
Abstract. The present study investigated the effect of VEGFR
and EGFR inhibition via vandetanib (Zactima™) on epithelial-
mesenchymal transition (EMT) in bladder cancer. Markers
of EMT (EGFR, VEGR, E-cadherin and vimentin) were
interogated by Western blotting at baseline and after treatment
with EGF, VEGF, vandetanib, cisplatin, or their combination
using representative epithelial- and mesenchymal-type
human bladder cancer cells. Morphological changes induced
by these treatments were examined by microscopy over various
time courses. The effect of these changes on cisplatin chemo-
therapy sensitivity was assessed by MTT assay. RT4 and
HTB3 cells had epithelial features while CRL1749 and J82
cells had mesenchymal features. After treatment with EGF,
the epithelial-type cells demonstrated increased intercellular
separation and pseudopodia, with these changes blocked by
vandetanib. In contrast, the mesenchymal cells did not exhibit
any morphological changes with the EGF treatment but
adopted a clustered/epithelial appearance after the admini-
stration of vandetanib. Western blotting shows that treatment
of epithelial cells with vandetanib increased the expression of
E-cadherin. In comparison, mesenchymal cells demonstrated
decreased vimentin expression with the treatment of vandetanib
in the presence of EGF and VEGF. Improved growth inhibition
was seen in the epithelial cells but not in mesenchymal cells
with the concurrent treatment of vandetanib and cisplatin.
Sequential treatment of mesenchymal cells with vandetanib
followed by cisplatin demonstrated synergy with improved
cisplatin activity. The findings offer a novel role of vandetanib

on the EMT in bladder cancer, providing insight into EMT in
bladder cancer.

Introduction

Bladder cancer is the 6th most common cancer in the USA,
with 68,810 new cases and 14,100 deaths estimated in 2008
(1). Combination chemotherapy regimens produce objective
responses; however, the 5-year overall survival rates for
patients with locally advanced or metastatic bladder cancer
remain disappointingly low at 10-15% (2). The mechanisms
facilitating progression from superficial to invasive disease,
and finally to metastatic bladder carcinoma remain largely
elusive.

Epithelial-mesenchymal transition (EMT) is a process
first observed in embryonic development (3-5). EMT results
in the formation of highly motile cells which are critical in
early developmental biology. Accumulating evidence suggests
that EMT may play an important role in the late stages of
tumor progression and metastasis (6,7). During this transition,
cells acquire a morphological and functional state that is
suitable for migration in the extracellular environment. This
allows for the movement required in development and organ
formation, but also leads to resistance to anoikis (apoptosis
related to cellular detachment from the extracellular membrane)
and to traditional chemotherapy when it occurs in cancer
(8,9).

Epidermal growth factor receptor (EGFR) and vascular
endothelial growth factor receptor (VEGFR) signaling are
critical for cell proliferation and cancer progression (10,11).
The extracellular signals induced by the epidermal growth
factor (EGF) and vascular endothelial growth factor (VEGF)
are strongly implicated in both EMT and chemotherapy
resistance in human epithelial tumors (12-14). The present
study investigates the relationship between EGF, VEGF and
EMT in bladder cancer cell lines and on their chemotherapy
sensitivity.

Several pathways including NF-κB, AKT/mTOR axis,
MAPK, PKC and the AP-1/SMAD are putative actors in
EMT, with many of these emerging as potential targets of
novel biological agents (15-18). Cytotoxic drug therapy
combined with EMT signaling inhibitors (including inhibition
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of upstream pathways), may circumvent the chemotherapeutic
resistance of cancers associated with EMT (12).

Vandetanib (Zactima™) is an investigational, once-daily,
oral anticancer drug that selectively inhibits VEGFR and
EGFR tyrosine kinase activities (19). The effects of vandetanib
on bladder cancer have not been studied yet. In our previous
study, we showed that low concentration (1 μM) of
vandetanib exhibited a synergistic effect with cisplatin in
human bladder cancer cells (20). No report exists on
exploring the effect of vandetanib on EMT. To continue our
efforts to investigate the molecular mechanisms of the anti-
cancer effects of vandetanib, the current study was designed
to examine the relationship between EMT and exogenous
EGF and VEGF in bladder cancer cells. Vandetanib allows
for the selective study of the effects of VEGF and EGF on
EMT and importantly, the effect of such manipulation on the
efficacy of chemotherapy combinations against bladder
cancer.

