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Abstract
The effect of vascular endothelial growth factor (VEGF) ligands and cediranib on tumor cell
proliferation, migration, and invasion was determined. It has recently been suggested that autocrine
signaling through the VEGF receptor (VEGFR) pathway may play a role in tumor cell survival,
invasion, and migration. The purpose of the present study was to determine the expression of
VEGFRs and VEGFR ligands in a panel of gastrointestinal carcinoma cells. Additionally, we
evaluated the effects of VEGF autocrine signaling on tumor cell proliferation, migration, and invasion
utilizing cediranib (AZD2171), a pan-VEGFR inhibitor. Five colorectal, three pancreatic, and two
hepatocellular carcinoma cell lines were screened for VEGFR and VEGF expression by several
methods. Expression of VEGFR-1 and VEGFR-3 was cell line–dependent, whereas VEGFR-2 was
not detected. Secretion of VEGF-A was detected in the supernatants of all cell lines whereas VEGF-
C secretion was detected in the Panc-1,MiaPaca2, and Hep1 cells only. Tumor cells showed increased
migratory activity, but not proliferation, when stimulated with VEGFs. The pan-VEGFR inhibitor
cediranib (100 nmol/L) inhibited tumor cell migration and invasion, with no effects on proliferation.
Cediranib decreased VEGFR-1 and VEGFR-3 phosphorylation as well as activation of downstream
effectors. VEGFR-1 and VEGFR-3 expression was detected in all the gastrointestinal carcinoma
cells evaluated. Although activation of the VEGF pathway did not affect cell proliferation, our data
indicate that this pathway seems to play a role in tumor cell migration and invasion in these cell lines.
Therefore, inhibition of VEGFR by cediranib may represent a clinically relevant treatment option
for gastrointestinal tumors.

Introduction
Vascular endothelial growth factor (VEGF) plays a critical role in angiogenesis, promoting
endothelial cell proliferation, invasion, and migration that is required for neovascularization
(1).Four ligands, VEGF-A, -B, -C, and -D, mediate their effects through VEGF receptor
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tyrosine kinases (VEGFR) VEGFR-1, -2, and -3. The angiogenic actions of VEGF in
endothelial cells are mediated primarily through the binding and activation of VEGFR-2/KDR
(1–5). Increased levels of VEGF expression have been reported in several human tumor types
including colon, pancreatic, liver, ovarian, breast, and lung cancers (6–16). In patients with
colorectal cancer, overexpression of VEGF by tumor cells and the increased serum levels of
VEGF correlate with advanced disease and a poor prognosis (6,12,13,15–19). Based on these
observations, VEGF and its receptors have been identified as potential targets for novel cancer
therapies. Towards this end, the first monoclonal antibody against VEGF-A, bevacizumab
(20), was approved in 2004 for the treatment of metastatic colorectal cancer in combination
with a chemotherapy regimen of irinotecan, 5-fluoruracil, and leucovorin. In phase III clinical
trials, the addition of bevacizumab to this chemotherapy regimen significantly increased
overall survival and progression-free survival in patients with advanced colorectal cancer
(20).The success of bevacizumab resulted in the development of several new drugs targeting
the VEGFR pathway, including small molecule inhibitors of VEGFR such as vandetanib
(AZD6474; refs. 9,21–26), sorafenib (BAY-43-9006; refs. 27–30), cediranib (31), and
sunitinib (SU11248; refs. 29,32–34), which are currently either Food and Drug
Administration–approved or in advanced clinical development for the treatment of a broad
spectrum of human cancers.

In addition to the well-established role of the VEGF-A/VEGFR-2 axis in the angiogenic
cascade, the recent discovery of VEGF ligands and VEGFR-1 and VEGFR-3 expression in
epithelial cancer cells suggests a further role for these VEGFR family members in other
biological processes. For example, VEGFR-1 expression has been detected in human colorectal
cancer and pancreatic cancer cell lines, and activation of this receptor by VEGF was associated
with enhanced cell invasion, migration, and growth in soft agar, without effects on cell
proliferation (35,36). Additionally, intracellular VEGFR-3 has been detected in the cytoplasm
of breast carcinoma cells as well as lymph node and distant metastases (37). Further evidence
for a role of VEGFRs in cell migration was the detection of VEGF-C/VEGFR-3 expression in
lung cancer patient samples and an active VEGF-C/VEGFR-3 autocrine pathway related to
lung cancer cell migration in vitro and in vivo (38).

Based on this evidence, we hypothesized that a link exists between activation of the VEGF
pathway and the invasive/metastatic phenotype of tumor cells. Validation of this hypothesis
could potentially provide novel targets for cancer therapy. In the present study we determined
the expression levels of VEGFR family members (VEGFR-1, -2, and -3) and VEGFR ligands
(VEGF-A, -C, and -D) in a panel of gastrointestinal carcinoma cell lines. Additionally, we
evaluated the effects of inhibition of VEGF autocrine signaling on tumor cell proliferation,
migration, and invasion utilizing cediranib (AZD2171), a highly potent inhibitor of all three
VEGF receptors.

