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Abstract Sorafenib is the standard first-line systemic
drug for advanced hepatocellular carcinoma (HCC), but
it also induces the activation of Akt, which contributes
to the mechanisms for the resistance to sorafenib.
Arsenic trioxide (ATO) is a currently clinically used
anticancer drug and displays its anticancer activities by
inhibiting Akt activation. Therefore, we hypothesized
that ATO may potentiate the anti-cancer activities of
sorafenib against HCC. The results have demonstrated
that ATO synergized with sorafenib to inhibit the pro-
liferation and promote the apoptosis of HCC cells by
diminishing the increased activation of Akt by sorafe-
nib. ATO was shown to inhibit the expression or acti-
vation of Akt downstream factors, including glycogen
synthase kinase (GSK)-3β, mammalian target of
rapamycin (mTOR), ribosomal protein S6 kinase
(S6K), and eukaryotic translation initiation factor 4E-
binding protein 1 (4EBP1), which regulate cell apopto-
sis and were upregulated or activated by sorafenib. Both
sorafenib and ATO downregulated the expression of
cyclin D1, resulting in HCC cells arrested at G0/G1

phase. ATO downregulated the expression of Bcl-2 and
Bcl-xL and upregulated the expression of Bax, indicat-
ing that ATO could induce the apoptosis of HCC cells
through the intrinsic pathways; but sorafenib showed
little effects on these proteins of Bcl-2 family. ATO
synergized with sorafenib to suppress the growth of
HCC tumors established in mice by inhibiting the pro-
liferation and inducing the apoptosis of HCC cells in
situ. These results indicate that ATO may be a potential
agent that given in combination with sorafenib acts
synergistically for treating HCC.

Keywords Arsenic trioxide . Sorafenib . Hepatocellular
carcinoma . Akt . Apoptosis . Proliferation

Introduction

Hepatocellular carcinoma (HCC) is the second most fre-
quent cause of cancer death in men worldwide [1] and is
extremely resistant to conventional chemotherapy [2].
Sorafenib has been approved as the standard first-line
systemic drug for advanced HCC, but has only demon-
strated limited survival benefits with very low response
rates [3, 4]. Although the exact mechanisms for the resis-
tance to sorafenib have not yet been fully elucidated,
some approaches have been launched by combining it
with other anticancer drugs to treat HCC [5].

Sorafenib executes its anticancer activities against
HCC largely through its inhibitory actions on the Raf/
mitogen-activated protein kinase (MAPK)/extracellular
signaling-regulated kinase (ERK) pathway and multiple
tyrosine kinase receptors [3]. In the recent explorations
on the resistance to sorafenib, the phosphatidylinositol
3-kinase (PI3K)/Akt pathway has become a promising
hot spot for developing novel therapeutic agents, though
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it is not a direct target of sorafenib. The PI3K/Akt
pathway crosstalks with the MAPK/ERK pathway [6]
and regulates a large number of molecules involved in
all aspects of cancer progression [7]. It represents a key
signaling pathway involved in the development and
progression of HCC, and is activated in a high propor-
tion of HCC tissues [8]. It has been shown that soraf-
enib activates Akt and its downstream factors such as
ribosomal protein S6 kinase (S6K) and eukaryotic trans-
lation initiation factor 4E-binding protein 1 (4EBP1) in
HCC cells [9, 10], and blockage of the PI3K/Akt path-
way augments the effects of sorafenib in treating HCC
[9, 11]. Sorafenib-resistant HCC cells had increased
expression of phosphorylated Akt (p-Akt) [12, 13], and
specific inhibition of Akt synergized with sorafenib to
inhibit the proliferation and promote the apoptosis of
sorafenib-resistant cells in culture and mice [13, 14].
The results from the above studies indicate that Akt-
inhibiting agents may potentiate the anti-cancer activi-
ties of sorafenib against HCC.

