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Abstract: Sorafenib is a multi-kinase inhibitor approved for hepatocellular carcinoma, but rarely causes tumor re-
gression in patients with chronic liver diseases. To investigate whether growth factor-mediated signaling is involved
in sorafenib resistance, HepG2 and PLC/PRF/5 hepatoma cells were exposed to epidermal growth factor (EGF),
hepatocyte growth factor (HGF) or transforming growth factor- (TGF-B) prior to treatment with sorafenib. Further-
more, to identify an effective combination treatment with sorafenib, growth factor-sensitized cells were treated with
sorafenib alone or in combination with celecoxib, lovastatin or valproic acid (VPA). Trypan blue staining and Annexin
V assays showed that the cytotoxic effect of sorafenib was inhibited by 15-54% in cells sensitized to TGF-3 (P<0.05).
Western blotting analysis showed that TGF- significantly activated extracellular signal-regulated kinase (ERK)-me-
diated AKT signaling, and sorafenib failed to suppress both ERK and AKT in TGF-B-sensitized cells. The decreased
anti-tumor effect of sorafenib was rescued by chemical inhibition of ERK and AKT. When TGF-B-sensitized cells were
treated with sorafenib plus VPA, the levels of phosphorylated ERK and AKT were considerably suppressed and the
numbers of dead cells were increased by 3.7-5.7-fold compared with those exposed to sorafenib alone (P<0.05).
Moreover, low dose sorafenib-induced cell migration was effectively suppressed by combination treatment with
sorafenib and VPA. Collectively, TGF-B/ERK/AKT signaling might play a critical role in sorafenib resistance in hepa-
toma cells, and combination treatment with VPA may be effective against this drug resistance.
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Introduction

Hepatocellular carcinoma (HCC) is one of the
most frequent malignancies worldwide. HCC is
etiologically unique, in that most cases are
associated with chronic liver injuries induced
by hepatitis B and C virus infection and alcohol
abuse [1-3]. Recently, non-alcoholic steatohep-
atitis has emerged as a new clinicopathological
entity of this malignancy in civilized countries,
and thus HCC is a long-standing concern of
investigators in the field of oncology [3, 4]. The
prognosis of HCC is poor because it frequently
recurs following surgery [5, 6]. DNA damage-
inducing agents such as cisplatin and 5-fluoro-
uracil have been used as standard chemother-
apydrugsfortreating patients with unresectable

recurrent HCC, but strong chemoresistance in
hepatoma cells has been a major obstacle for
clinicians dealing with this disease.

Sorafenib (sorafenib tosylate; CAS Number,
475207-59-1) is an oral multi-kinase inhibitor
recently approved for the clinical treatment of
advanced HCC [7, 8]. Sorafenib was originally
designed to target RAF-mediated signaling, and
accumulating experimental evidence suggests
that this agent inhibits broad-spectrum signal-
ing pathways including C-RAF (RAF-1) and
B-RAF, vascular endothelial growth factor (VE-
GF) receptors 2 and 3, platelet-derived growth
factor (PDGF) receptor, c-KIT and fms-like tyro-
sine kinase 3 (FLT3) [9]. Along with these phar-
macological properties, sorafenib downregula-
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tes the RAS/RAF/MAPK (mitogen-activated pro-
tein kinase) and AKT/STAT3 (signal transducer
and activator of transcription 3) signaling path-
ways, both critical for the proliferation and sur-
vival of HCC cells [10, 11]. Thus far, numerous
in vitro and in vivo experimental studies have
reported that sorafenib effectively induces
apoptosis of hepatoma cells. In the clinical
field, however, many reports have indicated
that sorafenib rarely causes tumor regression
[7, 8, 10]. In large population-based random-
ized trials, a partial tumor response (PR; at
least 30% decrease in the sum of the longest
diameter of target lesions; Response Evaluation
Criteria In Solid Tumors (RECIST)) was only seen
in 2-3.3% of patients enrolled in the study [12,
13]. However, the reason for the discrepancy
between experimental and clinical data has
remained unclear.

It is widely accepted that most HCC patients
have chronic hepatitis or liver cirrhosis in which
various types of cytokines and growth factors
are overexpressed. The relationship between
extracellular stimuli by such soluble factors and
sorafenib efficacy has been unclear to date. We
therefore set out to address whether growth
factor-mediated signaling might contribute to
sorafenib resistance in hepatoma cells, and
investigated whether combination therapy with
clinically available agents can overcome the
drug resistance in growth factor-sensitized
hepatoma cells.