Materials and methods

Cell culture and reagents. Human bladder cancer cell lines
HTB3, J82, RT4, CRL1749 (American Type Culture
Collection, Manassas, VA) were grown in OPTI-MEM (Gibco,
Grand Island, NY) with 3.75% fetal bovine serum (FBS)
(Gemini, Woodland, CA) and 100 μg/ml streptomycin-100 IU/
ml penicillin sulfate (Life Technologies, Grand Island, NY).
All cell lines were incubated at 37˚C in 5% CO2. Before the
cells were exposed to exogenous EGF, or VEGF alone or in
combination with vandetanib, they were serum-starved
(0.5% FBS) for 24 h in 6-well plates. Vandetanib (from
AstraZeneca Pharmaceuticals, Macclesfield, UK) was
dissolved in DMSO. Cisplatin (Bedford Laboratories, Bedford,
OH) was obtained in solution from the University of Colorado
Hospital Pharmacy (Aurora, CO). Antibodies to EGFR (Cell
Signaling, Beverly, MA) (1:1,000 dilution), VEGFR-2 and
ß-actin (Santa Cruz Biotechnology, Inc., Santa Cruz, CA)
(1:1,000 dilution), and E-cadherin and vimentin (Zymed
Laboratories, San Francisco, CA) (1:1,000 dilution) were
used for Western blot analysis. Recombinant human VEGF-
A165 and EGF were purchased from R&D Systems, Inc.
(Minneapolis, MN).

Morphological observation. The cells were cultured with EGF,
VEGF, vandetanib or the combination of one of the growth
factors plus vandetanib consecutively for 72 h. The con-
centrations of EGF or VEGF were 5, 10, 20, 40 ng/ml. The
concentration of vandetanib was 1.25 μM for the RT4 cells
and 2.5 μM for the CRL1749 cells. The treatment medium was
changed daily for each condition. Morphologic characteristics
including cell distribution pattern, intercellular space and
pseudopodia were observed with a Nikon light microscope at
a magnification of x200 and imaged every 24 h with digital
photography.

Combinatorial effects of vandetanib and cisplatin on protein
expression and cell viability. The synergistic effects of
vandetanib (0, 0.625 and 2.5 μM) in combination with cisplatin
(0, 1.25, 2.5, 5 and 10 μM) were investigated in selected cell
lines, in media containing 3.75% FBS. The effects of 48 h

of concurrent vandetanib and cisplatin in these cells were
evaluated. To further examine the importance of treatment
sequence on the observed synergy, RT4 and CRL1749 cells
were treated with vandetanib-containing media for 48 h,
followed by cisplatin-containing media for an additional 48 h.
The sequential treatment with cisplatin followed by vandetanib
was also performed. After treatment, the protein expression
and cell viability were determined as described below.

Protein characterization. After the specified treatment was
completed, the cells were harvested by scraping, washed with
PBS and collected by centrifugation. Cell pellets were
resuspended in lysis solution (10 mM Tris, 150 mM NaCl,
1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 0.2 mM
sodium orthovanadate, 0.5% NP-40, 0.3 mM PMSF, 10 μg/ml
aprotinin). Protein estimation was performed with Pierce
protein dye, using a DU 800 Beckman Coulter spectrophoto-
meter (Fullerton, CA). Protein (50 μg) was electrophoresed
using NuPAGE 4-12% Bis-Tris Gel (Invitrogen, Carlsbad,
CA). The protein was transferred to a nitrocellulose membrane
(Invitrogen) using a wet method at 100 V for 1 h. The
membrane was then blocked with 5% (w/v) milk powder and
placed in a rotator for 1 h at room temperature. The primary
antibody was added in milk powder (2.5% w/v) and allowed
to incubate overnight at 4˚C before being washed with PBS/
0.05% Tween-20 three times (15 min each). The appropriate
horseradish peroxidase-linked secondary antibody was then
added and incubated for an additional 1 h at room temperature.
The membrane was again washed three times for 15 min each,
before the addition of Pierce SuperSignal chemiluminescent
substrate (Rockford, IL) and then immediately imaged on
ChemiDoc (Bio-Rad, Hercules, CA). The protein band
densities were measured by ImageJ software (NIH).