In searching for candidates that could enhance the
efficacy of sorafenib to combat HCC, arsenic trioxide
(ATO), a currently clinically used agent, has drawn
our attention. ATO has been widely employed to treat
acute promyelocytic leukemia (APL) since its original
application at our institute in the 1970s [15]. Its ther-
apeutic potential and anti-cancer activity have been
tested in a variety of solid tumors including HCC by
inducing cell apoptosis and cell cycle arrest [16–18].
ATO has also been investigated in clinical trials
though it was not active as a single agent against
advanced HCC [19]. More importantly, ATO exhibits
its anticancer activities by inhibiting the activation of
Akt or downregulating Akt expression [20–22]. Given
that ATO possesses abilities to inhibit Akt as well as
anticancer activities against HCC, we hypothesized
that ATO could synergize with sorafenib in treating
HCC.

Materials and methods

Cell culture, antibodies, and reagents

Human HCC HepG2 cells were purchased from the
American Type Culture Collection (ATCC, Manassas,
VA, USA), and Huh7 cells from Chinese Academy of
Sciences Cell Bank (Shanghai, China). Cells were cul-
tured at 37 °C in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco BRL, Grand Island, NY, USA) supple-
mented with 10 % fetal bovine serum. The antibodies

(Abs) against Akt, p-Akt (Ser473), glycogen synthase
kinase (GSK)-3β, phosphorylated GSK3β (p-GSK3β)
(Ser9), mammalian target of rapamycin (mTOR), S6K,
phosphorylated S6K (p-S6K) (Thr389), 4EBP1, and
phosphorylated 4EBP1 (p-4EBP1) (Ser65) were pur-
chased from Cell Signaling Technology (Danvers,
USA). The Abs against caspase-3, Bcl-2, Bcl-xL, Bax,
cyclin D1, and β-actin were purchased from Santa Cruz
Biotechnology (CA, USA). The anti-Ki67 Ab was pur-
chased from Abcam (Cambridge, MA, USA). Sorafenib
and perifosine were purchased from Jinan Trio
Pharmatech Co., Ltd. (Jinan, China). Sorafenib was
dissolved in dimethyl sulfoxide (DMSO) to make a
stock solution of 100 mM for in vitro assays, and
perifosine dissolved in phosphate buffered saline (PBS)
to make a stock solution of 30 μM. ATO was purchased
from Yida Pharmaceutical, Harbin Medical University,
China. The PI (propidium iodide)/Annexin V-FITC ap-
optosis detect ion ki t was purchased from BD
Biosciences (San Jose, CA, USA). The Cell Counting
Kit-8 (CCK-8) kit was purchased from Dojindo
L abo r a t o r i e s (Kumamo t o , J a p a n ) . Te rm i n a l
deoxynucleotidyl transferase dUTP nick end labeling
agent (TUNEL) was purchased from Roche (Shanghai,
China). A cell cycle detection kit was purchased from
BD Biosciences, Beijing, China.

Animal experiments

Six to 8-week-old male nude BALB/c mice (H-2b) were
obtained from the Animal Research Center, The First
Affiliated Hospital of Harbin Medical University, China.
This study had been approved (permit SYXK20020009)
by the Animal Ethics Committee of Harbin Medical
University, in compliance with the Experimental
Animal Regulations by the National Science and
Technology Commission, China. The experimental pro-
tocol has been described previously [13, 23, 24].
Briefly, 5×106 of cells were subcutaneously injected
into backs of mice. When tumors reached ∼100 mm3,
the mice were assigned to four treatment groups (each
group had eight mice), namely control, ATO, sorafenib,
and ATO + sorafenib. ATO solution was diluted into
200 μl of PBS and intraperitoneally injected at a dose
of 2.5 mg/kg daily. Sorafenib was suspended in an oral
vehicle containing Cremophor (Sigma-Aldrich), 95 %
ethanol and water in a ratio of 1:1:6 [13, 23, 24], and
orally administrated at a dose of 30 mg/kg by gavage
daily. Mice in the control group received oral and
intraperitoneal vehicles; mice in sorafenib group, oral
sorafenib, and intraperitoneal vehicle; mice in the ATO
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group, oral vehicle, and intraperitoneal ATO; and mice
in sorafenib + ATO group, oral sorafenib, and intraper-
itoneal ATO. The treatments lasted for 21 days and the
tumor volumes were measured every 3 days. The tu-
mors were harvested at the end of experiments.