Materials and methods
Reagents

Sorafenib (Toronto Research Chemicals, Down-
sview, ON, Canada) was dissolved in dimethyl
sulfoxide (DMSO) and used at concentrations
as indicated in the text. LY294002 (an inhibitor
of PI3K/AKT) (Cell Signaling Technology,
Beverly, MA), U0O126 (an inhibitor of MEK1/2
(mitogen-activated protein kinase kinase 1/2))
(Calbiochem, San Diego, CA), SB203580 (an
inhibitor of p38MAPK) (Enzo Life Sciences,
Farmingdale, NY), and SP600125 (an inhibitor
of JNK (c-jun N-terminal kinase)) (Enzo Life
Sciences, Farmingdale, NY) were dissolved in
DMSO and used at 25, 10, 20, and 50 uM,
respectively. For combination treatment with
sorafenib, anti-antiepileptic drug valproic acid
(IC50 = 1.3-2.5 mM [14]; Toronto Research
Chemicals), a selective Cox-2 inhibitor celecox-
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ib (IC50 = 61-70 uM [15]; Toronto Research
Chemicals) and HMG-CoA reductase lovastatin
(IC50 = 0.8-4.2 yM [16]; Enzo Life Sciences)
were used at 1 mM, 60 uM, and 4 uM, respec-
tively. When the drug solutions were diluted in
culture medium, the final concentration of
DMSO was set at 0.1% as a solvent control in all
experiments.

For western blotting analysis, polyclonal anti-
bodies recognizing cleaved PARP (Asp214),
phospho-AKT  (p-AKT) (Thr308), phospho-
p44/42 MAPK (p-ERK1/2) (Thr202/Tyr204),
phospho-B-RAF (Ser445) and phospho-C-RAF
(Ser338) were obtained from Cell Signaling
Technology. A mouse monoclonal antibody
against [B-actin was obtained from Sigma
Chemical Co. (St. Louis, MO, USA).

Cell culture

Human hepatoma cell lines HepG2 and PLC/
PRF/5 cells (American Type Culture Collection,
Manassas, VA, USA) were cultured in Dulbecco’s
modified Eagle’s medium containing 10% fetal
bovine serum (FBS). The cells were incubated
with recombinant human epithelial growth fac-
tor (EGF; 20 ng/mL) (R&D Systems, Minneapolis,
MN, USA), hepatocyte growth factor (HGF; 10
ng/mL) (R&D Systems) or transforming growth
factor-B (TGF-B; 5 ng/mL) (R&D Systems) for 48
h. After the culture media was refreshed, cells
were again treated with the same concentra-
tion of growth factor and exposed to sorafenib
at various concentrations for 48 h. The concen-
tration of sorafenib used in apoptosis assays
and western blotting was set at 5-10 yM, which
is comparable to the plasma concentration of
individuals medicated with sorafenib [17]. Pre-
treatment with the chemical agents was per-
formed 1 h before the addition of sorafenib.

Cell cytotoxic assay

Cells (0.2 x 105 cells/mL) were plated in 96-well
plates in complete media, and maintained in
the presence or absence of EGF, HGF or TGF-3
for 48 h. Culture medium was then replaced,
and cells were exposed to the same growth fac-
tor plus sorafenib for 48-72 h. Cell proliferation
was determined using a water-soluble tetrazo-
lium (WST)-based cell proliferation assay using
a Cell Counting Kit WST-8 (Dojindo Laboratories,
Kumamoto, Japan) according to the manufac-
turer’s instructions. The amount of formazan
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Figure 1. TGF-B suppresses the cytotoxic effect of sorafenib in hepatoma cells. A. Cell were treated with sorafenib
(0-10 uM) for 48 h with or without pre-treatment with growth factors for 48 h. Cell proliferation was examined by
WST assay. B. Cells were treated with sorafenib (0-10 uM) for 72 h with or without TGF-B pre-treatment, and the per-
centage of dead cells was analyzed by trypan blue assays. Representative images show cells treated with sorafenib
(10 uM) with or without TGF-B pretreatment of (arrows, dye-positive dead cells). White column, cells under growth
factor-free conditions. Experiments were performed in triplicate, and data represent the means + SD of triplicate
experiments (*P<0.05 vs. cells under growth factor-free conditions).

product was measured at 450 nm using a
Multiscan FC microtiter-plate reader (Thermo
Scientific, Vantaa, Finland). To evaluate apopto-
sis, cells were stained using an Annexin V FITC
Kit (Invitrogen, Karlsruhe, Germany), and imag-
es were obtained with a fluorescence micro-
scope (BZ-9000; Keyence, Osaka, Japan). To
assess the ratios of apoptotic cells, 300 cells in
a given microscopic field were counted, and
Annexin V-positive cells were considered to be
apoptotic. The percentage of dead cells was
determined by the trypan blue exclusion assay
using a TC10 automated cell counter (Bio-Rad,
Richmond, CA, USA). The results were obtained
from three independent experiments per-
formed in triplicate and data represent the
mean + standard error of the means of three
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independent experiments each performed in
triplicate.

