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Abstract. Liver cancer is the fifth most commonly occur-
ring cancer in men and the ninth most commonly occurring
cancer in women, worldwide, and is associated with a high
mortality rate. Sorafenib is a new inhibitor of multiple kinases,
that is regarded as standard treatment for liver cancer. Human
breast carcinoma metastasis-suppressor 1 (BRMSI) is a
tumor-suppressor gene, that reduces the metastatic ability
of tumor cells without affecting their tumorigenicity. In the
present study, a model of BRMSI overexpression and BRMS1
knockdown was established in HepG2 cells. The results
revealed that the proliferation of HepG2 cells was inhibited in
response to sorafenib treatment using MTT assay. Furthermore,
BRMSI overexpression enhanced the effect of sorafenib. In
addition, expression of inflammatory response-related genes
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was increased, while secretion of angiogenesis-related mole-
cules was decreased, and apoptosis was also activated after
sorafenib treatment using qPCR method, and it was further
demonstrated that this effect was mediated by inhibition of the
PIBK/AKT/mTOR/ERK signaling pathway using western blot
analysis. In conclusion, overexpression of BRMSI potentiated
the effect of sorafenib via PI3K/AKT/mTOR/ERK signaling,
while knockdown of BRMSI expression attenuated this effect.
These findings may present a novel therapeutic strategy for
liver cancer.

Introduction

Liver cancer is the fifth most commonly occurring cancer in
men and the ninth most commonly occurring cancer in women,
worldwide, ranking third in cancer-related mortality (1).
Standard management of liver cancer includes surgery, chemo-
therapy and radiation therapy, which are dependent upon tumor
stage, liver function and patient performance (2). Sorafenib is an
oral inhibitor of multiple kinases, and is the standard treatment
for patients with liver cancer (3). Sorafenib inhibits expression
of several tyrosine kinases that are critical for angiogenesis and
tumor progression, including vascular endothelial growth factor
receptor (VEGFR)-2/3, platelet-derived growth factor receptor
(PDGF-R) and Raf kinases involved in the MAPK/ERK
pathway (4). Human breast carcinoma metastasis-suppressor 1
(BRMSI) gene was first discovered over a decade ago, and
was found to reduce the metastatic capacity of MDA-MB-435
human breast carcinoma cells by 70-90% without affecting
tumorigenicity (5). Another study found that the metastatic
potential of MDA-MB-435 cells stably transfected with BRMSI1
to the lungs and regional lymph nodes was significantly reduced
(50-90% inhibition) (6). In addition, hypermethylation is consis-
tently found in the promoter region of BRMSI in malignant
tumor cells, indicating that decreased BRMSI expression
may be a clinical biomarker of malignant tumors. Multiple
patient tissues with lymph node metastases were found to have
hypermethylated CpG island of the BRMSI gene (7). A previous
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study found hypermethylation in 60% of lymph node metastases
and in 45% of primary tumors, suggesting that methylation is
related to tumor development and progression (8). A recent
study identified hypermethylation of the BRMSI promoter
region in tumor cells isolated from peripheral blood of breast
cancer patients when compared to healthy controls (9). Another
study found that loss of BRMSI was associated with reduced
disease-free survival when patient samples were stratified by
loss of the estrogen receptor (ER) or the progesterone receptor
(PR) or by expression of HER2 (10).

In the present study, BRMSI overexpression and knock-
down models were initially established in HepG2 cells. It was
demonstrated that overexpression of BRMSI significantly
increased the inhibitory effect of sorafenib on cell prolif-
eration when compared to that noted in the controls, while
knockdown of BRMSI attenuated this effect. Sorafenib was
also found to induce the apoptosis of HepG2 cells. In addi-
tion, expression of inflammatory response-related genes was
increased, while secretion of angiogenesis-related molecules
was decreased, in response to sorafenib treatment. We further
demonstrated that these effects on tumor cells might be medi-
ated by inhibition of the PI3K/AKT/mTOR/ERK signaling
pathway. Overexpression of BRMSI1 potentiated the treatment
effect of sorafenib and knockdown of BRMSI attenuated these
effects. Therefore, overexpression of BRMSI synergistically
enhanced the therapeutic effect of sorafenib on liver cancer
and may represent a novel therapeutic strategy.