Cell viability analysis, in vitro apoptosis assay, visualization
of apoptotic cells by laser scanning confocal microscopy, cell
cycle distribution assay, assessment of Ki-67 proliferation
index, in situ detection of apoptotic cell and immunoblotting

All these methods have been described in details previously
[13, 23–25].

Caspase activity assay

The activities of caspase-3 and -9 were measured with
a caspase-3 and -9 Activity Kit (Beyotime Institute of
Biotechnology, Haimen, Jiangsu, China) according to
the manufacturer’s instruction [25]. Briefly, cells were
harvested and lysed, total protein was extracted, and
concentration determined. The mixture of 10 μl of
protein extracts, 80 μl of reaction buffer, and 10 μl
of caspase-3 substrate (Ac-DEVD-pNA) or caspase-9
substrate (Ac-LEHD-pNA) was incubated on 96-well
plates at 37 °C for 4 h. The optical density was
measured at 405 nm using a microplate reader. The
relative caspase activity was expressed as percentage
of enzyme activity compared with the control. The
experiments were repeated thrice.

Transfection of Akt siRNA

A double-strand siRNA targeting human Akt (5 - GUGG
UCAUGUACGAGAUGATT-3 and 5 -UCAUCUCGUA
CAUGACCACTT-3 ) encoding nucleotides 1006–1025 of
Akt1 (GenBank: NM_001014431.1), nucleotides 1210–
1229 of Akt2 (GenBank: XM_005336494.1), and nucleo-
tides 955–974 of Akt3 (GenBank: XM_004691046.1) with
two introduced thymidine residues at the 3 end was pro-
duced by GenePharma Co., Ltd., Shanghai, China. The
nonspecific scrambled siRNA (5 -UUCUCCGAACGU
GUCACGU-3 and 5 -ACGUGACACGUUCGGAGAA-
3 ) served as a control. Cells were grown to 60–70 %
confluence, and incubated with siRNAs at a final concen-
tration of 0.1 μM by using LipofectamineTM 2000
(Invitrogen, Beijing, China) in a serum-free medium for
24 h and then subjected to assays.

Statistical analysis

The data were expressed as mean values ± standard deviation.
Comparisons were made using one-way analysis of variance
followed by Dunnet’s t test. P<0.05 was considered
significant.

Results

Sorafenib inhibits the viability and induces the apoptosis
of HCC cells, and increases Akt activation

HCC cells were incubated with serial concentrations of soraf-
enib for 48 h, and then cell viability, and apoptosis were
assessed. Sorafenib inhibited the viability of HepG2 and
Huh7 cells (Fig. 1a), and increased their apoptosis rates
(Fig. 1b), in a concentration-dependent manner, in accordance
with previous reports [13, 23, 24]. Immunoblotting analysis
showed that sorafenib upregulated the expression of p-Akt,
and downregulated the expression of pro-caspase-3, in a
concentration-dependent manner, but had no effect on Akt
expression (Fig. 1c).

Inhibition of Akt enhances the effects of sorafenib
against HCC cells

The above results drove us to investigate the role of Akt in the
anticancer activities of sorafenib against HCC cells. First, we
incubated control siRNA- and Akt siRNA-transfected Huh7
cells with sorafenib for 48 h, and the expression of p-Akt, Akt,
and pro-caspase-3 was examined. Akt siRNA transfection
significantly downregulated, but control siRNA had no effect
on, the expression of Akt and p-Akt (Fig. 2a). Sorafenib
upregulated the expression of p-Akt in control siRNA-
transfected cells, but this effect was abolished in Akt-
depleted cells (Fig. 2a). Both sorafenib and Akt siRNA trans-
fection downregulated the expression of pro-caspase-3, and
sorafenib incubation resulted in an even lower level of pro-
caspase-3 in Akt-depleted cells (Fig. 2a).