Western blotting

After treatment with sorafenib for 2 or 24 h, cul-
tured cells were lysed in a modified radioimmu-
noprecipitation assay buffer (25 mM Tris-HCI
pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium
deoxycholate, 0.1% SDS) supplemented with
complete protease inhibitor. After the samples
were heat-denatured, aliquots (20 ug of pro-
tein) were electrophoresed on 5-20% SDS-
polyacrylamide gels and transferred onto Imm-
obilon-P polyvinylidene difluoride membranes.
The membranes were probed with appropriate
primary antibodies and with horseradish perox-
idase-conjugated secondary antibodies. Prot-
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Figure 2. TGF-B abrogates sorafenib-induced apoptosis. A. Cells were treated with sorafenib (10 uM) for 24 h with
or without pre-treatment with growth factors. Levels of cleaved PARP were determined by western blotting. Columns
represent relative band intensities normalized against B-actin bands expressed as fold changes relative to non-
treated control cells (white column). B. Cells were treated with sorafenib (0-10 uM) for 48 h, and the percentages of
apoptotic cells were analyzed using Annexin V assays. Representative images of Annexin V assays are shown. Green,
Annexin V-positive cells; blue, nuclear DAPI staining (bar, 20 um). White column, TGF-B-free cells. Data represent the
means * SD of triplicate experiments (*P<0.05, *P<0.01, vs. growth factor-free cells).

ein blots were visualized using an enhanced
ECL western blotting detection system (GE
Healthcare). Protein band intensity normalized
against the B-actin band was quantified using
image analysis software (Image-J, ver. 1.44;
NIH, Bethesda, MD).

Cell migration assay

Transwell migration assays were performed
using transwell chambers with 8-um pores (BD
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Biosciences, San Jose, CA, USA). Cells were
treated with 0.5 uM sorafenib for 24 h with or
without pre-treatment with TGF- and chemical
inhibitors for 2 h. The cells were suspended in
DMEM containing 1% FBS, and seeded in the
upper chambers of the transwell at a density of
1 x 10* cells/ml. The lower chambers were
filled with the same culture media containing
10% FBS. After incubation for 10 h, cells that
had migrated through the pores were counted
in five random microscopic fields. For wound
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Figure 3. Sorafenib fails to suppress ERK and AKT signaling in the presence of TGF-B. Cells were treated with
sorafenib (10 uM) for 2 h with or without pre-treatment with growth factors. Levels of phospho-ERK1/2 (Thr202/
Tyr204) and phospho-AKT (Thr308) were determined by western blotting. Experiments were performed in triplicate,
and columns represent the means + SD of the band intensities normalized against 3-actin bands expressed as fold
changes relative to non-treated control cells (white column) (*P<0.05, vs. control cells; N.S., not significant). In PLC/

PRF/5 cells, AKT was significantly phosphorylated by TGF-3.

healing assays, a linear wound using a sterile
2-mm blade cells was created in a monolayer of
cells grown to confluence in DMEM containing
10% FBS. Cells were treated with hydroxyurea
(2.5 mM) to reduce proliferation, and treated
with 0.5 uM sorafenib with or without pre-treat-
ment with TGF-B and chemical inhibitors for 24
h. The length of the wound closure was evalu-
ated at five points along the wound edge under
a microscope. Each experiment was indepen-
dently performed in triplicate.

Statistical analysis
All experiments were performed in triplicate.
Statistical analyses were performed with mean

+ standard deviation (SD) values using Stud-
ent’s t-test and two-way analysis of variance
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(ANOVA) with the Bonferroni’s correction. P val-
ues less than 0.05 were considered signifi-
cant.

