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Abstract: Background: Sorafenib is an oral multi-kinase inhibitor that inhibits hepatocellular carcinoma (HCC) via
the Ras/Raf/MAPK pathway. However, sorafenib loses effectiveness because most tumors acquire drug resistance
over time. As the PIBK/AKT/mTOR signaling pathway is also activated abnormally in HCC, we evaluated the effect of
sorafenib, in combination with a dual PI3K/mTOR inhibitor, BEZ235, on HCC cell proliferation and survival in vitro.
Materials and methods: Biological phenotypes were analysed in HCC cell lines, parental and sorafenib-resistant
HepG2 cells (HepG2 and HepG2F), treated with sorafenib or BEZ235, alone or in combination. HCC cellular prolif-
eration and apoptosis were investigated, and perturbations of the Ras/Raf/MAPK and PI3K/AKT/mTOR signaling/
survival pathways were evaluated by western blot analysis. Results: BEZ235 enhanced sorafenib inhibition of cel-
lular proliferation, migration, and promotion of apoptosis in HepG2 and HepG2F® cells. The combined effects were
associated with inhibition of phosphorylation of AKT, mTOR and S6K in the PI3K/AKT/mTOR pathway, whereas the
combination of sorafenib and BEZ235 did not significantly alter the Ras/Raf/MAPK pathway compared with the
effect of sorafenib alone. Conclusion: Sorafenib/BEZ235 combination has potent anti-HCC cell activity. This anti-
tumor activity is most likely multi-factorial, mainly involving PI3K down-regulation and AKT, mTOR and S6K dephos-
phorylation. Combined inhibition of PI3K/AKT/mTOR and Ras/Raf/MAPK pathways enhances sorafenib inhibition
of HCC. The results of these in vitro studies suggest that trials of combined sorafenib and BEZ235 in the treatment
of HCC should be considered.
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Introduction

Hepatocellular carcinoma (HCC) is the fifth mo-
st common primary malignancy and the third
leading cause of cancer-related death world-
wide [1]. In most patients, the disease is diag-
nosed at an advanced stage. In the recent ten
years, targeted therapy has provided a novel
alternative for advanced HCC [2, 3].

In most advanced HCCs, the Ras/Raf/MAPK
signaling pathway is activated as a result of
stimulation by growth factors, such as epider-
mal growth factor, hepatocyte growth factor,
and insulin-like growth factor [4]. Sorafenib,
which inhibits multi-target molecules, including
Raf kinase, platelet-derived growth factor re-

ceptor, vascular endothelial growth factor rece-
ptor, and c-Kit [5], inhibits HCC cell prolifera-
tion and angiogenesis by blocking the Ras/
Raf/MAPK signaling pathway [6]. The US Food
and Drug Administration approved sorafenib
for treatment of advanced HCC in 2007 [7].

Despite improvement in the overall survival of
HCC patients treated with sorafenib, the medi-
an survival time of those with advanced dis-
ease has been only about 3-5 months. Fur-
thermore, some patients have had tumor pro-
gression during sorafenib therapy and a very
low response rate (2-3%). Most advanced HCCs
acquire resistance to sorafenib, resulting in
tumor growth or distant metastasis over time
[8, 9]. Thus, exploring combined strategies to
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improve the therapeutic effect of sorafenib on
HCC is high priority.

The development and proliferation of HCC in-
volve several signaling pathway perturbations,
of which the Ras/Raf/MAPK and the PI3K/
AKT/mTOR pathways are critical [10]. There are
different activation levels of PISK/AKT/mTOR
pathways in most sorafenib-resistant HCCs.
The constitutive activation of phosphatidylino-
sitol 3-kinase (PI3K), AKT and the mammalian
target of rapamycin (mTOR) confers drug resis-
tance to many types of cancer, including HCC.
The downstream protein of mTOR signaling,
S6K, is aberrantly activated in 40%-50% of
HCC cases and regulates basic cellular pro-
cesses, including mRNA translation, cell-cycle
progression, and cell proliferation, migration,
and survival [11, 12]. Activated S6K often leads
to crosstalk on the Ras/Raf/MAPK signaling
pathway, thus diminishing the inhibitory effect
of sorafenib on HCC, with resultant resistance
of HCC to the drug.