Materials and Methods
Drugs

The VEGFR-1–, VEGFR-2–, and VEGFR-3–selective tyrosine kinase inhibitor cediranib (4-
[(4-Fluoro-2-methyl-1H-indol-5-yl)oxy]-6-methoxy-7-[3-(pyrrolidin-1-yl)propoxy]
quinazoline; AZD2171) was kindly provided by Astra-Zeneca. For all in vitro assays,
AZD2171 was prepared initially as a 10 mmol/L stock solution in DMSO and diluted in the
relevant assay media.

Cell Lines and Culture
Human colorectal cancer cell lines HCT116, HCT15 HT29, SW480, and SW620; human
hepatocellular carcinoma cell lines Hep1 and HepG2; human pancreatic carcinoma cell lines
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BXPc3, MiaPaca2, and Panc-1; and the human lung cancer cell line A549 were obtained from
the American Type Culture Collection and cultured according to its recommendations. Briefly,
the colorectal cancer and the lung cancer cell lines were cultured in RPMI medium
supplemented with 10% fetal bovine serum (FBS), 1% nonessential amino acids, and 1%
penicillin/streptomycin. The pancreatic and the hepatocellular cancer cell lines were cultured
in DMEM supplemented with 10% fetal bovine serum, 1% nonessential amino acids, and 1%
penicillin/streptomycin. All cell lines were maintained at 37°C under an atmosphere containing
5% CO2. Human umbilical vein endothelial cells (HUVEC) were obtained from Lonza Inc.
and cultured with EGM SingleQuots growth factor supplemented media (Lonza, Inc.) at 37°
C in an incubator under an atmosphere containing 5% CO2 until passage 12. The cells were
routinely screened for the presence of mycoplasma using an ELISA for mycoplasma-specific
proteins (MycoAlert, Cambrex Bio Science).

Reverse Transcription-PCR
The cell lines were evaluated for VEGFR-1, -2, and -3 and for VEGF-A, -B, -C, and -D gene
expression by quantitative reverse transcription-PCR (qRT-PCR). Cells were plated in 25-
cm2 flasks and grown in standard conditions until 70% confluency was reached. Cells were
harvested and total RNA was purified using the Qiagen RNeasy Plus Mini kit (Qiagen). Reverse
transcription was done on 1 µg of total RNA using the Taqman Reverse Transcription Kit
according the manufacturer's instructions (Applied Biosystems). Quantitative PCR was done
on 100 ng of cDNA using Power SYBR Green detection chemistry (Applied Biosystems).

Immunoblotting
The cell lines were evaluated for VEGFR-1, VEGFR-2, and VEGFR-3 expression by Western
blot analysis. Cells were plated and grown in 6-well dishes in cultured standard growth
conditions until they reached 70% confluency. Protein extracts were obtained by lysing cells
in radioimmuno-precipitation assay buffer (1× PBS, 1% Nonidet P-40, 0.1% SDS) containing
a complete protease inhibitor cocktail (Boer-hinger Mannheim), 10 mg/mL
phenylmethylsulfonylfluoride, and 100 mmol/L sodium orthovanadate. Total protein
concentrations for each sample were determined using the BioRad Dc Protein Assay (BioRad,
Inc.). Thirty micrograms of total protein were loaded onto a 4% to 20% gradient gel,
electrophoresed, and transferred to Immobilon-P membranes (Millipore, Inc.). Membranes
were blocked for 1 h at room temperature in TBS-Tween-20 (0.1%) with 5% bovine serum
albumin (Fisher BioReagents). Primary antibody incubation was done overnight at 4°C with
the appropriate antibody at the following dilutions: VEGFR-1/Flt-1 (Santa Cruz Biotechnology
Inc.) rabbit polyclonal, 1:1,000; VEGFR-2/KDR (Cell Signaling) rabbit polyclonal, 1:1000;
VEGFR-3 (Chemicon, Millipore Corporation) mouse monoclonal, 1:5,000. Blots were then
washed 3 × 20 min in TBS-Tween, and incubated with the appropriate secondary antirabbit or
antimouse IgG peroxidase-linked antibody at a 1:50,000 dilution (Jackson ImmunoResearch)
for 1 h at room temperature. Blots were washed 3 × 20 min in TBS-Tween and developed using
Immobilon Western Chemiluminescent HRP substrate kit (Millipore Corporation). In order to
detect VEGFR and downstream effectors phosphorylation, cells were plated in 6-well dishes
in standard media conditions for 24 h followed by incubation in serum-free media overnight
with or without cediranib (AZD2171, 100 nmol/L). The following day, cells were stimulated
with either FBS (10%), VEGF-A (10 ng/mL), VEGF-B (50 ng/mL), or VEGF-C (50 ng/mL;
R&D Systems) for 10 min. Cell lysates were prepared as above and total protein was quantified.
Due to lack of a phospho-specific VEGFR-3 antibody, cell lysates were incubated with a
VEGFR-3 antibody (Chemicon) overnight at 4°C and immunoprecipitated with protein A for
3 h at 4°C.Immunoprecipitates were then immunoblotted with a phospho-Tyr antibody (Cell
Signaling). Phospho-specific antibodies were used to detect p-VEGFR-1 (Upstate, Millipore
Corporation; 1:1,000), p-AKT, and p-ERK (Cell Signaling; 1:1,000) by standard
immunoblotting methods as described above.
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Flow Cytometric Analysis of VEGFRs
Cells were grown in standard conditions until 70% confluence was reached, detached with 5
mmol/L EDTA/EGTA in Dulbecco's PBS (D-PBS) minus calcium and magnesium, pelleted,
and washed with D-PBS, 0.5% bovine serum albumin. Cells were resuspended in 3 mL of 0.5%
formaldehyde (Polyscience) and fixed for 10 min at 37°C. After fixing, cells were washed
twice with 3 mL of ice cold D-PBS pelleted by centrifugation, and gently resuspended in 5 mL
of cold 90% methanol D-PBS at 4°C for 30 min. Cells were again centrifuged and resuspended
in 1mL of fluorescence activated cell sorting (FACS) buffer (D-PBS, 5% FBS) for 30 min at
room temperature followed by centrifugation. Cell pellets were resuspended in 30 µL of FACS
buffer and incubated with fluorochrome-labeled antibodies for VEGFR-1 and VEGFR-3 at a
1:5 dilution (R&D System), incubated for 30 min, then washed with 1 mL of flow buffer,
centrifuged, and resuspended in 500 µL FACS buffer and analyzed by FACS at the University
of Colorado Cancer Center Flow Cytometry Core Laboratory.