Results

TGF-B interferes with the anti-tumor effect of
sorafenib

WST assays showed that sorafenib dose-
dependently inhibited the proliferation of both
HepG2 and PLC/PRF/5 cells (Figure 1A). The
effect of sorafenib on the proliferation of cell
pre-treated with EGF or HGF was not signifi-
cantly changed. However, in HepG2 and PLC/
PRF/5 cells pre-treated with TGF-B the anti-
tumor effect of sorafenib was significantly
inhibited (both P<0.05). Trypan blue assays

Int J Clin Exp Pathol 2014;7(4):1299-1313
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Figure 4. TGF-B stimulates B-RAF/ERK/AKT signaling in hepatoma cells. A. Cells were pretreated with TGF- and
then administered sorafenib (10 uM) in the presence of chemical inhibitors of MAPK or AKT for 2 h. Levels of
phospho-ERK1/2 (Thr202/Tyr204) and phospho-AKT (Thr308) were determined by western blotting. B. Levels of
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phospho-B-RAF (Ser445) and phospho-C-RAF (Ser338) in HepG2 cells were analyzed by western blotting. Experi-
ments were performed in triplicate, and columns represent the means + SD of the band intensities normalized
against B-actin bands expressed as fold-change relative to non-treated control cells (white column) (*P<0.05, vs.

control cells).
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Figure 5. ERK/AKT signaling pathway is a critical mediator of TGF-B-induced sorafenib resistance. (A) Cells were
pretreated with TGF-B, and then exposed to sorafenib (10 uM) in the presence or absence of chemical inhibitors
for (A) 72 h or (B) 48 h. (A) Columns represent the percentage of dead cells as assessed by trypan blue assay. (B)
Apoptotic cell numbers were assessed by Annexin V assay. White column, non-treated control cells. Experiments
were performed in triplicate, and the data represent the means + SD of triplicate experiments (*P<0.05 vs. cells

treated with sorafenib and TGF-B).

revealed that pre-treatment with TGF-§ signifi-
cantly repressed the proportion of dead cells
following treatment of HepG2 and PLC/PRF/5
with sorafenib (P<0.01 and P<0.05, respective-
ly) (Figure 1B).

Western blotting analyses showed that the lev-
els of cleaved PARP, a cell apoptosis marker,
were increased from 2.8 to 4 fold in sorafenib-
treated cells compared with that of the con-
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trols, without reference to the pre-treatment
with EGF or HGF (Figure 2A). In contrast, in the
cells pre-treated with TGF-B, the levels of
cleaved PARP were significantly reduced and
remained almost at control levels (HepG2; 1.3
fold of control, PLC/PRF/5; 0.9 fold of control).
The results of Annexin V labeling revealed that
the fraction of sorafenib-induced apoptotic
cells was repressed in TGF-B-sensitized HepG2
and PLC/PRF/5 cells (P<0.01 and P<0.05)

Int J Clin Exp Pathol 2014;7(4):1299-1313
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1306 Int J Clin Exp Pathol 2014;7(4):1299-1313



Sorafenib resistance and TGF-3

A HepG2
*
3§ 0
T2 2
T =
s g 10
0

- SOR VPA CEL LOV

B HepG2

trypan-blue
positive (%)
w o
o © ©
E]*]

sorafenib - + + + +
agents - - VPA CEL LOV
Cc

2}
o
1

trypan-blue
positive (%)
N B
o P ©
%Hﬁ
o
N

sorafenib - + + + +
TGF-p + + + + +
agents - - VPA CEL LOV
D
HepG2
3.0 e
€ 1
8 < 2.0 4
- O _
22
23 104
0
sorafenib - + +
TGF- + + +
VPA - - +

PLC/PRF/5
¥ 30
=i *
2 20
gﬁ 10
£
0
- SOR VPA CEL LOV
PLC/PRF/5
90 - *
: [ * I
—_— l—l
$ ¥ 604 *
2 o ] ol
8% %]
£8
sorafenib - + + + +
agents - - VPA CEL LOV
PLC/PRF/5
*
30 -
§ £ 20 -
22
8% 197
£8 ]
sorafenib - + + + +
TGF-B + + + + +
agents - - VPA CEL LOV
PLC/PRF/5
3.0 - *
¥~ 4 | —
c £
g c 2.0 -
- O i
22
g ~— 1.0 :
0 -
sorafenib - + +
TGF-B + o+ 4
VPA - - +

Figure 7. VPA confers TGF-B-induced sorafenib resistance. (A) Cells were independently treated for 7 h with agents,
or (B) treated with a combination of sorafenib and agents, or (C) treated with combination treatment with or without
TGF-B pretreatment, and the ratios of dead cells were analyzed using trypan blue. (D) Cells were pretreated with

1307

Int J Clin Exp Pathol 2014;7(4):1299-1313



Sorafenib resistance and TGF-3

TGF-B, and thereafter treated with sorafenib plus VPA. Cell proliferation was assessed by WST assay. White column,
sorafenib-free control cells. Experiments were performed in triplicate, and data represent the means + SD of tripli-

cate experiments (*P<0.05).