Recently, inhibitors of the PI3K/AKT/mTOR
pathway have been developed [13]. BEZ235,
an imidazoquinoline derivative, inhibits the
Kinase activities of PI3K, mTORC1 and mTORC?2,
and its anti-tumor efficacy has been demon-
strated in preclinical models [14, 15]. In this
study, we assessed the effect of BEZ235 in
combination with sorafenib on parental and
sorafenib-resistant HepG2 cell lines (HepG2
and HepG2~). Our results support the view that
sorafenib combined with BEZ235, by inhibiting
the PIBK/AKT/MTOR signaling pathway, may be
more effective in treating HCC than is sorafenib
alone.

Materials and methods
Cell lines, chemicals and antibodies

Human HCC HepG2 cell line was obtained
from American Type Culture Collection (ATCC,
Rockville, MD, USA). Sorafenib-resistant cell
line, HepG2®, was induced by continuous tre-
atment of HepG2 cells with sorafenib up to
10 umol/L to imitate acquired resistance. Both
cell lines were cultured in RPMI-1640 medium
plus 10% fetal bovine serum (FBS) and main-
tained in a 5% CO, incubator at 37°C. Sora-
fenib was purchased from Bayer HealthCare
AG Pharmaceuticals (Berlin, Germany); BEZ-
235 was obtained from Med Chem Express
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(Monmouth Junction, USA). All antibodies were
obtained from Cell Signaling Technology (Dan-
vers, MA, USA).

MTT assay

Cell viability was measured with MTT Assay in
accordance with the manufacturer’s instruc-
tions. Cells were seeded into 96-well plates at
4x10* cells/mL in 100 ul of RPMI-1640 plus
10% FBS and cultured for 48 h in a 5% CO,
incubator at 37°C. The cells were treated with
various concentrations of agents for 12 h, 24
h or 48 h. Carrier dimethyl sulfoxide was used
as a control. Ten microliters of MTT (5 mg/mL)
were added to each well and incubated for 4 h.
After aspiration, 100 pul of dimethyl sulfoxide
were added. The optical density was read at
490 nm in a microplate.

Colony-formation assay

Cells were seeded in six-well plates at 1000
cells/well and cultured for 24 h. The cells were
treated with various concentrations of drugs
for another 24 h. The drug-containing medium
was aspirated and replaced with drug-free
medium, and the cells were cultured for about
10 days. Cell colonies were fixed with para-
formaldehyde and stained with crystal violet
solution. Cell colonies were counted, and the
number cultured with drugs was compared
with the number cultured without drugs.

Monolayer wound-healing assay

Cells were planted in six-well plates and incu-
bated in RPMI-1640 containing 10% FBS until
they reached confluence. The cell monolayer
was scratched with a sterile 10-ul tip to create
a cell-free zone. After the cells were washed
with PBS three times, serum-free medium con-
taining agents was added to the wells. The
scratched fields were recorded with a light mi-
croscope immediately after injury and at 12-h
intervals.

