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BACKGROUND AND PURPOSE
Sorafenib is an inhibitor of several intracellular signalling kinases with anti-proliferative, anti-angiogenic and pro-apoptotic
effects in tumour cells. Sorafenib is used in the therapy of advanced renal cell carcinoma, and several phase II clinical trials are
being carried out in patients with urothelial carcinomas.

EXPERIMENTAL APPROACH
Using a panel of human bladder cancer cell lines (RT4, T24, J82), we characterized systematically the effects of sorafenib on
intracellular signalling, migration, proliferation and apoptosis.

KEY RESULTS
We demonstrated that at low concentrations (<1 mM), sorafenib is capable of significantly stimulating migration and
proliferation of the bladder cancer cells. We hypothesize that these stimulatory effects on tumour cell functions might be
explained by an activation of the Ras/ERK-1/2 signal transduction pathway. In addition, the comparison of different bladder
cancer cell lines not only revealed a different biology (e.g. cell migration), but also a differential susceptibility to the
anti-apoptotic effects of sorafenib. Finally, we confirmed in different bladder cancer cell lines the known inhibitory actions of
sorafenib in pharmacological concentrations (�3 mM) on ERK-1/2 phosphorylation, migration and proliferation, as well as the
pro-apoptotic effects of the compound.

CONCLUSIONS AND IMPLICATIONS
Taken together, these findings suggest that although sorafenib has the potential to be used in the treatment of urothelial
carcinoma, this compound might also activate bladder cancer cells at low concentrations. This should be relevant for dosing
regiments to optimize the treatment with this promising anti-tumour drug.

Abbreviations
EGFR, epidermal growth factor receptor; ERK, extracellular signal-regulated kinase; MAPK, mitogen-activated protein
kinase; PARP, poly ADP ribose polymerase; PDGFR-b, platelet-derived growth factor receptor-b; PMA, phorbol myristate
acetate; RTKs, receptor tyrosine kinases; VEGFR, vascular endothelial growth factor receptor

Introduction

Current chemotherapy for metastatic bladder
cancer is based on gemcitabine and cisplatin (von
der Maase et al., 2005). Although many therapeuti-
cal concepts have been developed, no real progres-

sion has been achieved during the last 20 years, and
the median survival is 14 months (vom Dorp et al.,
2008).

Over-expression of the receptor for the epidermal
growth factor (EGFR) is known to correlate with
poor prognosis in advanced urothelial cancer
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(Nicholson et al., 2001; Dominguez-Escrig et al.,
2004). However, as the combination of standard
anti-tumour therapy with the EGFR inhibitor gefi-
tinib did not provide any significant benefit (Philips
et al., 2008), new therapeutical concepts are clearly
needed to improve the prognosis of patients suffer-
ing from urothelial cancers.

Sorafenib is a bis-aryl urea which inhibits a
variety of receptor tyrosine kinases (RTKs), such
as those associated with receptors for vascular
endothelial growth factor receptor (VEGFR)-2/-3,
for platelet-derived growth factor receptor-beta
(PDGFR-b), Flt-3 and c-Kit, but also – based on a
potent inhibition of Raf-1 – targets the Raf/MEK/
ERK signalling pathways (Wilhelm and Chien,
2002). In vitro and in vivo studies have demonstrated
that this multi-kinase inhibitor reduces tumour
growth and disrupts tumour microvasculature
through anti-proliferative, anti-angiogenic and/or
pro-apoptotic effects (Liu et al., 2006; Plastaras et al.,
2007; Rosato et al., 2007; Ammoun et al., 2008; Ding
et al., 2008; Wilhelm et al., 2008). Sorafenib is used
in the therapy of advanced renal cell carcinoma
(Gradinetti and Goldspiel, 2007). Currently, several
phase II clinical trials are being carried out in
patients with urothelial carcinomas (http://
clinicaltrials.gov). However, only limited data on
the effects of sorafenib on urothelial carcinoma cells
have been published thus far.

Using a panel of human bladder cancer cell lines,
we aimed to characterize systematically the in vitro
effects of sorafenib on intracellular signalling,
migration, proliferation and apoptosis.

Methods

Cell lines
The human bladder cancer cell lines RT4, T24 (con-
taining the constitutively active H-ras oncogene)
and J82 were obtained from the American Type
Culture Collection (Manassas, VA, USA) and main-
tained in McCoy’s 5a medium (RT4, T24) or MEM
(J82), each containing 10% fetal calf serum (FCS,
Invitrogen, Carlsbad, CA, USA) and 1% penicillin–
streptomycin (Invitrogen) at 37°C in 5% CO2. The
human renal carcinoma cell lines A-498 and Caki-1
were obtained from the American Type Culture Col-
lection and maintained in MEM (A-498) and
McCoy’s 5a medium (Caki-1), each containing 10%
FCS (Invitrogen) and 1% penicillin–streptomycin
(Invitrogen) at 37°C in 5% CO2.