(Figure 2B), indicating that TGF- antagonizes
the process of sorafenib-mediated cell apopt-
osis.

Sorafenib fails to inhibit ERK and AKT signal-
ing pathways in TGF-B-sensitized cells

To address whether non-canonical TGF-B-
mediated signaling (MAPK and AKT) is involved
in sorafenib resistance, western blotting analy-
ses of phosphorylated ERK and AKT were per-
formed. The results showed that sorafenib
treatment alone effectively decreased the lev-
els of phosphorylated ERK and AKT from 0.2-
0.6-fold that of the controls (P<0.05) (Figure 3).
Decreased levels of phospho-ERK and -AKT
were also detected in cells sensitized to EGF or
HGF prior to treatment with sorafenib.
Intriguingly, when cells were pre-treated with
TGF-B, sora-fenib failed to decrease the phos-
phorylation of ERK (HepG2; control vs. sorafenib
plus TGF-B, 1.0 vs. 1.2 fold, PLC/PRF/5; 1 vs.
2.9 fold of the relative intensity) (Figure 3). The
levels of phosphorylated AKT in TGF-3-
sensitized cells were 1.3-fold and 2.5-fold that
of the controls following sorafenib treatment in
HepG2 and PLC/PRF/5, respectively, indicating
that sorafenib cannot suppress TGF-B-induced
AKT activation at clinical doses.

TGF-B stimulates the B-RAF/ERK/AKT signal-
ing pathway

To determine whether there is crosstalk bet-
ween ERK and AKT signaling in a state of
sorafenib resistance, HepG2 cells were treated
with specific inhibitors of MAPKs or AKT before
exposure to sorafenib and TGF-B. Of all the
chemical MAPK and AKT inhibitors examined,
only U0126 (a specific inhibitor of MEK1/2)
blocked the phosphorylation of ERK in TGF-B-
sensitized cells, indicating that ERK is not regu-
lated by other MAPKs or AKT. In contrast, AKT
phosphorylation levels were significantly decr-
eased by U0126 and LY294002, suggesting
that AKT acts downstream of ERK signaling in
sorafenib-resistant cells (Figure 4A). To identify
the mechanism for increased activity of ERK in
TGF-B-treated cells, the phosphorylation levels
of B-RAF and c-RAF were examined by western
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blotting. TGF-B treatment stimulated the phos-
phorylation of both B-RAF and c-RAF to 5.5-7-
fold that of the controls (Figure 4B). Sorafenib
treatment effectively suppressed the levels of
phospho-C-RAF relative to the controls (1.2-
fold), while the phosphorylation levels of B-RAF
were not affected by sorafenib at the clinical
dose (10 uM) (Figure 4B).

TGF-B antagonizes the cytotoxic effect of
sorafenib through the ERK/AKT signaling
pathway

To address whether non-canonical TGF-$ sig-
naling contributes to the decreased efficacy of
sorafenib, cells were treated with chemical
inhibitors of MAPK or AKT prior to treatment
with sorafenib and trypan blue assays were
performed to analyze dead cells. The data
revealed that the percentages of sorafenib-
induced dead cells were increased by U0126 or
LY294002 in TGF-B-sensitized HepG2 cells (10
MM of sorafenib alone vs. sorafenib plus U0126
vs. sorafenib plus LY294002: 9 + 2% vs. 43 +
4% vs. 38 £ 3%, P<0.05, P<0.05 vs. sorafenib
alone). and PLC/PRF/5 cells (10 uM of sorafenib
vs. sorafenib plus U0126 vs. sorafenib plus
LY294002: 5 + 2% vs. 26 + 4% vs. 20 + 3%,
P<0.05, P<0.05 vs. sorafenib alone) (Figure
5A). Annexin V assay showed that combination
treatment with sorafenib and U0126 or
LY294002 significantly increased apoptosis of
TGF-B-sensitized HepG2 cells (sorafenib vs.
sorafenib plus U0126 vs. LY294002: 4 + 2%
vs. 28 + 4% vs. 20 + 3%, p, 0.05, p<0.05 vs.
sorafenib) and PLC/PRF/5 cells (sorafenib vs.
sorafenib plus U0126 vs. LY294002: 4 + 2%
vs. 13 + 2% vs. 15 £ 3%, p, 0.05, p<0.05 vs.
sorafenib) (Figure 5B).