VEGF-A, -C, and -D ELISA
Secreted VEGFs in cell culture supernatants were measured by VEGF isotype-specific ELISA
(R&D Systems). Briefly, cell lines were plated in 24-well plates at a density of 1 × 106 cells/
well in standard growth conditions for 24 h. Media were then aspirated and replaced with
serum-free media and supernatants were analyzed for secreted VEGF-A, -C, and -D after 24,
48, and 72 h in serum-free conditions. Of note, an ELISA that measures VEGF-B is not
currently available.

Analysis of Cell Proliferation
Cell proliferation in response to activation of VEGF receptors in gastrointestinal cancer cell
lines was measured by the sulforhodamide B (SRB) assay (39). HCT1 16, HT29, SW480,
Hep1, or BXPC3 cells were plated in 96-well plates under normal growth conditions for 24 h,
and then cultured in serum-free media for 16 h in the presence or in absence of cediranib (100
nmol/L). Cell media were then replaced with either serum-free media alone or serum-free
media containing VEGF-A (10 ng/mL), VEGF-B (50 ng/mL), VEGF-C (50 ng/mL) or 10%
FBS, in the presence or absence of cediranib. After 7 d, media were aspirated and cells were
fixed with cold trichloracetic acid (10%) for 30 min at 4°C. Fixed cells were then washed with
water and stained with 0.4% SRB (Fisher Sci.) for 30 min at room temperature, washed again
with 1% acetic acid, followed by stain solubilization with 10 mmol/L tris at room temperature.
The plate was then read on a plate reader (Biotek Synergy 2) set at an absorbance wavelength
of 565 nm. Cell proliferation curves were derived from the raw absorbance data.

Assessment of Gastrointestinal Cancer Cell Motility and Migration
Cell migration was measured by wound healing assays (scratch) and a modified Boyden
chamber assay. For the scratch assay, cell lines were seeded in 6-well plates under standard
growth conditions. Cells were grown to confluency and a scratch was created by moving a
sterile pipet tip along the bottom of the plate. The ability of the cells to move in to the scratch
area was assessed 48 h after creation of the wound area. Cells were then fixed with 90%
methanol,washed with D-PBS, and stained with crystal violet for 5 min. After a subsequent
wash with water, the plates were photographed at 10× magnification on an inverted microscope.
For VEGF ligand stimulation studies, cells were grown to confluency in 6-well plates under
standard media conditions and then cultured in serum free media overnight with or without
AZD2171 (100 nmol/L). Cells were then stimulated with FBS (10%), or VEGF-A (10 ng/mL),
VEGF-B (50 ng/mL) or VEGF-C (50 ng/mL), scratched and after 48 h, fixed, stained, and
photographed as described above.
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Modified Boyden chamber assays were done using uncoated 8.0-μ transwell inserts placed in
24-well plates (Becton Dickinson Labware). Cells were resuspended in 250 µL of standard
growth media at a density of 10 × 104 cells/well and plated in the upper chamber of the transwell
inserts. The lower chamber of the wells contained 600 µL of standard growth media. After 24
h, the media in the upper transwell chamber were replaced with 0.1% FBS media, and the
media in the bottom of the 24-well plate were replaced with fresh media containing 10% FBS.
After 48 h the filters were fixed with 4% formaldehyde for 15 min (Polyscience), washed three
times with D-PBS, and migrating cells were stained with 4', 6-diamidino-2-phenylindole for
30 min, washed with D-PBS 3 × 15 min, and photographed at 20× magnification on an inverted
microscope. Five fields per well were counted manually and averaged. To measure VEGF
ligand stimulatory effects and cediranib activity on cell migration 100,000 cells/well were
resuspended in 250 µL of standard growth media and plated in the upper transwell chamber.
The lower chamber of the wells contained 600 µL of standard growth media. After 24 h, the
media in the upper and lower chambers of the trans-well insert were replaced with 0.1% FBS
media and incubated overnight in the presence or absence of cediranib. Cell migration was
then stimulated by replacing media in the lower chamber with media containing either 10%
FBS or VEGF-A (10 ng/mL), VEGF-B (50 ng/mL), or VEGF-C (50 ng/mL) in absence or
presence of cediranib (100 nmol/L). Cell migration was evaluated after 48 h as described above.