Western blot
Cells were grown to subconfluency in six-well
chambers, serum-deprived for 24 h and then treated

with sorafenib for 2 h. After treatment, the cells
were lysed in RIPA buffer containing 150 mM NaCl,
10 mM Tris (pH 8), 1% (m/v) deoxycholic acid,
1% (v/v) NP-40, 0.1% (m/v) SDS, 4 mM EDTA,
20 mg·mL-1 benzamidine, 2 mM phenylmethylsul-
phonyl fluoride, 20 mg·mL-1 soya bean inhibitor,
2 mg·mL-1 aprotinin and 1 mg·mL-1 leupeptin.
Protein concentrations were measured using the
BCA Protein Assay Kit (Thermo Scientific, Franklin,
MA, USA) according to the manufacturer’s protocol.
Equal amounts of protein were fractionated in
either 8 or 10% SDS–polyacrylamide gels and
transferred to nitrocellulose membranes (Whatman,
Maidstone, Kent, UK). The membranes were
probed with primary antibodies (1:1000, 4°C, over-
night) followed by incubation with horseradish
peroxidase-conjugated secondary antibodies
(1:5000, 20°C, 1 h) (Sigma-Aldrich, St Louis, MO,
USA). Bands were visualized by chemiluminescence
(PerkinElmer Life Sciences, Waltham, MA, USA).
Quantification was performed by scanning the films
with a grey scale-calibrated scanning system (HP
Scanjet G4050, Phoretix Power Scan V 2003.01,
Nonlinear Dynamics, Newcastle upon Tyne, UK).
Band intensity was calculated with LabImage 1D V
4.0 (Kapelan, Leipzig, Germany).

Migration
Cells were grown to confluency in 24-well chambers
and then serum deprived for 24 h. A mechanotrans-
ductor (pipette tip) was used to scratch the cell
monolayer in a standardized fashion (Hermann
et al., 2002). After washing of the cells twice with
phosphate-buffered saline (PBS), the wells were
refilled with medium containing 10% FCS and
1 mM hydroxyurea (Sigma-Aldrich) to inhibit cell
division. The wells were marked on the underside
across the wound to ensure that the same region
was assessed microscopically. All experiments have
been performed in quadruplicate. Photographs
were taken at 0 h and after 24 h using an Axiovert
S100 phase contrast microscope (Carl-Zeiss, Jena,
Germany). The area, invaded by tumour cells, was
calculated using the AxioVision Software V461.0
(Carl-Zeiss Imaging Solutions).

Nuclear staining
Cells were seeded in 24-well chambers and allowed
to attach for 2 h in a medium containing 10% FCS.
The cells were serum deprived for 24 h and then
treated with sorafenib. After 24 h incubation with
sorafenib, the supernatants were removed and the
cells were washed with PBS and fixed with ice-cold
methanol. Mounting and DNA staining were per-
formed using the Vectashield Mounting Medium
and DAPI (Vector Labaratories, Burlingame, CA,
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USA). Photographs were taken with an Axiovert
S100 fluorescence microscope (Carl-Zeiss).

Cell proliferation
Cells were seeded at a concentration of 2 ¥ 105 per
well in six-well chambers and allowed to attach
overnight in a medium containing 10% FCS. The
cells were serum deprived for 24 h and then treated
with sorafenib for another 24 and 48 h respectively.
After removing the supernatant, the cells were
washed with PBS, detached with 0.25% trypsin/
1 mM EDTA. After staining with 0.25% Trypan blue
solution (Biochrom, Berlin, Germany), living cells
were counted in a Neubauer chamber.

Annexin V binding
Cells were washed twice with PBS and resuspended
in annexin V binding buffer [100 mM HEPES (pH
7.4), 1.4 M NaCl and 25 mM CaCl2]. After incuba-
tion with annexin V–Alexa Fluor 488 conjugate
(Invitrogen) for 15 min, the amount of Alexa Fluor-
labelled cells (% positive) was determined by flow
cytometry (Cytomics FC 500, Beckman Coulter,
Brea, CA, USA) as previously described.