Valproic acid suppresses TGF-B-induced ERK/
AKT signaling

We next examined whether combination treat-
ment with clinically available agents ameliorat-
ed sorafenib resistance. When cells were inde-
pendently treated with valproic acid (VPA),
celecoxib or lovastatin, VPA was found to most
potently suppress the phosphorylation of ERK
(HepG2: 0.3-fold; PLC/PRF/5: 0.4-fold of con-
trols) (Figure 6A). Intriguingly, this inhibitory
effect of VPA was relatively strong as compared
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with the effect of sorafenib at a clinical dose
(10 uM). Lovastatin also suppressed the phos-
phorylation of ERK in PLC/PRF/5 cells, but its
effect was marginal in HepG2 cells (Figure 6A).
When these agents were added to TGF-B-
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Figure 8. VPA suppresses sorafenib-induced cell
migration of TGF-B-sensitized cells. Cells were pre-
treated with TGF-B for 24 h and then treated with
0.5 uM sorafenib with or without VPA or LY294002
(LY). A. Transwell migration assays revealed that
the rate of cell migration was increased by low
dose sorafenib, which was enhanced by TGF-(.
Combination treatment with sorafenib and VPA or
LY294002 (LY) significantly inhibited migration. B.
Wound healing assays of HepG2 cells showed that
treatment with low dose sorafenib accelerated
wound closure, which was enhanced by TGF-B.
Combination treatment with VPA or LY294002 (LY)
significantly reduced migration. Representative
images of wounded cell monolayers are shown
(bar; 100 um). Data represent the means + SD of
triplicate experiments (**P<0.05).

sensitized cells in combination with sorafenib,
decreased ERK phosphorylation was only det-
ected in cells treated with sorafenib plus VPA
(HepG2: 0.2-fold; PLC/PRF/5: 0.1-fold of con-
trols) (Figure 6B). TGF-B-induced phosphoryla-
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tion of AKT was also decreased by combination
treatment with sorafenib and VPA (HepG2: 0.3-
fold; PLC/PRF/5: 0.1-fold of controls) (Figure
6C).

Valproic acid confers TGF-B-mediated
sorafenib resistance

In the absence of TGF-3 treatment, trypan blue
staining revealed that treatment with VPA, cele-
coxib or lovastatin caused no significant incre-
ases in the ratio of dead cells at their set doses
(Figure T7A). However, when combined with
sorafenib all showed synergistic cytotoxic
effects (Figure 7B). In HepG2 cells treated with
sorafenib in combination with VPA, celecoxib
and lovastatin, the ratios of dead cells were 72
+ 4% (P<0.05), 74 + 5% (P<0.05) and 58 + 5%
(P<0.05), respectively, which were considerably
higher than sorafenib treatment alone (32 +
4%). Synergic effects by these agents were also
observed in PLC/PRF/5 (sorafenib plus VPA,
sorafenib plus celecoxib and sorafenib plus lov-
astatin; 32 + 5% (P<0.05), 28 + 4% (P<0.05)
and 33 + 4% (P<0.05) vs. 14 + 3% of sorafenib
alone).

In contrast, when cells were pre-treated with
TGF-B, a synergistic cytotoxic effect was only
observed in cells treated with sorafenib plus
VPA (HepG2: sorafenib vs. sorafenib plus VPA,
8 + 3% vs. 46 + 5%, P<0.05; PLC/PRF/5;
(sorafenib vs. sorafenib plus VPA, 6 + 2% vs. 22
+ 4%, P<0.05) (Figure 7C). WST assay showed
that combination treatment with sorafenib and
VPA effectively suppressed proliferation of TGF-
B-treated HepG2 (sorafenib alone vs. sorafenib
plus VPA; absorbance value 1.6 + 0.3 vs. 0.5 +
0.1, P<0.05) and PLC/PRF/5 cells (sorafenib
alone vs. sorafenib plus VPA; 1.8 + 0.4 vs. 0.9
+ 0.3, P<0.05) (Figure 7D).