Cell viability assay. For all experiments, the cell viability
was assessed using a tetrazolium-based assay (CellTiter 96
AQueous One solution - Promega Corporation, Madison,
WI). Approximately 3000 cells in 50 μl of media per well
were plated in 96-well plates in triplicate. Twenty-four hours
after plating, the cells were subjected to specific treatment
regimens with the addition of 50 μl of treatment media to
achieve the prescribed treatment concentrations. DMSO, in
equal amounts to the treatment conditions, was added to the
media in the control condition. Once the treatment was
complete, 20 μl of the AQueous One solution was added to
each well, for a final volume of 120 μl. Colorimetric analysis
using a 96-well plate reader (Vmax Kinetic microplate reader,
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Figure 1. HTB3, J82, CRL1749, and RT4 cells were cultured in medium
with 3.75% FBS. RT4 and HTB3 cells have a complete opposite expression
of E-cadherin and vimentin compared with CRL1749 and J82 cells. 
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Molecular Devices, Sunnyvale, CA) was performed between
1 and 4 h (wavelength of 490 nm) after the addition of the
AQueous One solution. Cell viability assays were performed
in triplicate. Cell viability data and synergy analysis was
performed with the CalcuSyn software program (Biosoft,
Ferguson, MO; version 2, 2005) using a non-constant ratio
analysis and statistical method described by Chou and Talalay
to calculate the combination index (CI) values (21). The
resulting CI is a quantitative measurement of the degree of
interaction between different drugs used in combination. A
CI value of 1 signifies an additive effect, a CI >1 denotes
antagonism and a CI of <1 indicates synergy.

Results

Cell characterization based on E-cadherin and vimentin
expression. RT4 and HTB3 cells exhibited epithelial-like cell
features, including positive expression of E-cadherin without
notable vimentin (Fig. 1). In contrast, the CRL1749 and J82
cells were negative for E-cadherin, but did show positive
vimentin expression, consistent with a mesenchymal character-
ization. Based on these findings, RT4 and CRL1749 were
selected to represent epithelial and mesenchymal cell types,
respectively, for the subsequent experiments.

Morphological changes of RT4 and CRL1749 cells after
treatment with EGF, VEGF, and vandetanib. RT4 cells tend
to form tight clusters with closely apposed cell-to-cell inter-
actions, typical of epithelial cells (Fig. 2A). After EGF
treatment, the cells exhibited EMT morphological changes
including increased intercellular separation with the develop-
ment of pseudopodia, which occurred progressively over 3
days (Fig. 2B). These changes were assessed with multiple
concentrations (5, 10, 20, 40 ng/ml) of EGF, while the changes
induced by 5-20 ng/ml EGF are similar but less prominent
(not shown). The use of vandetanib blocked these changes.
However, VEGF, at concentrations of (5 to 40 ng/ml) did not
seem to yield notable morphological alterations (Fig. 2B).

In contrast, CRL1749 cells grew in a scattered pattern and
exhibited a spindle-like fibroblastoid cell shape typical of

mesenchymal-type cells (Fig. 2A). After EGF or VEGF
treatment, these cells did not demonstrate any significant
change (Fig. 2C). However, after being cultured with
vandetanib, the CRL1749 cells adopted a clustered or adhesive
morphology, more typical of epithelial type cells, independent
of the addition of EGF or VEGF.