We next examined whether inhibition of Akt by using
perifosine, a specific Akt inhibitor, could potentiate the anti-
cancer activities of sorafenib against HCC. Incubation of both
sorafenib and perifosine for 48 h highly significantly inhibited
the viability of Huh7 cells; and their combination further
reduced cell viability, which was even significantly lower than
those treated with sorafenib or perifosine alone (Fig. 2b). The
value for the coefficient of drug interaction (CDI) [13, 23, 24]
was calculated to be 0.65, indicating a synergistic effect of
sorafenib and perifosine in reducing cell viability.
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Immunoblotting assay of the above cells showed that
sorafenib increased, while perifosine reduced, the ex-
pression of p-Akt, though they both downregulated the
expression of pro-caspase-3 and had no effect on Akt
expression (Fig. 2c). In addition, perifosine diminished
the increased expression of Akt induced by sorafenib,
and their combination further increased the expression
of pro-caspase-3 (Fig. 2c).

ATO reduces the viability, induces the apoptosis of HCC cells
and inhibits Akt activation

HCC cells were incubated with serial concentrations of
ATO for 48 h, and then cell viability and apoptosis
were assessed. ATO significantly reduced the viability
of both HepG2 and Huh7 cells (Fig. 3a), and increased
their apoptosis rates (Fig. 3b), in a concentration-

Fig. 1 Sorafenib inhibits the
proliferation, induces the
apoptosis, and increases Akt
activation of HCC cells. a HepG2
and Huh7 cells were incubated
with vehicle or sorafenib at serial
of concentrations (2.5, 5,7.5,10,
2.5, 15, 17.5, or 20 μM) for 48 h.
Cell viability was assessed and
the inhibitory rate (in percent)
calculated. b The above cells
incubated with vehicle or
sorafenib at concentrations of 2.5,
5, or 10 μM were subjected to
flow cytometry for analyzing
apoptosis rates. c The lysates of
cells from (b) were subjected to
immunoblotting. The band
density of p- Akt was normalized
to Akt, and that of pro-caspase-3
normalized to β-actin. Data
represent three independent
experiments. *P<0.05 and
**P<0.001 indicate a significant
difference from vehicle-treated
cells
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dependent manner. Immunoblotting analysis showed that
ATO reduced the expression of p-Akt and pro-caspase-
3, in a concentration-dependent manner; but had no
effect on Akt expression (Fig. 3c).

ATO synergizes with sorafenib to inhibit the proliferation
of HCC cells by regulating the Akt pathway in vitro

Huh7 cells were incubated with sorafenib (5 μM), ATO
(2 μM) or the combination for 24, 48, or 72 h, and then cell

viability was assessed. As shown in Fig. 4a, ATO synergized
with sorafenib in inhibiting cell viability in a time-dependent
manner. The value of CDI was calculated to be 0.91, 0.87, and
0.69, when cells were incubated for 24, 48, or 72 h, respec-
tively, indicating their inhibitory effects were synergistic. The
above cells incubated for 48 h were subjected to a cell cycle
detection assay and immunoblotting. ATO or sorafenib in-
duced cells arrested at G0/G1 phase, and their combination
resulted in a significantly bigger percentage of cells arrested at
G0/G1 phase, compared with ATO or sorafenib alone

Fig. 2 Inhibition of Akt enhances
the sensitivity of HCC cells to
sorafenib. a Huh7 cells
transfected with control siRNA
(control) or Akt-siRNA (both at a
final concentration of 0.1 μM) for
24 h were incubated in the
presence or absence of sorafenib
(5 μM) for 48 h, and then
subjected to immunoblotting. The
band density was normalized to
β-actin. b Huh7 cells were
incubated for 48 h with sorafenib
(5 μM), perifosine (10 μM), or
the combination. Cell viability (in
percent) was assessed and
normalized to control cells. c The
cells in b were subjected to
immunoblotting. The band
density of p-Akt was normalized
to Akt, and that of pro-caspase-3
normalized to β-actin. Data
represent three independent
experiments. *P<0.05 and
**P<0.001 indicate a significant
difference. †P<0.05 and
††P<0.001 indicate a significant
reduction and ##P<0.001 a
significant increase from controls
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(Fig. 4b). ATO significantly reduced the phosphorylation of
Akt, and inhibited the expression of mTOR and the phosphor-
ylation of GSK3β, S6K, and 4EBP1; and diminished the