Cell Invasion Assay
The invasive potential of SW480 and Hep1 cells was assessed using a modified Boyden
chamber assay, consisting of matrigel-coated 8-μ inserts (Becton Dickinson Labware),
prepared according to the manufacturer's instructions. In this assay, cells must degrade the
matrigel matrix in order to migrate through the 8-μ insert. For SW480 cells, 100,000 cells/well
were resuspended in 250 µL of standard growth media and plated in the upper transwell
chamber. The lower chamber of the wells contained 600 µL of standard growth media. After
24 h, the media in the upper and lower chambers of the transwell insert were replaced with
media containing 0.1% FBS in the presence or absence of cediranib and incubated overnight.
Cell invasion was then stimulated by replacing media in the lower chamber with media
containing 10% FBS in the absence or presence of cediranib (100 nmol/L). After 72 h the filters
were fixed with 4% formaldehyde for 15 min (Polyscience), washed three times with D-PBS,
and migrating cells were stained with 4', 6-diamidino-2-phenylindole for 30 min, washed with
D-PBS 3 × 15 min, and photographed at 20× magnification on an inverted microscope. Five
fields per well were counted manually and averaged. Due to the highly invasive phenotype of
Hep-1 cells, the number of cells plated was decreased to 25,000 cells/well and invasion was
evaluated after 48 h.

Results
Expression Profile of VEGF Receptors in Gastrointestinal Tumor Cell Lines

To determine the role of VEGF and VEGFR family members in gastrointestinal carcinoma
cells, VEGFR-1/Flt-1, VEGFR-2/KDR, and VEGFR-3/Flt-4mRNA expression levels were
evaluated for five colorectal, two hepatocellular, and three pancreatic cancer cell lines using
qRT-PCR. The HUVEC cell line was used as a positive control for VEGFR-1,-2, and -3, and
the lung cancer cell line A549 was used as positive control for VEGFR-3 expression (38).
Expression of VEGFR-1 mRNA was detected at relatively low levels in the HCT15 and SW480
colorectal cancer cells, as well as the BXPC3, MiaPaca2, and Panc1 pancreatic cells, as
compared with the A549 and the HUVEC cells. However, all other cell lines tested showed no
detectable levels of VEGFR-1, even after 40 PCR cycles (Fig.1A). VEGFR-3 mRNA was
detected in all cell lines, to varying degrees, with a trend towards higher expression in the
HCT15, HT29, and SW480 (colorectal cancer) cell lines versus hepatocellular cancer and
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pancreatic cancer cell lines (Fig.1B). Notably , all cell lines, with the exception of HUVEC,
were negative for VEGFR-2 expression (data not shown).

Next, we evaluated VEGFR protein levels in the gastrointestinal cancer cell lines by Western
blot analysis. As previously reported, the membrane-bound form of VEGFR-1 exists primarily
as a 180-kDa protein with glycoslyated forms at approximately 200 and 220 kDa (40). Whereas
VEGFR-1 mRNA expression was only detected in a few cell lines by qRT-PCR, immunoblot
analysis showed that VEGFR-1 protein is expressed in most of the cell lines examined (Fig.
1C). This apparent discrepancy could be the result of a high turnover rate or a high translational
efficiency for VEGFR-1 mRNA. Expression of VEGFR-3 protein was detected by
immunoblotting in all cell lines screened (Fig.1C). Among the colorectal and pancreatic cancer
cell lines, VEGFR-3 expression levels were relatively equal, with the SW480 and the Hep1
showing the highest amount of VEGFR-3. Consistent with the qRT-PCR results,
immunoblotting of whole cell extracts with a specific VEGFR-2 antibody indicated no
VEGFR-2 expression in any of cell lines analyzed with the exception of HUVEC (Fig.1C).

To further verify VEGFR-1 and VEGFR-3 expression levels in the panel of gastrointestinal
cancer cell lines, a separate analysis was done using FACS. As shown in Fig.1D, all of the
colorectal cancer cell lines express VEGFR-1 to varying degrees, with HT29 cells expressing
the highest levels of this receptor. Similarly, the pancreatic cancer cell lines showed varying
levels of VEGFR-1, with the BxPc3 and MiaPaca2 lines having the highest levels. However,
the two hepatocellular cancer cell lines showed very low levels of VEGFR-1 compared with
the colorectal cancer and pancreatic cancer cell lines. With regard to VEGFR-3 levels, FACS
analysis indicated relatively strong expression of this receptor isotype, as compared with
VEGFR-1, in all of the cell lines examined, with the exception of the HepG2 hepatocellular
cancer cell line (Fig.1D). Of note, we were unable to measure substantial amounts of VEGFR-1
protein by Western blotting or FACS analysis in A549 cells, despite a strong signal for this
receptor as measured by qRT-PCR (Fig.1A, C, D). These results may indicate low translational
efficiency of VEGFR-1 mRNA or high protein turnover rate in these cells.