Expression of EGFR, VEGFR-2, E-cadherin and vimentin
after treatment. In the epithelial-like RT4 cells, expression of
EGFR decreased with increasing concentrations of single-
agent EGF or the combination of EGF plus vandetanib.
There was no apparent change in expression of VEGFR-2,
E-cadherin or vimentin with single-agent EGF treatment. In
contrast, with vandetanib treatment, E-cadherin expression
was substantially increased regardless of EGF (Fig. 3A).
VEGFR-2 and vimentin expression was not affected by EGF
or vandetanib treatment, either alone or in combination.

Similarly, treatment of RT4 cells with either VEGF alone
or in combination treatment with vandetanib did not alter
expression of vimentin, while the combination led to increased
E-cadherin expression regardless of the presence of VEGF
(Fig. 3B). EGFR expression was not substantially altered with
VEGF alone or in combination with vandetanib. However,
following treatment with vandetanib plus the higher doses of
VEGF, the expression of VEGFR-2 decreased slightly.

In the mesenchymal-like CRL1749 cells, the expression
of vimentin was consistently decreased after treatment with
the combination of vandetanib plus either growth factor
compared with EGF or VEGF alone (Fig. 3C and D). Inhibition
of VEGFR and EGFR with vandetanib reduced EMT features
in both cell types as measured by protein expression changes
(Fig. 3A-D).

To summarize, in the epithelial-like RT4 cells, vandetanib
treatment was associated with a significant increase in the
E-cadherin expression, independent of EGF or VEGF admini-
stration (Fig. 3A and B). In the mesenchymal-like CRL1749
cells, vandetanib decreased the expression of vimentin,
regardless of the addition of EGF or VEGF (Fig. 3C and D).
Consistent with their baseline characteristics, the expression
of vimentin in RT4 cells and E-cadherin in CRL1749 cells
remained undetectable throughout these experiments.

The analysis of the expression of EGFR and VEGFR-2
yielded more complex findings. Vandetanib treatment
decreased the expression of EGFR in RT4 cells when they
were treated with EGF simultaneously, but not in CRL1749
cells. The expression of EGFR did not change in RT4 cells
and showed a notable increase in CRL1749 cells when
treated with the combination of vandetanib plus VEGF. The
expression of VEGFR-2 decreased in RT4 cells when
vandetanib was added to the EGF or VEGF treatment (Fig. 3A
and B); in the CRL1749 cells, the VEGFR-2 expression was
unchanged when treated with the combination of EGF and
vandetanib, and increased with the combination of VEGF
and vandetanib (Fig. 3C and D).

Cell viability with vandetanib and cisplatin treatment con-
currently and sequentially. The epithelial and mesenchymal
cell lines showed different degrees of viability when treated
with vandetanib and cisplatin concurrently (Fig. 4A-D).
Improved growth inhibition was observed with the drug
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Figure 2A. RT4 and CRL1749 were serum-starved for 24 h before treatment. 
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combination in the epithelial RT4 and HTB3 cells, but not in
the CRL1749 and J82 cells. Based on these findings, RT4
and CRL1749 cells were selected for sequential treatment
testing, representing the epithelial and mesenchymal-type cells,
respectively. Notably, the sequential treatment with vandetanib
followed by cisplatin improved synergy in the CRL1749
cells (Fig. 4F) while the results with this sequential treatment
did not appear to differ from the concurrent treatment in the
RT4 cells (Fig. 4E). Vandetanib treatment therefore appeared
to sensitize the CRL1749 cells to cisplatin treatment, when

administered in a sequential manner. The CI values for these
sequential treatment experiments demonstrate synergistic
activity in both the RT4 cells (Fig. 5A) (CI range: 0.24-0.83)
and CRL1749 cells (CI range: 0.66-1.08) (Fig. 5B). While
both the sequential and concurrent experiments treated the
cells for 96 h, the absolute activity cannot be compared (e.g.
Fig. 4A, C, E and F), since the cisplatin treatment exposure
was 96 h in the concurrent, but only 48 h in the sequential
experiments.
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Figure 2B. RT4 cells were serum-starved (0.5%) for 24 h before treated in the conditions indicated. On day 1, 2 and 3 post treatment, the images were taken with
Nikon light microscope separately. The images are representative ones in which concentration of both EGF and VEGF were 40 ng/ml. Solid arrows indicate
pseudopodia of RT4 cells while the open arrow indicates the increasing intercellular separation.
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Discussion

In our previous study, we showed that vandetanib has a
synergistic effect in combination with cisplatin in bladder
cancer cells (20). In the current study, we demonstrate that
the inhibitory effect of vandetanib is correlated with EMT, an
important process in cancer progression and metastasis.
Markers of EMT, including the loss of E-cadherin and gain
of vimentin, correlate with laboratory and clinical assessments
of tumor invasiveness (22,23).