increased expression or phosphorylation of the above mole-
cules induced by sorafenib (Fig. 4c). The results of cell cycle
distribution were supported by the reduced expression

Fig. 3 ATO inhibits the growth,
and induces the apoptosis and
inhibits Akt activation of HCC
cells. a HepG2 and Huh7 cells
were incubated with vehicle or
ATO at serial of concentrations
(0.125, 0.25, 0.5, 1, 2, 4, or 8 μM)
for 48 h. Cell viability was
assessed and the inhibitory rate
(in percent) calculated. b The
above cells incubated with
vehicle or ATO at concentrations
of 1, 2, or 4 μMwere subjected to
flow cytometry for analyzing
apoptosis rates. c The lysates of
cells from b were subjected to
immunoblotting. The band
density of p-Akt was normalized
to Akt, and that of pro-caspase-3
normalized to β-actin. Data
represent three independent
experiments. *P<0.05 and
**P<0.001 indicate a significant
difference from vehicle-treated
cells

2328 Tumor Biol. (2015) 36:2323–2334



of cyclin D1 by ATO and sorafenib alone or in combi-
nation as examined by the immunoblotting assay
(Fig. 4c).

ATO synergizes with sorafenib to induce the apoptosis
of HCC cells via the intrinsic apoptotic pathway in vitro

Huh7 cells were incubated for 48 h with sorafenib
(5 μM), ATO (2 μM) or the combination, and then
stained with Annexin V/PI and examined under laser
confocol microscopy. The early-stage apoptotic cells

(with green fluorescence in membrane) and late-stage
apoptotic cells (with green fluorescence in membrane
and red in nuclei) were abundant in ATO or sorafenib-
treated cells, but few in the untreated control cells;
incubation of the combination of ATO and sorafenib
resulted in more apoptotic cells, compared with ATO or
sorafenib alone (Fig. 5a). The results were supported
by the flow cytometry, thus the apoptosis rates were
15.5, 16.2, and 37.5 % in Huh7 cells treated with
ATO, sorafenib, or ATO + sorafenib, respectively,
which were significantly higher than that of untreated

Fig. 4 ATO synergizes with
sorafenib to inhibit the
proliferation of HCC cells. Huh7
cells were incubated for 48 h with
vehicle (control), sorafenib
(5 μM), ATO (2 μM) or the
combination. a Cell viability (in
percent) was assessed and
normalized to control cells. b Cell
cycle distribution was analyzed
by flow cytometry. c Cells were
subjected to immunoblotting. The
band density of p-Akt, p-GSK3β,
p-S6k, or p-4EBP1 was
normalized to Akt, GSK3β, S6K,
or 4EBP1, respectively; and that
of mTOR or cyclin D1 was
normalized to β-actin. Data
represent three independent
experiments. *P<0.05 and
**P<0.001 indicate a significant
difference. †P<0.05 and
††P<0.001 indicate a significant
reduction and #P<0.05 and
##P<0.001 a significant increase
from controls
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cells (8.1 %) (Fig. 5b, c). The value of CDI was 0.87,
indicating that ATO synergized with sorafenib to in-
duce the apoptosis of HCC cells. Incubation of ATO or
sorafenib significantly increased cellular activities of
caspase-3 and -9, compared with untreated cells; and
the combination treatment resulted in even higher ac-
tivities of caspase-3 and -9 than ATO or sorafenib
alone (Fig. 5d). Immunoblotting results showed that
ATO synergized with sorafenib to downregulate the
expression of pro-caspase-3 (Fig. 5e). We also exam-
ined the expression of Bcl-2, Bcl-xL, and Bax, the
three key Bcl-2 family members that regulate the in-
trinsic apoptotic pathway. ATO alone or in combination
with sorafenib downregulated the expression of Bcl-2

and Bcl-xL, and upregulated the expression of Bax, but
sorafenib alone had little effect on their expression
(Fig. 5e).