Secretion of VEGF Ligands by Gastrointestinal Tumor Cell Lines
We next analyzed secretion of VEGF ligands by the panel of gastrointestinal cancer cell lines
into cell culture media using ELISA specific for VEGF-A, -C, and -D. To ensure that the VEGF
measured was produced exclusively by the cell lines, they were plated in normal growth media
which was were changed to serum-free media after 24 hours. Subsequently, VEGF ELISAs
were done on cell culture supernatants 24, 48, and 72 hours after incubation in serum-free
media. The results of the ELISA for VEGF-A showed that this ligand was secreted at high
levels by all cell lines examined at the 24-hour time point, with an approximate additive
increase in the amount secreted at 48 and 72 hours (Fig.2A). By contrast, VEGF-C was secreted
only by the MiaPaca2, Panc1, Hep1, and A549 cell lines, and at much lower levels than VEGF-
A, with no measurable levels of this ligand secreted by any of the colorectal cancer cell lines
or the BXPC3 and HepG2 cell lines (Fig.2B). Of note, our results show that VEGF-C was
secreted only by hepatocellular and pancreatic cancer cell lines of the mesenchymal phenotype
and not by those of the epithelial phenotype, as determined previously by e-cadherin or
vimentin expression (data not shown). Finally, we were unable to detect VEGF-D secretion in
any of the cell lines at any time point. Taken together, these expression data suggest that the
VEGF pathway is present and potentially functional in gastrointestinal cancer cell lines.

VEGFR-1 and VEGFR-3 in Gastrointestinal Tumor Cell Lines Are Coupled to Intracellular
Signaling Pathways

To determine if VEGFR-1 and VEGFR-3 activation results in changes in intracellular signaling
molecules in gastrointestinal tumor cells, we measured known downstream effectors of
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activated VEGFRs in the SW480 (colorectal cancer) and Hep1 (hepatocellular cancer) cell
lines, which were selected based on their high degree of motility. In order to assess the role of
individual VEGF ligands on these signaling pathways, cells were plated in standard media
conditions for 24 hours and then switched to serum-free media for an additional 16 hours in
the presence or absence of cediranib (AZD2171), a small molecule pan-VEGFR inhibitor. Cells
were then exposed to either 10% FBS or VEGF-A, -B, or -C and analyzed by Western blot for
phospho-VEGFR-1 (pVEGFR-1), pAkt, and pERK levels, and by Western blot and
immunoprecipitation for pVEGFR-3 levels. As shown in Fig.3A and B, VEGFR-1 is activated
by FBS and VEGF-A in both SW480 and Hep1 cell lines. In Hep1 cells, however, VEGFR-1
activation was induced by VEGF-B and, to a lesser degree, VEGF-C. As previously reported
(41), we consistently observed high levels of pVEGFR-3 in both SW480 and Hep1 cells,
regardless of whether they are cultured in serum-free conditions or with addition of specific
VEGFs (Fig.3A and B). The addition of the pan-VEGFR inhibitor cediranib effectively
reversed the phosphorylation of VEGFR-1 and VEGFR-3 in the Hep1 cells as well as the
phosphorylation of the downstream signaling molecules AKT and ERK, indicating that these
receptors may be functionally linked to signaling pathways that are involved in tumor cell
proliferation, and motility.

VEGFR Inhibition by Cediranib Does Not Affect Gastrointestinal Tumor Cell Proliferation
To determine the biological significance of VEGF receptors and VEGF ligands in
gastrointestinal cancer cell lines, we initially investigated their potential role in proliferation
in vitro. To accomplish this, HCT116, HT29, SW480, Hep1, and BXPC3 cells were serum-
starved for 16 hours and then stimulated with FBS, VEGF-A, VEGF-B, or VEGF-C for 48
hours or 7 days, in the presence or absence of cediranib, and analyzed for proliferation by the
SRB assay. The results, depicted in Fig.4, indicate that addition of VEGF ligands does not
stimulate gastrointestinal cancer cell proliferation, and like-wise, blocking VEGFR activity
with cediranib also had no inhibitory effect on cell proliferation. Although none of the cell
lines showed a proliferative phenotype with VEGF ligands, it is interesting to note the
differential effects of FBS on the cell lines, indicating that the HCT116, Hep1, and BXPc3
cells seem to have autocrine production of growth factors that mimic the effects of serum (Fig.
4).

Activation of the VEGF/VEGFR Pathway Enhances the Migratory Phenotype of
Gastrointestinal Cancer Cell Lines

Initially, we assessed the migratory potential of gastrointestinal cancer cells by carrying out
scratch motility assays and modified Boyden chamber assays on the panel of colorectal,
hepatocellular, and pancreatic cancer cell lines. We found that all of the cell lines tested were
capable of migration in vitro, to varying degrees (data not shown). To specifically measure the
effects of VEGFR activation on migratory behavior, we did scratch motility assays on selected
cell lines, SW480 and Hep1, based on their highly motile phenotype. As shown in Fig.5A and
B, both SW480 and Hep1 cells cultured in media with 10% FBS showed increased motility
into the scratch area when compared with cells cultured in serum-free media. To determine the
role of specific VEGF ligands on migration, SW480 and Hep1 cells cultured under serum-free
conditions were treated with VEGF-A, -B, or -C for 48 hours. SW480 cells showed increased
motility when stimulated with VEGF-A and VEGF-C, but stimulation with VEGF-B did not
result in any change in motility when compared with serum-free conditions (Fig.5A). By
contrast, Hep1 cells responded relatively equally to all three VEGF ligands, with increased
migration into the wound area after stimulation with VEGF-A, -B, or -C (Fig.5B). To further
verify that the effects of VEGF ligands on motility were mediated through VEGFRs, SW480
and Hep1 cells were treated for 48 hours in the presence of cediranib at the dose of 100 nmol/
L. As depicted in Fig.5A and B, treatment with cediranib effectively blocked motility of SW480
cells in response to 10% FBS as well as to stimulation with VEGF-A, -B, or -C. Treatment of
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Hep1 cells with cediranib was only partially effective in blocking FBS-stimulated migration,
but cediranib completely inhibited VEGF-A–, VEGF-B–, or VEGF-C– stimulated migration.