Ras activation assay
Ras activation was studied using a pull-down assay
with Raf1 fused to GST and bound to glutathione
sepharose beads (#BK008, Cytoskeleton, Denver,
CO, USA) according to the manufacturer’s instruc-
tions. The amount of activated Ras was determined
by Western blotting using a Ras antibody.

Statistical analysis
Data are expressed as means � SEM. Statistical sig-
nificance was determined using the one-way ANOVA

test followed by the Bonferroni test (GraphPad
Prism V302 GraphPad Software, La Jolla, CA, USA).
P < 0.05 was considered significant. In most experi-
ments, concentration–response curves using a range
of sorafenib concentrations have been performed.
In order to minimize multiple comparisons, statisti-
cal comparisons with the control were performed
with one pre-selected low (0.1 mM) and one pre-
selected high (10 mM) concentration of sorafenib.

Materials
Sorafenib (Nexavar, Bayer, Leverkusen, Germany)
was dissolved in dimethyl sulphoxide (DMSO)
(10 mM) and was stored at -80°C. In all experi-
ments, equal amounts of DMSO were used as a
vehicle control. Phorbol 12-myristate 13-acetate
(PMA) was from Sigma-Aldrich. P44/42 MAP kinase
antibody (#4695), phospho-p44/42 MAP kinase
antibody (#9101), phospho-p38 MAP kinase anti-
body (#9215), phospho-Akt antibody (#4060), A-Raf

antibody (#4432), B-Raf antibody (#9434), c-Raf
antibody (#9422) and poly ADP ribose polymerase
(PARP) antibody (#9542) were all purchased from
Cell Signaling Technology (Danvers, MA, USA).
U0126 was from Calbiochem (#662005) (San Diego,
CA, USA).

Drug and molecular target nomenclature in this
paper follows Alexander et al. (2009).

Results

Sorafenib is known to inhibit the signalling kinase
Raf-1 (c-Raf), as well as wild-type and V599E mutant
B-Raf (Wilhelm et al., 2004). Thus, we first charac-
terized the expression of the different Raf isoforms
in three different human bladder cell lines (RT4,
T24, J82). B-Raf and Raf-1 were strongly expressed in
all cell lines examined, whereas A-Raf was not
detectable in the RT4 cell line (Figure 1).

We next studied the effects of sorafenib on ERK-
1/2 phosphorylation in the human bladder cancer
cell lines. As expected, at pharmacological concen-
trations (�3 mM), the compound inhibited both
basal (Figure 2) and stimulated (data not shown)
ERK-1/2 phosphorylation, resulting in a significant
inhibition of cell migration (Figure 3) and prolifera-
tion (Figure 4). In addition, sorafenib stimulated
apoptosis (as measured by annexin V binding and
PARP cleavage) in T24 and J82 cells, but not in RT4
cells (Figure 5). Interestingly, staurosporine (2 mM)-
induced apoptosis did not differ between the three
cell lines (not shown).

The most intriguing finding, however, was the
demonstration of significant stimulatory effects of
sorafenib at low concentrations (<1 mM) on migra-
tion of RT4 and T24 cells (Figure 3). No stimulatory
effects were observed in J82 cells, possibly reflecting
the very low general migratory potency of this cell
line. In addition, a significant stimulation of cell
proliferation by sorafenib (0.1 mM) was observed in
T24 and J82 cells (in RT4 cells, there was a trend

RT4    J82    T24

A-Raf

B-Raf

C-Raf/
Raf-1

Figure 1
Western blots demonstrating the expression of Raf isoforms in three
different bladder carcinoma cell lines (RT4, T24, J82).
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Figure 2
Effects of sorafenib (0.1–30 mM) on ERK-1/2 phosphorylation (2 h) in different human bladder carcinoma cell lines (RT4, T24, J82). Total and
phosphorylated ERK-1/2 was detected by Western blotting. Original tracings and densitometrical analysis (means � SEM) of five experiments are
shown. *P < 0.05 versus control (ANOVA/Bonferroni).
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Figure 3
Effects of sorafenib (0.1–30 mM) on migration of different human bladder carcinoma cell lines (RT4, T24, J82). After a scratch injury, microscopic
analysis of the cell-free area was performed at 0 h and after 24 h. The area, invaded by tumour cells, was calculated. Original photographs (cell-free
area indicated) and quantitative analysis (means � SEM) of five experiments are shown. *P < 0.05 versus control (ANOVA/Bonferroni).
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for an increased mitogenesis). Because no anti-
apoptotic effects of sorafenib (0.1 mM) were detected
(Figure 5), the observed stimulation of cell
proliferation by sorafenib most likely depends on
the activation of mitogenic events.

