clinically for the initial treatment of advanced renal cell
carcinoma, for second-line treatment of gastrointestinal stromal tumors, and as one of the
molecularly-targeted therapies available for progressive pancreatic neuroendocrine tumors.
In a study of patients with advanced esophageal adenocarcinomas that had not responded to
conventional chemotherapy, sunitinib plus paclitaxel did not appear to prolong progression-
free survival. 26 It is conceivable that the prior chemotherapy might have altered the tumors’
responsiveness to sunitinib, and the results of this small, phase II trial cannot be considered
definitive. Our study suggests that investigations still are warranted on the role of sunitinib
and other inhibitors of VEGF signaling for patients with cancer in Barrett’s esophagus.

In conclusion, our study provides evidence for angiogenesis-independent, pro-proliferative
VEGF effects in both neoplastic and non-neoplastic Barrett’s epithelial cells. We have
demonstrated that VEGF produced by neoplastic Barrett’s cells activates their VEGFR2,
thereby initiating a PLC-PKC-ERK pathway that causes cell proliferation and the production
of more VEGF. Our finding that neoplastic Barrett’s cells are highly sensitive to the effects
of VEGF/VEGFR2 inhibition with drugs like sunitinib suggests that agents targeting
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molecules involved in autocrine VEGF signaling might be used to prevent or treat cancer in
Barrett’s esophagus.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Upregulation of VEGF (A&B) and VEGFR2 (C&D) mRNA and protein in transformed
Barrett’s and OE33 adenocarcinoma cells. Data are the means ± SEM of at least 2 separate
experiments. *, p≤ 0.05; **, p≤ 0.01; ***, p≤ 0.001; ****, p≤ 0.0001 compared to BAR-T
cells.
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Figure 2.
(A) Representative photomicrographs showing expression of phospho-VEGFR2 in an
esophageal adenocarcinoma (right panels) and in histologically-normal esophageal
squamous epithelium (left panels) from the same patient. Lower panels show high
magnification (400X) of the boxed area in the upper panels (100X). (B) Phospho-VEGFR2
expression in fresh tissue biopsies from two patients. (C&D) By 60 minutes, treatment with
rhVEGF causes nuclear translocation of phospho-VEGFR2 in transformed Barrett’s
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(P13R1) and OE33 cells containing control siRNA, but not VEGFR2 siRNA as detected by
(B) Western blot and (C) immunofluorescence. VEGFR2 was stained with anti-human
phospho-VEGFR2 antibody (turquoise) and nuclei were counterstained with DAPI (blue).
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Figure 3.
Treatment with (A) VEGF neutralization antibody (VEGF-NA), (B) SU1498, and (D)
VEGFR2 siRNA causes a reduction in BrdU incorporation in transformed Barrett’s and
OE33 cells. (E) VEGFR2 siRNA decreases VEGF secretion by the neoplastic cells. Data are
means ± SEM of 3 separate experiments. *, p≤ 0.05; **, p≤ 0.01; ***, p≤ 0.001 compared to
corresponding controls. (C) Representative Western blot demonstrating VEGFR2
knockdown by siRNA.
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Figure 4.
Treatment with rhVEGF causes an increase in (A) VEGF secretion and (B) cell number in
transformed Barrett’s and OE33 cells. Data are the means ± SEM of 3 separate experiments.
*, p≤ 0.05; **, p≤ 0.01; ***, p≤ 0.001 compared to corresponding controls. (C)
Representative Western blots demonstrating phosphorylation of VEGFR2, PLC-γ1, PKC-α/
β, and ERK1/2, and Akt by rhVEGF in the neoplastic cells. Numbers represent the relative
quantity of protein with respect to the loading control.
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Figure 5.
Representative Western blots demonstrating that siRNAs against VEGFR2 and PLC-γ
decrease rhVEGF-induced phospho-PLC-γ1, PKC-α/β, and ERK1/2 in (A) transformed
Barrett’s and (B) OE33 cells. PLC-γ siRNA decreases (C) VEGF secretion and (D) BrdU
incorporation in transformed Barrett’s and OE33 cells. Data are the means ± SEM of 3
separate experiments. *, p≤ 0.05; **, p≤ 0.01 compared to corresponding controls. (E)
Mouse xenografts of transformed, parental P13R1 cells (without VEGFR2 shRNA)
exhibited robust tumor growth, whereas both the population and selected clone (B3) of
P13R1 cells with VEGFR2 knockdown exhibited no tumor growth whatsoever.
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Figure 6.
Sunitinib decreases (A) phospho-PLC-γ1 protein expression, (B) VEGF secretion, (C) cell
number and (D) BrdU incorporation in a dose dependent manner in transformed Barrett’s
and OE33 cells. Data are the means ± SEM of at least 3 separate experiments. **, p≤ 0.01;
***, p≤ 0.001 compared to corresponding controls; +, p≤ 0.05; ++, p≤ 0.01; +++, p≤ 0.001
compared to corresponding 5 μM treated cells.
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Figure 7.
In mouse xenografts of transformed Barrett’s cells, sunitinib (A) delays index tumor growth,
(B) decreases growth rate per day in index tumor volume, and (C) decreases index tumor
volume at sacrifice. Sunitinib-treated tumors have (D) lower total tumor weights, (E) lower
numbers of Ki-67 positive staining cells and no difference in microvessel density compared
to vehicle-treated tumors. *, p≤ 0.05 compared to vehicle. (F) Schematic model
demonstrating the pro-proliferative effect of autocrine VEGF/VEGFR2 signaling and
sunitinib’s inhibition of this pathway in neoplastic Barrett’s cells.
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