In order to quantify the effects of VEGFs and cediranib on cell migration, we next carried out
motility assays using a modified Boyden chamber. As shown in Fig.6A and B, SW480 cells
stimulated with 10% FBS resulted in a 5-fold increase in motility compared with cells in serum-
free media. Although there was no significant increase in the motility of SW480 cells stimulated
with VEGF-A, -B, or -C, treatment with 100 nmol/L cediranib for 48 hours resulted in
decreased motility not only in the cells stimulated with FBS, but also in cells stimulated with
VEGF-A, -B, or -C. Interestingly, we also observed a decrease in motility in the cells cultured
in serum-free conditions in the presence of cediranib, suggesting the presence of an autocrine
feedback loop that is inhibited by cediranib. As shown in Fig.6C and D, the motility of Hep1
cells was increased approximately 2.5-fold by stimulation with 10% FBS and to a similar
degree by stimulation with VEGF-A and VEGF-C. However , VEGF-B had no apparent effect
on Hep1 motility. Treatment of Hep1 cells with cediranib resulted in an almost complete
inhibition of migration of cells cultured in serum-free conditions and an approximate 50%
reduction when stimulated with FBS or VEGF-A. Of note, we observed a 70% reduction in
motility in cells treated with VEGF-C and cediranib as compared with VEGF-C alone (Fig.6C
and D).

Cediranib Decreases Gastrointestinal Tumor Cell Invasiveness
To evaluate the role of VEGFRs in gastrointestinal tumor cell invasiveness, we used cediranib
to block VEGFR activity and then evaluated the invasive potential of SW480 cells treated with
and without this drug using matrigel-coated modified Boyden chambers. As depicted in Fig.
7A to D, the SW480 and the Hep1 cell lines showed a baseline invasive phenotype that was
significantly increased by stimulation with 10% FBS. Treatment with cediranib (100 nmol/L)
resulted in a significant decrease in the number of cells that were capable of invading the
matrigel barrier and migrating through the pores of the filter separating the two chambers. (Fig.
7A–D).

Discussion
Recent evidence suggests that VEGF receptors are expressed on tumor epithelial cells in a wide
variety of cancer cell lines as well as tumor samples (35,38,41–54). However, these findings
remain controversial, with some groups failing to detect VEGFR expression on tumor
epithelium, and furthermore, the functional significance of this expression with respect to
tumor cell biology remains unclear (55–57). The current study was conducted in order to assess
VEGFR expression and function in a panel of gastrointestinal tumor cell lines and to determine
their functional significance. Our results showed varying levels of expression of VEGFR-1
and VEGFR-3 in colorectal, pancreatic, and hepatocellular carcinoma cell lines. VEGFR
stimulation with VEGF ligands showed that these receptors were functionally linked to
intracellular signaling pathways, resulting in alterations in tumor cell motility and invasion.
Additionally, we determined that treatment with cediranib, a small molecule VEGFR tyrosine
kinase inhibitor that inhibits all three VEGFRs, could reverse VEGFR-A– and VEGF-C–
stimulated cell motility and invasion. These results suggest that VEGFR expression in tumor
epithelial cells is biologically relevant and that cediranib represents a potential dual-
compartmental therapy for gastrointestinal cancers by inhibiting tumor cell motility and
invasiveness in addition to its previously demonstrated antiangiogenic and
antilymphangiogenic effects (31,58,59).

The VEGF/VEGFR signaling pathway plays a critical role in angiogenesis, promoting
endothelial cell proliferation, invasion, and migration that is required for neovascularization
(1). Recent reports suggest, however, that VEGFR expression is not restricted to endothelial
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cells. Ellis et al. first reported the expression of VEGFR-1 in several cancer cell lines and
suggested that VEGFR-1 activation by VEGF-A and VEGF-B increased the levels of the
transcription factor, Twist, which in turn induced epithelial to mesenchymal transition in
pancreatic cell lines (60). Additionally, VEGFR-3 and VEGF-C expression has been reported
in lung cancer lines as well as human lung tumor samples, where VEGFR-3 expression levels
were shown to be positively correlated with clinical metastasis and poor prognosis in lung
cancer patients (37,61,62). Despite this evidence for tumor cell expression of VEGFRs, these
findings remain controversial and are in conflict with other reports that have failed to
corroborate VEGFR-3 expression in a variety of cancer cell lines and further concluded that
tumor expression of VEGFRs was restricted to blood vessels within the tumor (55,57). Our
laboratory has previously detected VEGFR-1 and VEGFR-3 expression in HT29 and HCT116
colorectal cancer cell lines by flow cytometry (23). In the present study, we employed a variety
of methodologies to further characterize VEGFR and VEGF expression and function in a panel
of nine gastrointestinal cancer cell lines, including colorectal, pancreatic, and hepatocellular
cancer cells. Utilizing RT-PCR, flow cytometry, and Western blotting, we found that VEGFR-1
and VEGFR-3 were expressed in all of the cell lines examined, to varying degrees, but we were
unable to detect VEGFR-2 expression in any of the cell lines tested. With respect to VEGF
ligand expression, all cell lines secreted high levels of VEGF-A, but only three of the cell lines
tested secreted VEGF-C. Interestingly, VEGF-C expression was restricted to cells exhibiting
the mesenchymal phenotype, but the functional significance of this finding has yet to be
determined.