As sorafenib is currently approved for the treat-
ment of advanced renal carcinoma, we were inter-
ested if similar stimulatory effects of sorafenib could
also be detected in renal carcinoma cell lines. There-
fore, we studied the effects of sorafenib on ERK-1/2
phosphorylation and migration in the human renal
carcinoma cell lines A-498 and Caki-1. In contrast to
our results in bladder carcinoma cells, no stimula-
tion of ERK-1/2 could be detected at low concentra-
tions (<1 mM) of sorafenib, indicating a possible
organ specificity. As expected, at higher concentra-
tions, the phosphorylation of ERK-1/2 was clearly
inhibited (data not shown).

Next, we aimed to elucidate if the observed
stimulatory effects of sorafenib at low concentra-
tions in human bladder cancer cells might be
explained mechanistically by a significant activa-
tion of ERK-1/2 phosphorylation (Figure 2). Basal,
PMA-stimulated and sorafenib (0.1 mM)-stimulated
ERK-1/2 phosphorylation were inhibited by the
MEK inhibitor U0126 (Figure 6), indicating a stimu-
latory mechanism of sorafenib located upstream

of MEK. Both basal and sorafenib-stimulated cell
migration were also significantly inhibited by MEK
inhibitor U0126 (Figure 7). However, MEK inhibi-
tion only partially (about 50%) inhibited cell migra-
tion. Interestingly, in the presence of U0126, the
stimulatory effects on migration of sorafenib were
completely blunted.

Other signalling pathways, such as p38 MAPK,
Akt or ERK-5 phosphorylation, were not activated
by sorafenib (data not shown).

In order to characterize the upstream effectors
that activate ERK-1/2 upon treatment with low con-
centrations of sorafenib, we performed pull-down
experiments to detect activated Ras. These experi-
ments demonstrated that at concentrations corre-
sponding to concentrations leading to ERK-1/2
activation, sorafenib also activated Ras (Figure 8).

Discussion

The standard therapeutic concept of urothelial
cancer is based on a cisplatin chemotherapy.
However, during the last decades, no real progress
could be achieved, although the cancer, over-
expressing VEGFRs (Xia et al., 2006), might repre-
sent an interesting potential target for new drugs.
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Figure 4
Effects of sorafenib (0.1 and 10 mM) on proliferation of different human bladder carcinoma cell lines (RT4, T24, J82). For the assessment of nuclear
morphology, cells were incubated for 24 or 48 h, and stained with DAPI. For cell counts, cells were detached with trypsin/EDTA, stained with
Trypan blue and counted in a Neubauer chamber. Original photographs and the quantitative analysis (means � SEM) of five experiments are
shown. *P < 0.05 versus control (ANOVA/Bonferroni).
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In addition, studies have shown that the large
majority of bladder tumours express activated
H-Ras (Fontana et al., 1996; Vageli et al., 1996; Przy-
bojewska et al., 2000), and that this oncogenic acti-
vation is an important tumourigenic factor (Adjei,
2001).

Sorafenib, an oral multi-kinase inhibitor, inhib-
iting serine/threonine Raf kinases and RTKs such as
VEGFR and PDGFR-b, is currently used for the
therapy of advanced renal carcinoma. Furthermore,
anti-tumour activity and an improved outcome
have also been shown for patients with other
carcinomas such as hepatocellular carcinoma
(Llovet et al., 2008), non-small cell lung cancer
(Okamoto et al., 2009) and metastatic breast cancer
(Bianchi et al., 2009).

Phosphorylated ERK is the key downstream
target of the Ras/Raf/MEK/ERK signalling pathway,
and dysregulation of this pathway occurs in around

one-third of all human cancers (for review, see
Dhillon et al., 2007). In a phase II study in patients
with advanced, inoperable hepatocellular carci-
noma, the pretreatment tumour levels of phospho-
rylated ERK-1/2 were correlated with the time
to tumour progression (Abou-Alfa et al., 2006).
Furthermore, recently it was suggested that phos-
phorylated ERK-1/2 might be a potential predictive
marker of sensitivity to sorafenib in hepatocellular
carcinoma. The compound inhibited ERK-1/2 phos-
phorylation, dependent on the degree of basal
expression level of phosphorylated ERK-1/2 (Zhang
et al., 2009).