ATO synergizes with sorafenib to suppress HCC tumors
by inhibiting cell proliferation and promoting apoptosis

As shown in Fig. 6a, the tumors from ATO and
sorafenib-treated mice were significantly smaller by
32.3 and 46.0 %, respectively, than those from
vehicle-treated controls. The tumors from mice treated
with the combinational therapy were even smaller by
79.2 % than those from vehicle-treated controls and
significantly smaller than those treated with ATO or

Fig. 5 ATO synergizes with
sorafenib to induce the apoptosis
of HCC cells. Huh7 cells were
incubated for 48 h with vehicle
(control), sorafenib (5 μM), ATO
(2 μM) or the combination. a
Representative images were taken
from cells stained with Annexin
V/PI, and viewed by laser
scanning confocal microscopy.
Cells were also subjected to flow
cytometry. b Representative
histograms were shown. c
Apoptosis rates (in percent) were
plotted. d The activities of
caspase-3 and -9 were measured.
e Cell lysates were
immunoblotted to detect the
expression of pro-caspase-3, Bcl-
2, Bcl-xl, and Bax. Band densities
were normalized to β-actin. Data
represent three independent
experiments. *P<0.05 and
**P<0.001 indicate a significant
difference. ††P<0.001 indicate a
significant reduction and #P<0.05
and ##P<0.001 a significant
increase, from controls
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sorafenib alone (Fig. 6a). The weights of tumors har-
vested from mice at the end of experiments showed a
similar trend to the volume of tumors (Fig. 6b). The
values of CDI were 0.57 (for tumor volume) and 0.64
(for tumor weight), indicating that the synergistic effect
of ATO and sorafenib was significant in suppressing the
growth of HCC tumors. ATO significantly synergized

with sorafenib to inhibit cell proliferation (Fig. 6 c, d)
and induce cell apoptosis (Fig. 6c, e) as the values of
CDI were 0.66 (for proliferation index) and 0.70 (for
apoptosis index). Immunoblotting analysis of tumor ly-
sates showed the similar alteration of expression of p-
Akt, p-GSK3β, and pro-caspase-3 (Fig. 6f), compared
with that shown in vitro (Figs. 4a and 5e).

Fig. 6 ATO synergizes with
sorafenib to suppress HCC
tumors in mice. Huh7 tumors
were established in mice, which
received different treatments as
described in “Materials and
Methods section”. a The size
(cubic millimeter) of tumors was
recorded. bTumors were weighed
at the end of experiment. c
Representative images from
tumor sections stained with an
anti-Ki67 antibody (upper panel)
or TUNEL (lower panel;
magnification ×200).
Proliferation index (d) and
apoptosis index (e) were
quantified. n indicates the number
of samples. f Tumor tissue lysates
were immunoblotted. The band
density of p-Akt or p-GSK3βwas
normalized to Akt or GSK3β,
respectively, and that of pro-
caspase-3 was normalized to β-
actin. *P<0.05 and **P<0.001
indicate a significant difference.
†P<0.05 and ††P<0.001 indicate
a significant reduction and
#P<0.05 and ##P<0.001 a
significant increase from controls
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Discussion

Since no alternative effective systemic therapy against HCC is
available so far after failure of sorafenib therapy [26–28],
sorafenib still retains a unique pharmacotherapeutic option
for the treatment of HCC, though the response rate is very
low [3]. The present study has demonstrated that ATO, a
currently used anticancer drug, synergizes with sorafenib to
suppress the growth of HCC cells in vitro and in vivo. The
main rationale for the synergistic effects of the two agents is
that sorafenib-induced Akt activation, which contributes to the
resistance of HCC cells, could be diminished by ATO, and
both of them can individually inhibit the proliferation and
induce the apoptosis of HCC cells. The encouraging results
presented herein warrant future investigation of the use of
ATO for combating HCC, especially in combination with
sorafenib.