Cediranib (AZD2171) is a small molecule tyrosine kinase inhibitor that has highly selective
activity against VEGFR-1,-2, and -3 (31). Because we found that our panel of gastrointestinal
cancer cell lines express VEGFR-1 and VEGFR-3, we hypothesized that cediranib would have
inhibitory effects on VEGFR signaling pathways and thereby allow insights into VEGFR-
regulated biological activity. Furthermore, the specificity of cediranib for VEGFRs serves as
an additional means to confirm the presence of VEGFRs and show that they are functionally
linked to biologically relevant signaling pathways in gastrointestinal cancer cells. Although
the intracellular signaling pathways activated by VEGFRs in endothelial cells is well
characterized, much less is known about signaling in epithelial cancer cells. In lung cancer cell
lines, VEGFR-3 stimulation resulted in activation of p38 MAPK but not ERK1/2, and
inhibition of p38 in these cells resulted in a decrease in VEGF-C– dependent cell invasion. In
lung cancer cell lines, VEGFR-3 stimulation was shown to activate p38 MAPK but not ERK1/2
(38). In this study, we found that cediranib inhibited VEGFR-1 and VEGFR-3 phosphorylation
as well as phosphorylation of downstream effector molecules, AKT and ERK. With respect to
biological activity, we found that addition of either VEGF-A or -B or -C to gastrointestinal
cancer cells cultured in serum-free conditions had no effect on cell proliferation. This
observation was further confirmed by our finding that treatment with cediranib, at a clinically
relevant dose, also failed to have any effects on gastrointestinal cancer cell proliferation. These
results are in agreement with another report that showed VEGF-A and VEGF-B did not increase
proliferation in colorectal cancer cell lines (35) and, taken together, suggest that VEGF/VEGFR
signaling is not directly involved in gastrointestinal tumor cell proliferation.

The relationship between VEGF stimulation of VEGFRs and endothelial and lymphatic cell
migration is well established (63–65). More recently, VEGFR activation has been associated
with increased migration of colorectal, pancreatic, and lung cancer cells (35,36,38,60,66,67).
Consistent with these findings, our results indicate that VEGFR-1 and VEGFR-3 activation
results in increased gastrointestinal cancer cell motility as measured by two separate motility
assays. SW480 and Hep1 cells repopulated the scratch wound zone in response to stimulation
with VEGF-A, -B, or -C, and this effect was blocked by treatment with cediranib. Similar
results were seen using the modified Boyden chamber assay, which has the advantages of being
more quantitative and effectively distinguishes between motility and proliferation. Although
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SW480 cells increased cell migration only when stimulated with FBS in this assay, we again
observed significant inhibition of motility when cells were also treated with cediranib.
However, because FBS is the migration stimulus, we cannot rule out the possibility that
cediranib inhibits growth factor pathways other than VEGFRs.

The ability of tumor cells to invade the surrounding extra-cellular matrix is a critical step in
the metastatic process and is strongly correlated with drug resistance and poor prognosis in
several cancer types (68–70). Using a modified Boyden chamber assay, where matrigel-coated
filters represent a synthetic extracellular matrix, we showed that SW480 cells were capable of
invading the matrigel in response to serum stimulation. Treatment of these cells with cediranib
resulted in significantly fewer numbers of cells that were capable of invading this barrier,
suggesting that in addition to their role in gastrointestinal tumor cell migration VEGFR-1 and
VEGFR-3 may also play an important role in tumor cell invasion of the extracellular matrix.
Again, it remains possible that cediranib acts on other growth factor receptors in addition to
VEGFRs to exert its inhibitory effects on tumor cell migration in this assay.