In this study, we found that exogenous EGF induced EMT-
like morphological changes in the epithelial-like bladder
cancer cell lines (RT4) (Fig. 2B). Although there were no
apparent morphological changes in CRL1749 cells with EGF
or VEGF treatment, the expression of vimentin increased
in a dose-dependent manner with these growth factors,
demonstrating an increased mesenchymal character (Figs. 2C;
and 3C and D). Inhibition of VEGFR and EGFR with
vandetanib decreased the mesenchymal features of the
CRL1749 cells and enhanced the epithelial features of the RT4
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Figure 2C. CRL1749 cells were serum-starved (0.5%) for 24 h before treated in the conditions indicated. On day 1, 2 and 3 post treatment, the images were taken
with Nikon light microscope separately. The images are representative ones in which concentration of both EGF and VEGF were 40 ng/ml. After treated with
vandetanib, CRL1749 cells acquired epithelial-like features showing clustered growth pattern.
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cells (Fig. 3A-D). The baseline epithelial or mesenchymal
nature of the bladder cancer cells predicted their sensitivity to
concurrent cisplatin and vandetanib treatment (Fig. 4A-D).
Importantly, sequential treatment with vandetanib followed
by cisplatin appears to sensitize the mesenchymal cells to this
chemotherapeutic combination, with synergy observed for the
sequential combination but not for the concurrent treatment
of these cells (Figs. 4E and F; and 5A and B).

Growth factor stimulation and microenvironment alterations
appear to contribute to the molecular events associated with
EMT during cancer progression (8,24). The enhanced
expression of several growth factors including EGF may result
in an up-regulated expression of numerous gene products
involved in the EMT process (24). Several groups have
demonstrated EGF-induced EMT changes. Lo et al (13) found
that chronic EGF exposure promoted EMT and TWIST gene
expression in breast and pancreatic cancer cells, where
TWIST serves as an EMT promoting transcription factor. In
a bladder cancer model, Cattan et al (25) showed that CAL 29
cells expressed characteristic features of EMT after TGF-·
and EGF treatment. Ahmed et al (26) reported that the com-
bination of EGF and hydrocortisone induced EMT on the
ovarian surface epithelium with characteristic cellular
fibroblast-like morphology and growth pattern changes.
Similar to the role of EGF in EMT, prolonged treatment with
VEGF can also trigger EMT phenotypic changes in human
pancreatic cell lines (14).

In the present study, the expression of vimentin in
CRL1749 increased after treatment with EGF and VEGF,
consistent with further EMT transition. Interestingly, both EGF
and VEGF caused mesenchymal-morphological changes
without any notable changes in E-cadherin expression in RT4
cells. While others have reported decreased E-cadherin and

increased vimentin expression with VEGFR-1 activation in
other non-bladder models (14), our results may differ since
treatments were given under serum-starvation conditions,
leading to low baseline levels of E-cadherin.

Many studies have focused on the relationship between
EMT and tumor invasive and metastatic potential. Chemo-
therapy insensitivity is a major concern in the treatment of
patients with advanced bladder cancer and it contributes to
the poor prognosis of many of these patients. While meta-
stases and chemoresistance are separate clinical events, there
is evidence of a direct biologic connection between them
(27). Kajiyama et al (27) described a possible link between
paclitaxel resistance and the facilitated metastatic potential
of epithelial ovarian carcinoma. Yang et al (28) found that
induction of EMT may contribute to decreased efficacy of
therapy in chemoresistant colorectal cancer, as the tumor
cells switch from a proliferative to an invasive phenotype.
Therefore, disrupting EMT may both limit the invasive
potential of tumors and the development of chemotherapy
resistance. There are several studies indicating that loss of
E-cadherin is a marker of poor response to the anti-proliferative
effect of EGFR inhibitors which include monoclonal anti-
bodies (cetuximab) and tyrosine kinase inhibitors (erlotinib
and gefitinib) against EGFR (23,29-31). Zhuo et al (32)
showed TWIST depletion by RNA interference sensitized
A549 lung cancer cells to cisplatin chemotherapy.