Cell-cycle analysis

The cell cycle was analyzed with flow cytometry.
Cells were planted in 12-well plates at 1x10°
cells per well and incubated in RPMI-1640
containing 10% FBS for 24 h followed by treat-
ment with drugs for additional 24 h. The cells
were pretreated with 0.25% trypsin-EDTA, then
dissociated and fixed with 700 pl cold 75% eth-
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Figure 1. Cell viability of HepG2 and HepG2® cells incubated with
sorafenib (SFB), BEZ235, or a combination of sorafenib and BEZ235,
measured with MTT assay. A. HepG2 and HepG2F cells were treated
with various concentrations of drugs for 24 h and IC50 was calculated
as described by Chou et al by MTT assay. The IC50 of sorafenib on HepG2
and HepG2F cells was 6 uM and 16 uM, respectively. B. Left: In compari-
son with sorafenib, BEZ235 monotherapy and two drugs in combination
had a greater effect in reducing the cell viability after 24 h. Also, there
was a dose-dependent decrease of cell viability of HepG2 cells treated
with sorafenib, BEZ235 or the combination of sorafenib and BEZ235 for
24 h. Right: In comparison with sorafenib (4 uM), BEZ235 (0.25 uM), or
combination of sorafenib and BEZ235 decreased cell viability of HepG2
cells for 12 h, 24 h and 48 h. C. The viability of HepG2® cells treated with
sorafenib, BEZ235 or in combination was like that of HepG2 cells. Thus,
BEZ235 increases sorafenib inhibition of both HepG2 and HepG2® cell
viability in a dose- and time-dependent fashion. Compared with control
and single-drug treatment, the two drugs in combination were signifi-
cantly (P<0.05). Data shown are the mean + SD from three independent
experiments.

anol at 4°C for 1 h. The cells were incubated
with RNase (100 ng/mL) at room temperature
for 30 min, then stained with 500 pl propidium
iodide (PI, 50 ng/mL) for 1 h at 25°C. Dye was
removed, and the cells were resuspended with
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300 pl of PBS for cell-cycle an-
alysis by flow cytometry (BD
FACSCalibur, USA).

Immunofluorescence analysis

To detect cell apoptosis, cells we-
re seeded on glass slides pre-
treated in 24-well plates at 1x10°
cells per well and incubated for
24 h, followed by drug treatment
for an additional 24 h. After wash-
ing with PBS, the cells were incu-
bated with 1 ul fluorescence DNA
stain (DAPI), 5 ul AnnexinV-FITC
and 5 pl propidium iodide at ro-
om temperature for 15 min in the
dark. The staining was visualized
with a fluorescence microscope.

Western blot analysis

Total protein was extracted from
cells lysed with radioimmunopre-
cipitation buffer (RIPA, Beyotime
Biotechnology, Shanghai, China)
with addition of a protease inhibi-
tor cocktail (Beyotime Biotech-
nology, Shanghai, China) for 30
min at 4°C. After centrifugation
for 20 min at 16,000 rpm at 4°C,
the protein concentration of the
supernatant was measured with
BCA200 protein assay kit (Bio-
sharp Life Science, Hefei, China)
and equalized before loading to
the gel. Thirty micrograms of cel-
lular protein per lane were sepa-
rated by SDS-polyacrylamide gel
electrophoresis (SDS-PAGE) and
electrotransferred onto a polyvi-
nylidene fluoride membrane (Mil-
lipore, USA). After blocking with
Tris-buffered saline/Tween 20 co-
ntaining 5% fat-free milk for 1 h,
the membranes were incubated
with primary antibody, according
to the manufacturers’ recommen-
dations, overnight at 4°C, then

with the secondary antibody for 1 h at room
temperature. Protein bands were visualized wi-
th a chemiluminescence detection kit (Ther-
mo), and images were captured with a scanner
using Quality One software (Bio-Rad).
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Figure 2. Colony formation assay was carried out to assess the pro-
liferation of HepG2 and HepG2® single cells treated with sorafenib
(HepG2, 1 uM; HepG2F, 2 uM) and BEZ235 (0.0625 uM) monotherapy
or in combination for 24 h. After the drug-containing medium was aspi-
rated and replaced drug-free medium, the cells were further cultured
for about 10 days. Cell colonies were fixed with paraformaldehyde and
stained with crystal violet solution. The number of colonies in HepG2
and HepG2F cells after sorafenib mono-treatment was not statistically
different from the control number (P>0.05). In contrast, BEZ235 as
single agent or in combination with sorafenib, significantly reduced the
number of HepG2 and HepG2® colonies compared with the numbers
when treated with sorafenib alone (**P<0.01). Data shown are the