Although it is not a direct target of sorafenib, the PI3K/Akt
pathway plays an important role in the mechanism of sorafe-
nib resistance since it crosstalks with the MAPK/ERK path-
way, the major sorafenib-targeted signaling pathway [6]. It has
been previously reported that sorafenib activates the PI3K/Akt
pathway and blockage of the PI3K/Akt signaling pathway
enhances the efficacy of sorafenib [9–11]. Here, we have
again shown that sorafenib induces the activation of Akt in
HCC cells, in accordance with our previous report [13]. Akt
regulates the expression of mTOR and the phosphorylation
GSk3β, which mediates cell apoptosis; and mTOR regulates
the apoptotic proteins S6K and 4EBP1 [7, 26, 29]. Therefore,
blockage of Akt by a specific inhibitor, siRNA, or ATO could
dyregulate the above downstream factors, leading to the apo-
ptosis of HCC cells.

The Bcl-2 family plays a key role in the intrinsic apoptotic
pathway, as they regulate the activation of caspase-9 and -3 by
controlling the release of cytochrome c from mitochondria to
the cytosol and the sequential proteolytic processing [30].
Among the Bcl-2 family members, Bcl-2 and Bcl-xL are the
major antiapoptotic proteins as they block the function of
proapoptotic proteins, such as Bax [18]. Although it has been
reported that sorafenib induces cell apoptosis through the
intrinsic apoptosis pathway, its effects on the Bcl-2 family
remains unclear. Sorafenib has shown little effect on Bcl-2 and
Bcl-xL in chronic lymphocytic leukemia cells [31] and HCC
cells [32–34]. Our results have again revealed that sorafenib
had little effects on the expression of Bcl-2, Bcl-xL, and Bax
in HCC cells. Many lines of studies have shown that ATO
induces cell apoptosis by regulating Bcl-2, Bcl-xL, and Bax in
multiple solid tumors including HCC [18, 30, 35]. In accord,
we have demonstrated here that ATO inhibited the expression
of Bcl-2 and Bcl-xL, and increased the expression of Bax in
HCC cells. In support of our results that ATO synergizes with
sorafenib to promote cell apoptosis by regulating different
apoptotic molecules, inhibition of Bcl-2 antiapoptotic

members enhances sorafenib-induced apoptosis in human
myeloid leukemia cells [36].

Cyclin D1 is an essential molecule for driving the G1/S
transition of cell cycle [37], and is overexpressed in HCC
tissues [38]. It has been reported that ATO suppresses mantle
cell lymphoma by downregulation of cyclin D1 [39], and
sorafenib induces cell cycle arrest at G1 phase by downregu-
lating the expression of cyclin D1 in mantle cell lymphoma
[40] and HCC [41]. Accordingly, our results revealed that
ATO synergized with sorafenib to downregulate the expres-
sion of cyclin D1, resulting in cell cycle arrested at G0/G1
phase in HCC cells.

The proposed mechanism by which ATO synergizes with
sorafenib to suppress the growth and induce the apoptosis of
HCC cells is summarized in Fig. 7. Sorafenib induces the
activation of Akt, which contributes to the resistance of
HCC to sorafenib [9–11]. ATO blocks Akt activation [12,
13], thus inhibiting the expression or phosphorylation of the
downstream factors of Akt, such as GSk3β, mTOR, S6K, and
4EBP1 [7, 26, 29]. ATO downregulates the expression of Bcl-
2 and Bcl-xL, and upregulates Bax expression, thus leading to
the activation of caspase-9 and -3, and sequential apoptotic
processing. Both ATO and sorafenib downregulate the expres-
sion of cyclin D1, resulting in cell cycle arrest and prolifera-
tion inhibition.
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