Valproic acid suppresses sorafenib-induced
cell migration

Recently, it has been revealed that low-dose of
sorafenib (<1 pM; non-cytotoxic concentration)
stimulates cell migration through AKT signaling
[18, 19]. To examine whether VPA can amelio-
rate sorafenib-induced cell migration, cells
were treated with low dose sorafenib (0.5 uM)
with or without VPA or LY294002. The results of
transwell cell migration assays showed that, in
the absence of TGF-B, sorafenib induced cell
migration of HepG2 and PLC/PRF/5 cells by
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1.4- (P<0.05) and 1.6-fold (P<0.05) that of the
controls, respectively. Combination treatment
with sorafenib and VPA effectively decreased
the numbers of migrated cells (HepG2: 0.8-
fold; and PLC/PRF/5: 1.1fold of control;
P<0.05, P<0.05 vs. TGF-B treated controls)
(Figure 8A). When cells were pre-treated with
TGF-B, the numbers of migrated cells were
increased by sorafenib treatment in HepG2
cells (TGF-B-treated control vs. sorafenib, 20 +
3 vs. 32 + 6 cells/HPF, P<0.05) and in PLC/
PRF/5 cells (11 + 3 vs. 21 + 3 cells/HPF,
P<0.05). In both cell lines, VPA effectively sup-
pressed the number of migrated cells, which
was comparable to those treated with
LY294002 (HepG2; 4 + 2 and PLC/PRF/5; 3+ 1
cells/HPF, P<0.05, P<0.05 vs. sorafenib treat-
ed alone) (Figure 8A). Wound healing assays
showed that combined treatment with sorafenib
plus VPA significantly repressed sorafenib-
induced cell migration in HepG2 cells in both
the presence and absence of TGF-B (Figure
8B), and the inhibitory effect of VPA on
sorafenib-induced cell migration was compara-
ble to LY294002 (relative rate of the wound clo-
sure; TGF-B alone vs. TGF-B plus sorafenib vs.
TGF-B plus sorafenib plus VPA vs. TGF- plus
sorafenib plus LY294002; 38 + 5% vs. 63 + 7%
vs. -3 £ 4% vs. 2 + 3%, all P<0.05 vs. TGF-
treatment alone).

Discussion

In this study, we found that the anti-tumor
effect of sorafenib was greatly impaired in hep-
atoma cells sensitized with TGF-B. B-RAF/ERK/
AKT signaling was found to be significantly acti-
vated in TGF-B-treated cells, and sorafenib
could not antagonize the phosphorylation of
ERK and AKT at the putative clinical dose. We
observed that ERK-mediated activation of AKT
is an important mechanism for overcoming
sorafenib resistance, and found that VPA might
be a favorable candidate for combination ther-
apy. To date, many studies have reported that
TGF-B is a critical soluble factor implicated in
the process of chronic liver injury [20]. Because
many HCC patients suffer from chronic hepati-
tis or liver cirrhosis with various etiologies, our
results indicate that consideration of the
growth factors/cytokines in the regulation of
tumor microenvironment might help to improve
the therapeutic efficacy of sorafenib. The pos-
sible relationship between liver damage and
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sorafenib efficacy has been already provided by
clinical studies. Pinter et al. reported a clinical
trial of sorafenib in HCC patients with different
degrees of liver injury, and suggested that can-
cer patients with Child-Pugh class C (severe
degree of liver dysfunction) had a limited life
expectancy after treatment with sorafenib [21].
Schutte et al. reported that the median survival
of HCC patients with Child-Pugh class B (medi-
um degree of liver dysfunction) was poorer than
those with better liver function [22]. Although
the role of liver injury in sorafenib efficacy is
unclear, we surmise some soluble factors
released from damaged liver, such as TGF-j,
might determine sorafenib efficacy in HCC
patients.

There have only been a few studies investigat-
ing the functional relationship between TGF-
and sorafenib, and the reported results have
indicated that the role of TGF-B is distinctly dif-
ferent in varying cellular conditions. Chen et al.
reported that sorafenib inhibits TGF-B-induced
STAT3 phosphorylation and apoptosis in mouse
hepatocytes [23]. In this regard, Fernando et al.
reported that sorafenib induces apoptosis in
hepatoma cells but not in untransformed hepa-
tocytes, suggesting that the apoptotic effect of
sorafenib might be characteristic of liver tumor
cells. Intriguingly, they also reported that when
hepatoma cells were sensitized with sorafenib
just prior to treatment with TGF-f3, mitochondri-
al-dependent apoptosis is induced through
increasing levels of PUMA (a key mediator of
p53-inducible apoptosis) and BIM (a pro-apop-
totic member of the BCL-2 protein family) [24].
Very recently, Xia et al. reported that microRNA-
216a/217 activates the TGF-B-mediated PI3K/
AKT-signaling pathway in hepatoma cells, lead-
ing to the acquisition of drug resistance to
sorafenib [25]. Our study might support the
reports of Xia et al., by providing evidence that
sorafenib cannot suppress TGF-3-mediated
B-RAF/ERK/AKT signaling at the putative clini-
cal dose. Together with our data, these evi-
dences suggest that the cell type and timing of
drug administration might determine the rela-
tionship between sorafenib and TGF-. It seems
that sorafenib generally antagonizes the apop-
totic effect of TGF-B in normal hepatocytes,
while in hepatoma cells its apoptotic effects
are enhanced in case TGF-f signaling is pre-
ceded by the sorafenib-mediated apoptotic
process. However, when hepatoma cells are
constitutively sensitized by TGF-3, a condition
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expected to exist in chronic liver diseases [20],
the anti-tumor effect of sorafenib might be
greatly impaired through the significant activa-
tion of ERK/AKT signaling.