HepG2*® cells were tested (Figure
1A). Cell-growth inhibition was
significant: cell viability decreased
in a dose- and time-dependent
manner when cells were incu-
bated with sorafenib, BEZ235 or
combination of the two drugs. In
comparison with sorafenib, BEZ-
235 had a greater effect: BEZ235
(0.25 pM) reduced the cell viabili-
ty by 47% after 24 h, whereas
sorafenib (4 uM) reduced viability
by only 20%. The combination of
sorafenib (4 pM) and BEZ235
(0.25 uM) reduced cell viability
further, by 40%, 54% and 83%
after 12 h, 24 h and 48 h, respec-
tively (Figure 1B). Similar results
were obtained with HepG2*® cells
when BEZ235 combined with so-
rafenib was used simultaneously
(Figure 1C). All these results sug-
gest that BEZ235 enhances the
sorafenib inhibition of HCC cells.

BEZ235 sensitizes sorafenib-
resistant proliferation of HCC
single cells

To further assess the effect of
sorafenib combined with BEZ235,
we performed colony formation

mean + SD from three independent experiments.

Statistical analysis

All analyses were performed with the software
SPSS version 18.0. Data were presented as
mean + SD. All experiments were performed in
triplicate. Group differences were calculated
by t test or one-way ANOVA. Significance was
defined as P<0.05.

Results

BEZ235 increased sorafenib inhibition of
HepG2 and HepG2F cell viability

As the PIBK/AKT/mTOR pathway is usually up-
regulated in HCC cells treated with sorafenib
and sorafenib-resistant HCC cells, we analyzed
the effects of sorafenib combined with BEZ235
on the viability of HepG2 and HepG2R cells with
MTT assay. IC50s of sorafenib on HepG2 and

5576

assays with the HepG2 and Hep-
G2R cell lines. As illustrated in
Figure 2, sorafenib single thera-
py did not significantly decrease HepG2 and
HepG2® cell colony formation compared with
control values (P>0.05), whereas BEZ235 did.
Sorafenib plus BEZ235 had a greater inhibi-
tory effect than did BEZ235 alone (**P<0.01),
and both BEZ235 monotherapy and BEZ235
plus sorafenib had a greater inhibitory effect
than did sorafenib alone (**P<0.01). These
results suggest that BEZ235 has a sorafenib-
sensitizing effect on HepG2 and HepG2F cells
(reduces sorafenib-induced HCC cell resistan-
ce), leading to inhibition of cell growth and the
promotion of cell death.

BEZ235 increased sorafenib inhibition of
HepG2 and HepG2F cell migration

We incubated cells with sorafenib (HepG2, 4
uM; HepG2R, 10 uM) with or without BEZ235
(0.25 uM) to investigate the effect of two drugs

Am J Transl Res 2019;11(9):5573-5585
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Figure 3. Cell motility measured with wound-healing assay. The cell monolayer was cultured in serum-free medium
containing sorafenib (HepG2, 4 uM; HepG2R, 10 uM), BEZ235 (0.25 uM), or the agents combined after scratch
with a sterile 10-pl tip. The scratched fields were recorded with a light microscope after injury and at 12-h intervals.
A. Compared with control values, the wound size of HepG2 cells treated with sorafenib (4 uM) for 12 h was not
significantly different (P>0.05). BEZ235 (0.25 uM), as a single agent and in combination with sorafenib (4 uM),
decreased the migration of HepG2 cells at 12 h and 24 h. B. Similar results were observed with HepG2R cells.
(**P<0.01; and *P<0.05). Data shown are the mean + SD from three independent experiments.

combined on HepG2 and HepG2® cell migra-
tion. The results of wound healing assays
(Figure 3) revealed no significant difference
between the cell migration area of HepG2 and
HepG2® cells treated with sorafenib and that
of the control cells in 12 h (P>0.05). BEZ235
treatment increased the wound size of HepG2
to 78% (12 h) and 68% (24 h) and that of
HepG2®k to 76% (12 h) and 73% (24 h). Com-
bination treatment with sorafenib plus BEZ235
increased the wound size of HepG2 to 92% (12
h) and 87% (24 h) and that of HepG2~® to 90%
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(12 h) and 86% (24 h). All data were compared
to that of control cells.