In summary, our results show that VEGFR-1 and VEGFR-3 are expressed in a variety of
gastrointestinal cancer cell lines. Furthermore, these receptors seem to be linked to functional
signaling pathways in these cells, which regulate cell motility and invasion. As cediranib
treatment reversed VEGF-stimulated motility and invasion of gastrointestinal cancer cells in
vitro, we conclude that targeting VEGFRs present on gastrointestinal tumors may represent an
effective therapeutic treatment for highly invasive gastrointestinal cancers. Further
investigation using in vivo preclinical models is needed to confirm this hypothesis.
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Figure 1.
VEGFR family expression by qRT-PCR, immunoblotting, and flow cytometry. A, B, total
RNA was extracted from colorectal (CRC) cell lines HCT-116, HCT15, HT29, SW480, and
SW620; pancreatic cancer (PC) cell lines BXPC3, MiaPaca2, and Panc-1; hepatocellular
carcinoma (HCC) cell lines Hep-1 and HepG2; lung cancer cell line A549; and human umbilical
cord endothelial cell line (HUVEC), and qRT-PCR was done to assess expression of VEGFR-1
(A) or VEGFR-3 (B). C, the same cell lines were analyzed for VEGFR protein expression by
immunoblotting. Thirty micrograms of total protein from each cell line were fractionated
through SDS-PAGE, transferred to polyvinylidene difluoride membranes, and incubated with
the appropriate antibodies as described in Materials and Methods. The experiment was done
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in triplicate. Actin protein was used as a protein loading control. D, FACS analysis for
VEGFR-1 or VEGFR-3 expression. Results are expressed as percent of cells positive for the
specific VEGFR antibody versus isotype control antibody. HUVECs were used as a positive
control. White bars, mean ± SE of three independent experiments for VEGFR-1; black bars,
mean ± SE of three independent experiments for VEGFR-3.
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Figure 2.
VEGF-A and VEGF-C secretion by ELISA. A, B, VEGF ligand levels as measured in cell
culture supernatants by ELISA 24, 48, and 72 h after culture in serum-free media. Bars, mean
± SE of three independent experiments. Columns, 24 h (black),48 h(grey), and 72 h postserum
starvation.
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Figure 3.
Ligand-induced activation VEGFR-1/-3 activation and downstream AKT and ERK activation
by immunoblotting. A, SW480 cells cultured in serum-free media were pretreated with or
without cediranib (100 nmol/L), were left untreated (SF; lanes 1, 6), or were stimulated with
10% FBS (lanes 2, 7), 10 ng VEGF-A (lanes 3, 8), 50 ng VEGF-B (lanes 4, 9), or 50 ng VEGF-
C (lanes 5, 10) for 10 min. B, Hep-1 hepatocellular carcinoma cells treated as in A.
Immunoblotting was done on 50 µg of total cell lysate per well and probed with the appropriate
phospho-specific (p) antibody. Experiments were done in triplicate.
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Figure 4.
Effects of VEGF-A, -B, or -C stimulation on gastrointestinal cancer cell proliferation. HCT116
(A), HT29 (B), SW480 (C), Hep-1 (D), and BXPC3 (E) cells were plated in 96-well plates
under standard growth conditions for 24 h. Cells were then cultured in serum-free conditions
and pretreated with or without cediranib (100 nmol/L) for 16 h followed by stimulation with
FBS (10%), VEGF-A (10 ng), VEGF-B (50 ng), or VEGF-C (50 ng) for 7 d. Proliferation was
assessed by the SRB assay. Bars, mean ± SE of three independent experiments.
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Figure 5.
Effects of VEGF ligands and cediranib on the migratory phenotype of SW480 and Hep-1 cells.
SW480 (A) or Hep1 (B) cells were evaluated for their migratory phenotype in standard growth
conditions by the scratch assay. Cells were grown to 80% confluency and a cleared scratch
area was created prior to stimulation with FBS, VEGF-A, VEGF-B, or VEGF-C in the presence
or absence of cediranib. Cell migration was measured by the ability of cells to migrate into the
scratch area after 48 h. Cells were then fixed, stained, and photographed as described in
Materials and Methods. Images are representative of three independent experiments.
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Figure 6.
Quantitative analysis of SW480 and Hep-1 migration. The modified Boyden chamber was used
to quantify the effects of VEGF ligands and cediranib on SW480 (A, B) and Hep-1 cells (C,
D). A total of 100,000 cells were plated in the upper transwell chamber and treated with either
FBS (10%) or VEGF-A (10 ng/mL), VEGF-B (50 ng/mL) or VEGF-C (50ng/mL) in the
presence or absence of cediranib for 48 h. Transwell filters were fixed and stained as described
in Materials and Methods. Migration was assessed by counting the number of stained cells
visible on the lower surface of the transwell filter. Data represent mean cell counts of five
separate fields per well ± SE of three independent experiments. Representative fields for each
condition are shown in A and C.
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Figure 7.
Effects of cediranib on SW480 and Hep1 cell invasion. A matrigel-coated invasion chamber
assay was used to evaluate the role of VEGFRs on SW480 (A, B) and Hep1 (C, D) cell invasion.
SW480 (100,000 cells/well) and Hep1 (25,000 cells/well) cell lines were seeded onto the upper
chamber of the transwells for 24 h in standard media conditions. Serum-free media were then
replaced in the upper chamber with or without cediranib (100 nmol/L) for a subsequent 16 h.
The lower chambers were filled with either serum-free media (SF) or media containing 10%
FBS in the presence or absence of cediranib, and invasion was assessed after 72 h for the SW480
and after 48 h for the Hep 1 cells by counting the number of stained cells visible on the lower
surface of the transwell filter, as described in Material and Methods. Data represent mean cell
counts of five separate fields per well ± SE of three independent experiments. Representative
fields for each condition are shown in A and C (*, P < 0.05 SF, FBS without cediranib versus
SF, FBS with cediranib).
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