Currently, several phase II clinical trials of sor-
afenib are being carried out in patients with urothe-
lial carcinomas. Therefore, we focused in our study
on the effects of sorafenib on bladder cancer cells.
We studied the phorsphorylation status of ERK-1/2
as the key downstream component of the Ras/Raf/
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Figure 5
Effects of sorafenib (0.1–30 mM) on apoptosis of different human bladder carcinoma cell lines (RT4, T24, J82). Annexin V binding was measured
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MEK/ERK signalling pathway, as well as functional
effects such as migration and proliferation.

As described for a variety of different tumour
types, pharmacological concentrations (�3 mM) of
sorafenib decreased the phosphorylation level
of ERK-1/2. Unexpectedly, we found a significant
stimulatory effect of sorafenib at low concentrations
(<1 mM) on ERK-1/2 phosphorylation, as well as on
migration and proliferation in human bladder
cancer cells.

As sorafenib is currently approved for the
treatment of advanced renal carcinoma in several

countries, we were interested if similar activatory
effects could also be detected in renal cancer cells.
However, in contrast to our results in bladder cancer
cells, no stimulatory action of low concentrations
of sorafenib could be detected in the human renal
carcinoma cell lines A-498 and Caki-1 (data not
shown).

To further elucidate the underlying signalling
pathways, we used the MEK inhibitor U0126. We
could show that cell migration was also dependent
on ERK-independent mechanisms as the compound
inhibited cell migration only about 50%. The
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Figure 6
Effects of the MEK inhibitor U0126 (10 mM) on PMA (100 nM) versus sorafenib (0.1 mM)-induced ERK-1/2 phosphorylation in different human
bladder carcinoma cell lines (RT4, T24, J82). Original photographs and the quantitative analysis (means � SEM) of five experiments are shown.
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sorafenib-induced migration was completely
blunted by the MEK inhibitor, thereby indicating
that this pathway is responsible for the observed
stimulation of cell migration.

However, the systematic comparison of different
bladder cancer cell lines, as presented in this study,
revealed marked differences in cell biology (e.g. cell
migration), but also a differential susceptibility to
the inhibitory effects of sorafenib (e.g. apoptosis).
These differences might also partially explain the
different biology of bladder cancers in vivo, as well
as possible inter-individual differences in the re-
sponsiveness to chemotherapy, including sorafenib
(Dreicer et al., 2009). However, these data are in
accordance with previous reports, demonstrating
inhibitory effects of sorafenib on different tumour
cell types (Wilhelm et al., 2008) and might indicate
that tumour cell stimulation by sorafenib might be
restricted to specific tumour types. Different basal
levels of ERK-1/2 phosphorylation of different
tumour cell types might be of importance for the
different susceptibility to the compound (Zangh
et al., 2009), as well as other cell type-specific char-
acteristics. These should be explored in detail in
future studies.

Because sorafenib is known to inhibit a variety of
RTKs and, specifically, the Raf/Ras/MEK/ERK signal-
ling pathway, the observed stimulatory effects on
Ras and ERK-1/2 in human bladder carcinoma cell

lines are surprising and indicate a dual (activatory
and inhibitory) mode of action of this compound.
Of course, our data confirmed the anti-migratory
and anti-proliferatory effects of this compound as
observed across a variety of tumour types, including
renal cell, hepatocellular, breast and colorectal car-
cinomas (Wilhelm et al., 2008). Low (<1 mM) con-
centrations of this compound have either not been
studied (Plastaras et al., 2007; Rosato et al., 2007;
Ding et al., 2008) or no stimulatory effects have
been observed (Ammoun et al., 2008).

Taken together, we demonstrated that the multi-
kinase inhibitor sorafenib exhibits a dual (activatory
and inhibitory) mode of action in a panel of human
bladder cell lines. These activatory effects were not
only restricted to intracellular signalling events
(ERK-1/2 phosphorylation), but also resulted in a
stimulation of tumour cell functions (migration,
proliferation), relevant for tumour growth and
metastasis. Although the link between ERK-1/2
activation by sorafenib and stimulation of cell
migration has only been demonstrated using phar-
macological tools, one might speculate that activa-
tion of the Raf/Ras signalling pathway by low
concentrations of sorafenib might result in an ERK-
1/2-dependent activation of cell migration and
mitogenesis.

Clearly, our data demonstrate the anti-migratory
and anti-proliferatory effects of sorafenib in differ-
ent human bladder cancer cell lines. However, the
stimulatory effects at low concentrations of sor-
afenib may have major consequences for the thera-
peutic use of this anti-tumour drug. This might be
particularly relevant for selecting dosing regimens
that avoid low plasma concentrations of sorafenib
in order to optimize the treatment with this prom-
ising anti-tumour drug.
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