BEZ235 enhanced sorafenib blocking of cell-
cycle progression

To investigate whether sorafenib combined
with BEZ235-induced inhibition of cell prolifer-
ation was associated with cell-cycle dysregula-
tion, we analyzed the effect of BEZ235 on cell-
cycle progression in sorafenib-treated HepG2
and HepG2® cells based on DNA content by

Am J Transl Res 2019;11(9):5573-5585
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Figure 4. Analysis of the effect of combined sorafenib and BEZ235 treatment on the cell cycle, as determined with
flow cytometry and western blot. A. HepG2 and HepG2F cells stained with propidium iodide after treatment with
sorafenib (HepG2, 4 uM; HepG2R, 10 uM), BEZ235 (0.25 uM), or combined agents for 24 h. Cell-cycle distribution
was analyzed by flow cytometry. Compared with control values, sorafenib and BEZ235 blocked the cell cycle at the
GO/G1 phase, and blocking was greater with the two drugs combined (P<0.05). B. Total protein was extracted from
HepG2 and HepG2F cells after treatment with sorafenib (HepG2, 4 uM; HepG2®, 10 uM), BEZ235 (0.25 uM), or
combined agents for 24 h. Western blot analysis revealed that the key G1-phase regulatory proteins, cyclin D1 and
p-Rb, and their upstream molecule, p-GSK3[3, were also down-regulated. (**P<0.01; and *P<0.05), which arrested

cells at GO/G1 phase. Data shown are the mean + SD from three independent experiments.

propidium iodide staining of flow cytometry
analysis. With HepG2 cells treated with sora-
fenib and BEZ235 individually, there was an
increase in the percentage of cells in the GO/G1
phase (76%, 85%) compared with the percent-
age in controls. With HepG2R treated with
sorafenib and BEZ235 individually, cells in the
GO/G1 phase were 63% and 64%, respectively,
compared with control values. With combined
sorafenib and BEZ235 treatment, the percent-
ages of HepG2 and HepG2F cells in the GO/G1
phase were 90% and 82%, respectively, com-
pared with control values. Collectively, these
results are evidence that BEZ235 enhanced
sorafenib blocking of cell-cycle progression
(Figure 4A).

The proteins cyclin D1 and p-Rb govern G1-to-S
phase progression, and down-regulation of th-
em leads to G1-phase arrest [16]. Thus, we ex-
amined the expression of endogenous cyclin
D1, p-Rb, and their upstream regulatory pro-
tein GSK3B. As indicated in Figure 4B, p-GS-
K3B, cyclin D1 and p-Rb values were reduced
in the HepG2 and HepG2F cell lines treated with
BEZ235 and BEZ235 plus sorafenib. The-
se data indicate that BEZ235 enhanced so-
rafenib arrest at GO/G1 mainly through the
down-regulation of p-GSK3B and the key G1-
phase regulatory proteins cyclin D1 and p-Rb.
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BEZ235 enhanced the pro-apoptotic effect of
sorafenib on HCC cells

To assess the ability of BEZ235 plus sorafenib
to induce HCC cell apoptosis, the pro-apopto-
tic effects of the various treatments were
examined with AnnexinV-FITC/propidium iodide
staining and western blot. After 24 h of drug
treatment, sorafenib and BEZ235 individually
induced apoptosis in HepG2 and HepG2R ce-
lls, and the combination of two drugs had a
greater effect (**P<0.01). The apoptosis rates
of each group of HepG2 cells were 3%, 42%,
25%, and 80%, and the apoptosis rates of
HepG2® were 5%, 26%, 42% and 73%, as sug-
gested by the absence of bright red-stained
cells (propidium iodide + cells) (Figure 5A). We-
stern blot revealed that the amounts of cas-
pase-7, caspase-3, caspase-9 cleavages, and
the pro-apoptosis related protein, Bad, (but not
Bax or Bak), were increased in HepG2 and
HepG2R cells by treatment with the two drugs
combined compared with the amounts with
sorafenib or BEZ235 alone (Figure 5B). Over-
expression of Bad, a key regulatory protein in
the mitochondrial apoptotic pathway, leads to
apoptosis by suppressing the activity of anti-
apoptotic protein Bcl-xL, and further promotes
the release of cytochrome C and cascade acti-
vation of caspase-9, caspase-3, and caspase-7
[17, 18]. These results document that the pro-
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SFB+