In the present study, RT4 and HTB3 cells showed different
responsiveness to the concurrent treatment of vandetanib plus
cisplatin compared with CRL1749 and J82 cells, predicted
by the cell baseline epithelial or mesenchymal features. The
mesenchymal CRL1749 cell resistance to cisplatin with
concurrent vandetanib was diminished with vandetanib pre-
treatment. These results suggest that given the inhibition of
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Figure 3. Protein expressions of human bladder cancer cells after treatment of EGF, VEGF, vandetanib or their combination. Cells were serum-starved for 24 h
and EGF, VEGF, vandetanib or the combination were added into medium with 0.5% FBS. After 72 consecutive hours, the cells were harvested for Western
blotting. The treatment medium was changed everyday. The numbers above the protein bands are the ratios of densities (measured by ImageJ software) of the
examined protein to ß-actin after normalized into the control. (A and B) RT4; (C and D) CRL1749.
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both VEGFR and EGFR, the cells adopted a more epithelial
character. Importantly, pre-treatment with vandetanib
increased cisplatin sensitivity of these cells, with this
sequential treatment approach demonstrating synergy in
contrast to the concurrent approach. This suggests that
blocking the effects of the growth factors associated with
EMT may reverse the chemotherapy resistance seen in this
setting.

The data from the present study do not show a clear
relationship between the expression of VEGFR-2, EGFR,
and treatment with vandetanib. One of the limitations in our

work was the lack of examination of phosphorylation of
VEGFR-2 and EGFR. These experiments were focused on
the relationship of the growth factors EGF and VEGF with
EMT, utilizing vandetanib to selectively inhibit VEGR and
EGFR. Additional evaluation of the exact mechanism of
these interactions, including the phosphorylation of these
receptors, warrants further study. Selective EGFR inhibition,
in comparison to the inhibition of both VEGFR/EGFR as
evaluated herein, may also be examined in subsequent
experiments to better determine the relative contribution of
VEGFR and EGFR in this process. Another limitation in our

LI et al:  VANDETANIB INHIBITS EMT IN BLADDER CANCER CELLS1026

Figure 4. Cell viability results of concurrent treatment of vandetanib plus cisplatin for (A) RT4, (B) HTB3, (C) CRL1749 and (D) J82 cells are shown. The
results of sequential treatment of vandetanib followed by cisplatin for (E) CRL1749 and (F) RT4 cells, are shown. The two drugs were added into the medium
with 3.75% FBS.
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work was the lack of fluorescent immunohistochemistry to
evaluate the loss of polarity, which could have further con-
firmed EMT. We instead used morphological observations
combined with protein characteristics to evaluate EMT
changes in the cells. There are several isoforms of VEGFR.
In present study, only VEGFR-2 was investigated. Other
VEGFRs which are implicated in tumor responses (notably
VEGFR-1) were not examined.

In conclusion, exogenous VEGF and EGF can cause
morphologic changes as well as E-cadherin and vimentin
protein expression changes in bladder cancer cells, consistent
with EMT. VEGFR and EGFR inhibition via vandetanib
increases the epithelial nature of bladder cancer cells with
increased E-cadherin and decreased vimentin expression. The
epithelial-like bladder cancer cells showed improved response
to cisplatin with concurrent vandetanib, but mesenchymal-
like cells did not. Sequential therapy with vandetanib followed
by cisplatin demonstrates improved anti-proliferative activity
in mesenchymal cells, suggesting a role for inhibiting both
VEGFR and EGFR in patients with mesenchymal tumor
characteristics prior to traditional chemotherapy.
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