It is well recognized that the RAS oncogene
product plays a critical role in cancer aggres-
siveness. RAS activates the RAF serine/threo-
nine kinase family, leading to the activation of
ERK signaling [26]. The RAF kinase family is
composed of A-RAF, B-RAF and C-RAF, which
interact with each other and confer varying
kinase activities according to their different
counterparts in the RAF complexes. For exam-
ple, B-RAF and C-RAF heterodimers stimulate
ERK signaling to a greater extent than B-RAF
and C-RAF homodimers. Moreover, when B-RAF
is mutated via a valine to glutamic acid substi-
tution at amino acid position 600 (B-RAF
V60O0E), its kinase activity is significantly
increased [27]. Sorafenib is a unique RAF inhib-
itor in that it effectively inhibits C-RAF at lower
doses, while high doses are necessary for
B-RAF inhibition [9, 28]. Therefore, it is plausi-
ble that the status of RAF signaling strongly
contributes to sorafenib resistance. Our results
showed that TGF-B-sensitized hepatoma cells
exhibit high levels of B-RAF and C-RAF phos-
phorylation, and sorafenib failed to inhibit the
B-RAF phosphorylation. We also found that
TGF-B-treated cells exhibited high levels of AKT
phosphorylation, which could not be inhibited
by sorafenib. Phospho-AKT was repressed by
ERK inhibition by U0126, indicating that TGF-3
activates AKT through the ERK signaling path-
way. Cell viability was significantly decreased
when cells were treated with sorafenib plus
ERK or AKT inhibitor. Taken together, we hypoth-
esize that the TGF-B-mediated B-RAF/ERK/AKT
signaling pathway is an important target for
improving the therapeutic efficacy of sorafenib.

To date, various clinical trials of sorafenib-
based combination therapy have been under-
taken. For example, the chemotherapy drug
doxorubicin was found to be useful for enhanc-
ing the anti-tumor effect of sorafenib [29]. More
recently, combination treatment of sorafenib
with an inhibitor of mammalian target of
rapamycin (MTOR) has been applied [30]. To
develop more safe and efficient treatment pro-
tocols, understanding of the mechanism of
sorafenib resistance would be of value. In this
study, we focused on ERK-mediated AKT signal-
ing and addressed whether any drugs might
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attenuate this signaling when combined with
sorafenib. We examined the effect of several
clinically available agents, VPA, celecoxib, and
lovastatin, which are well known to be effective
for enhancing the effect of chemotherapy [31-
33]. Intriguingly, our results revealed that only
VPA significantly inhibited ERK and AKT phos-
phorylation in TGF-B-sensitized cells when
administered with sorafenib. Combination trea-
tment with sorafenib plus VPA also resulted in a
profound cytotoxic effect on hepatoma cells.
Moreover, VPA suppressed the cell migration
induced by low dose sorafenib; thus this drug
might be useful for avoiding unexpected tumor
metastasis in patients administered low dose
sorafenib. The pharmaceutical mechanism of
VPA should be investigated more in detail. It is
noted that VPA regulates ERK1/2 phosphoryla-
tion independently of its own activity on histone
deacetylase, and the effect of VPA on ERK1/2
is cell-type specific [34].

Although the mechanism underlying the rela-
tionship among TGF-3, sorafenib and VPA
should be investigated in further detail, our
study suggests that manipulation of extracellu-
lar stimuli by soluble factors such as TGF- may
be vital in improving sorafenib efficacy in HCC
patients. To support our findings, further stud-
ies using in vivo models would be invaluable.
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