A combined anti-tumor effect of sorafenib and BEZ235 on HCC

HepG2 HepG2R
AnnexinV AnnexinV
Merge DAPI -FITC PI Merge DAPI -FITC Pl

BEZ235 BEZ235 SFB control

(-3

8
£ os
o
g 0.6
[=%
© 0.4
Q
(1]
- 0.2
©
Q 0.0l
> > \2] \2]
© < ] 5
& o A g
o %
¢ &F K
2
B BEZ235 - - +
sFB -+ —
c-caspase-7 b .

c-caspase-3

c-caspase-9

5580

caspase-7 == D D S

caspase-3 W SR AN S

caspase-9 %
Bcl-xL
Bad
Bax
Bak
B-actin
3 control
3 sorafenib(SFB)
B BEZ235
[ sorafenib(SFB)+BEZ235
80

- - o — ek

3

band density ratio
(B -actin normalized )
8 &

o

A o S h > g N3
& F T F PP
A
&P
< < <
HepG2

SFB+

control

BEZ235 BEZ235

HepG2R

-
o

.‘% e
S os
i)
‘g_‘ 0.6
o
© 04
o
©
— 02
)
o 0.0 222
> 2 ) )
R < %] o
™ )
® Q:é} Q’,@&
S
BEZ235 - - +
SFB - + -
c-caspase-7 T e A——

caspase-7 -..-

c-caspase-3
caspase-3
c-caspase-9

caspase-9

Bcl-xL - —-— -

Bad

Bax il S a—
Bak e G @ a—

3 control

[ sorafenib(SFB)

I BEZ235

[ sorafenib(SFB)+BEZ235

- " .. s an

)
o

-3
S

band density ratio
(B -actin normalized )
g &

HepG2R

Am J Transl Res 2019;11(9):5573-5585



A combined anti-tumor effect of sorafenib and BEZ235 on HCC

Figure 5. Immunofluorescence and protein analysis of the pro-apoptotic effect of sorafenib and BEZ235 on HepG2
and HepG2F cells. A. Annexin V-FITC/propidium iodide staining and histograms showing the percentage of apoptotic
cells in HepG2 and HepG2* treated with sorafenib (HepG2, 4 uM; HepG2®, 10 uM), BEZ235 (0.25 uM), and in
combination for 24 h. Sorafenib and BEZ235 individually induced apoptosis of HepG2 and HepG2F cells compared
with the control, and the combination of two drugs had a greater effect than did the agents alone (**P<0.01). B.
Total protein was extracted from HepG2 and HepG2R cells treated with sorafenib (HepG2, 4 uM; HepG2R, 10 uM),
BEZ235 (0.25 pM), and in combination for 24 h. The amounts of apoptosis-related proteins were determined with
western blot. The combination of sorafenib and BEZ235 promoted pro-apoptotic proteins caspase-9, caspase-3,
and caspase-7 activation and up-regulated pro-apoptotic protein Bad, but not Bax or Bak. (***P<0.001; **P<0.01;
and *P<0.05). Data shown are the mean + SD from three independent experiments.

apoptotic effect of BEZ235 combined with
sorafenib is superior to single treatment with
these drugs in HCC cells.

Effects of sorafenib and BEZ235 treatment on
PI3K/AKT/mTOR signaling in HCC cells

To determine whether the effects of combined
sorafenib and BEZ235 treatment are mediat-
ed by inhibition of the PIBK/AKT/mTOR pathway
in HCC cells, we detected molecules of PISK/
AKT/mTOR signaling after 24 h-drug treatment,
using western blot assay. As shown in Figure
6A, sorafenib promoted AKT and S6K phos-
phorylation but did not significantly affect phos-
phorylation of other proteins in the PISK/AKT/
mTOR pathway. BEZ235, in combination with
sorafenib, suppressed PI3K and reduced p-
AKT, p-mTOR, and downstream p-S6K in HepG2
and HepG2R cells compared with sorafenib or
BEZ235 single treatment (Figure 6A). Interes-
tingly, sorafenib also promoted c-Raf, MEK,
ERK and p90RSK phosphorylation when no
growth factors were present. However, BEZ235
had no effect on the key enzyme of Ras/Raf/
MAPK signaling pathway (Figure 6B). Similar
results were obtained in HepG2 and HepG2®
cells.

Discussion

In this study, we described the anti-tumor ef-
fect of BEZ235 in combination with sorafenib
in the HCC cell lines HepG2 and HepG2R. The
anti-proliferative and pro-apoptotic activities
of BEZ235 and sorafenib were increased in the
cellswhen used in combination compared with
activities when the drugs were used individual-
ly. Similarly, the inhibition of cell motility was
greater when the two drugs were used in com-
bination. Colony-formation and cell-motility as-
says also revealed that sorafenib induced He-
pG2 drug resistance, and colony proliferation
and migration were enhanced more in HepG2R
cells than in HepG2 cells. We speculate that
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this difference may be the result of sorafenib’s
greater promotion of AKT phosphorylation in
HepG2F cells than in HepG2 cells, as indicated
in Figure 6A. BEZ235, a dual PIBK/mTOR inhib-
itor, dramatically inhibited cell motility and col-
ony formation, especially when combined with
sorafenib. Collectively, our observations sug-
gest that BEZ235 developed anti-tumor effects
with sorafenib, and the PI3BK/AKT/mTOR path-
way is important in HCC cell biological activities
and drug resistance.

We also found that BEZ235 promoted sorafe-
nib induction of apoptosis of HepG2 and Hep-
G2® cells by upregulating Bad and activating
caspase-9, caspase-3 and caspase-7. Thus, we
speculate that the pro-apoptotic effect was
achieved via the mitochondrial apoptotic path-
way, even though it had no effect on the pro-
apoptotic proteins Bax or Bak. The mitochon-
drial pro-apoptotic protein Bad is regulated by
Ras/Raf/MAPK and PI3K/AKT/mTOR signaling
pathways [18-20]. Activation of Ras/Raf/MAPK
and PI3K/AKT/mTOR pathways could block Bad
expression and further activate Bcl-xL to inhibit
the mitochondrial apoptotic pathway. Sorafe-
nib and BEZ235 suppress Ras/Raf/MAPK and
PI3K/AKT/mTOR pathways, resulting in Bad ac-
tivation and thus promotion of the mitochon-
drial apoptotic pathway.

Sorafenib, a multi-target kinase inhibitor, main-
ly inhibits Raf kinase to block tumor cell prolif-
eration [21, 22] (Figure 7). Interestingly, we
found that sorafenib increased c-Raf, especi-
ally MEK and ERK phosphorylation, which we
suspect may be a mechanism of cell self-pro-
tection. Western blot assay also showed that
sorafenib enhanced AKT and S6K phosphory-
lation in the PI3BK/AKT/mTOR signal pathway,
which indicated crosstalk between Ras/Raf/
MAPK and PI3K/AKT/mTOR signaling pathways
and can explain sorafenib-induced HepG2 drug
resistance [23, 24]. The dual PI3BK/mTOR inhi-
bitor BEZ235, in combination with sorafenib

Am J Transl Res 2019;11(9):5573-5585
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Figure 6. Protein analysis of PI3K/AKT/mTOR and Ras/Raf/MAPK pathways in HepG2 and HepG2R® cells treated
with sorafenib (HepG2, 4 uM; HepG2®, 10 uM), BEZ235 (0.25 uM), or the two drugs in combination for 24 h.
A. Western blot analysis reveals that sorafenib promoted AKT and S6K phosphorylation in the PI3K/AKT/mTOR
pathway in both HepG2 and HepG2F cells, which indicated that sorafenib monotherapy activated PI3K/AKT/mTOR
signaling pathway. BEZ235, in combination with sorafenib, down-regulated PI3K, inhibited mTOR phosphorylation
and sorafenib-induced phosphorylation of AKT and S6K. B. In both HepG2 and HepG2R cells, sorafenib promoted
c-Raf, MEK, ERK and p9ORSK phosphorylation in the absence of growth-factor stimulation, which may be a mecha-
nism of cell self-protection and drug resistance. However, compared with sorafenib monotherapy, BEZ235 together
with sorafenib did not decrease phosphorylation of sorafenib-induced key enzymes of the Ras/Raf/MAPK signaling
pathway. Taken together, sorafenib and BEZ235 in combination treatment suppressed the PI3K/AKT/mTOR but not
the Ras/Raf/MAPK pathway. (***P<0.001; **P<0.01; and *P<0.05). Data shown are the mean + SD from three

independent experiments.
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Figure 7. Diagram of Ras/Raf/MAPK and PI3K/AKT/mTOR signaling path-
ways. Binding of growth factors to receptors activates cascading activa-
tion of PI3K and Ras signaling pathways and promotes cell survival, pro-
liferation, and migration. Activation of downstream proteins POORSK and
S6K down-regulates Bad expression and transposition to mitochondrial
membranes, which promotes anti-apoptotic protein Bcl-xL expression and
inhibits Cytochrome C release. Cytochrome C release can lead to casca-
ding activation of caspase-9, caspase-3, and caspase-7 and result in cell
apoptosis. In terms of cell-cycle regulation, GSK3p reduced the expres-
sion of cyclin D1, thereby inhibiting Rb phosphorylation and blocking cell-
cycle progress. Phosphorylated AKT inhibits its activity by phosphorylating
GSK3p and eventually promotes cell-cycle progression. Sorafenib (SFB),
as well as BEZ235, targets multiple molecules to inhibit cell proliferation,
migration, and cell-cycle progression and to promote cell apoptosis.
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treatment strongly downregulat-
ed PI3K and reduced phosphory-
lation of AKT, mTOR, and S6K.

Many studies have reported th-
at the Ras/Raf/MAPK pathway is
activated in HCC cells [25-27].
Thus, sorafenib in advanced HCC
has a significant impact on tumor
progression and patient survival
[28]. However, we had found that
sorafenib loses effectiveness be-
cause the tumors develop drug
resistance. One of the most im-
portant mechanisms for this out-
come is crosstalk between sign-
aling pathways, especially activa-
tion of PIBK/AKT/mTOR pathway
[29, 30]. mTORC2 phosphorylat-
es AKT to enhance tumor cell sur-
vival and proliferation, and it also
induces resistance to mTOR inhi-
bitors [31, 32]. BEZ235 is a dual
PI3K/mTOR inhibitor that not on-
ly inhibits mTORC1 and mTORC2,
but also blocks upstream of mT-
OR, resulting in a stronger inhibi-
tion of the PIBK/AKT/mTOR signal
pathway (Figure 7).

We appreciate that our study was
limited to in vitro study of HCC
cells. Nonetheless, we believe th-
at the results are promising en-
ough to justify trials of combined
sorafenib and BEZ235 in the tre-
atment of HCC. Our future studies
will be focused on in vivo research
to validate in vitro results.

Conclusions

Sorafenib or BEZ235 treatment
of HepG2 and HepG2® HCC cells

Am J Transl Res 2019;11(9):5573-5585
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differentially activated and inhibited the key
kinases in the Ras/Raf/MAPK and PI3K/AKT/
mTOR pathways. This observation underscores
the importance of the two-drug combination
treatment of HCC cells in vitro. Application of
the two drugs together further inhibited HCC
cell proliferation and survival by suppressing
the PIBK/AKT/MTOR pathway. Our results sug-
gest a novel combination treatment strategy for
HCC that deserves clinical study.
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