Materials and methods

Materials. Fetal bovine serum (FBS) (MF191-01) and high
glucose Dulbecco's modified Eagle's medium (H-DMEM)
(MF219-01) were purchased from Mei5 Biotechnology
Co., Ltd. (Beijing, China). MTT Cell Proliferation and
Cytotoxicity Assay kit (M1020), Lip2000 transfection reagent
(L7800) and G418 (G8160) were purchased from Solarbio
(Beijing, China). HindIII (RO104L), EcoRI (RO101L), Quick
Ligase (M2200S) and T4 PNK (M0201S) were purchased
from New England Biolabs, Inc. (NEB; Ipswich, MA, USA).
FastDigest BsmBI (FD0454) was purchased from Fermentas
(Thermo Fisher Scientific, Inc.). Protease inhibitor cock-
tail (CW2200), phosphatase inhibitor cocktail (CW2383),
Ultrapure RNA kit (CW0597) and Super TagMan OneStep
RT-qPCR kit (CW2695) were purchased from CWbio
Biological Technology Company (Beijing, China). TRITC
phalloidin (40734ES75), DAPI stain solution (40728ES03)
and PI staining solution (40755ES64) were purchased from
Yeasen Biotechnology Co. (Shanghai, China). Anti-BRMSI1
(ab180852), p-AKT (ab38449), AKT (ab179463), p-mTOR
(ab137133), mTOR (ab134903), p-ERK (ab50011), ERK
(ab17942), p-BIM (ab17935), BIM (ab32158), p-PTEN
(ab109454),PTEN (ab32199), Bax (ab32503), Bcl-2 (ab196495),
TNF-a (ab109322), caspase-9 (ab52298), caspase-3 (ab13847)
antibodies and human IGF1 (ab211651), TGF-f (ab100647) and
VEGEF (ab100662) ELISA kits were purchased from Abcam
(Cambridge, UK). Sorafenib (BAY 43-9006) was purchased
from Enzo Life Science (Farmingdale, NY, USA). HepG2
cells (TCHu 72) and 293T cells (SCSP-502) were purchased
from the Cell Library of the Typical Culture Preservation
Committee of the Chinese Academy of Sciences.
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Vector construction. The cDNA of BRMSI was cloned
from cells using PCR methods using the following primers:
Forward, 5-ATCGAAGCTTACTATGCCTGTCCAGCCTCC
AAGC-3" and reverse, 5" ATGCGAATTCTCAAGGTCCAT
CCGATTC-3'". Blank pCNDA3.1 vector and PCR product
of BRMSI were digested with HindIIl and EcoRI, and the
BRMSI1 fragment was cloned into the vector to construct
the pCDNA3.1-BRMSI overexpression vector. HepG2 cells
were transfected with pCDNA3.1-BRMSI and pcDNA3.1
blank vector using Lip2000 transfection reagent for 48 h
according to the manufacturer's protocol. Stable BRMSI1
overexpression cells and blank vector cells were screened
using 800 pg/ml G418. The BRSM1 knockdown vector was
constructed according to a previous study (11). Briefly, the
CRISPR vector was firstly digested with BsmBI according
to the protocol, and annealed oligos were constructed using
the following primers: Forward, 5'-CACCGCTACACAGTG
CAATTGCCTCC-3" and reverse, 5'-AAACGATGTGTCACG
TTAACGGAGC-3'. Ligation reactions were subsequently
performed using annealed oligos and digested CRISPR
vector according to the Quick Ligase protocol to construct the
BRSMI1 knockdown vector. Stable BRMS1 knockdown cells
were screened using 2 pg/ml puromycin.

Cell culture and experimental groups. Cells were cultured in
a humidified atmosphere supplied with 5% CO, at 37°C with
H-DMEM and 10% FBS. Cells were divided into four groups:
Controls (NC), sorafenib treatment (ST), sorafenib treatment
with BRMSI overexpression (BO) and sorafenib treatment
with BRMSI1 knockdown (BD). The concentration and treat-
ment period for sorafenib used in this experiment (10 uM for
24 h) was determined according to a previous study (12).

Cellular proliferation assay. MTT assay was performed
according to the protocol of MTT Cell Proliferation and
Cytotoxicity Assay kit. Briefly, cells were firstly cultured
and grouped as previously described, seeded into a 96-well
plate at a concentration of 1x10* cells/well, and cultured
until cell confluence reached 80-85%. Then, the cells
were incubated with 5 mg/ml MTT reagent for 4 h after
washing with phosphate-buffered saline (PBS), and optical
density (OD) values were determined at 560 nm using
the SuPerMax 3100 microplate reader (Shanghai, China)
after formazan was added. Cell viability was calculated as
(ODgperimentODg1ank/OD contro-ODgiani) X 100%.

RNA extraction and reverse transcription. RNA extraction
was performed according to t Ultrapure RNA Kit protocol.
Briefly, cells were lysed in lysis buffer for 5 min at room
temperature, followed by vigorous shaking for 15 sec after
mixing with chloroform. The mixture was then centrifuged at
13,523 x g for 5 min after thorough mixing with 70% ethanol
and loaded onto an adsorption column. RNA was adsorbed
onto the column after samples were centrifuged at 13,523 x g
for 1 min. RNA was eluted from adsorption columns using
elution buffer after washing with designated wash buffer.

Reverse transcription and real-time quantitative polymerase
chain reaction (qPCR). Reverse transcription and qPCR were
performed according to the Super TagMan OneStep RT-qPCR
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Kit protocol. Primers used were as follows: IL-1f3: Forward,
5'-ATAAGCCCACTCTACAGCT-3" and reverse, 5-ATT
GGCCCTGAAAGGAGAGA-3'"; IL-2: Forward, 5'-GTC
CAAGGACACAGGCTTCTT-3' and reverse, 5'-AAATTT
TGGCTGGTGCCAAGG-3'"; IL-6: Forward, 5'-GGCTAC
GAGTGGGATACTG-3' and reverse, 5-GGCTGGAAGGAG
AAGATG-3"; Bcl-2: Forward, 5-TGGCCTTCTTTGAGT
TCGGT-3' and reverse, 5'-GTTCCACAAAGGCATCCC
AGC-3"; Bax: Forward, 5" ACACCTGAGCTGACCTTGGA-3'
and reverse, 5S'-AGTTCATCGCCAATTCGCCT-3"; TNF-a.:
Forward, 5-CAGAGGGAAGAGTTCCCCAG-3' and reverse,
5-CCTTGGTCTGGTAGGAGACG-3'. Reaction mixtures
were prepared as recommended by the protocol, and the PCR
cycle was set as follows: Reverse transcription at 45°C for
20 min, predegeneration at 95°C for 5 min, and degeneration at
95°C for 15 sec with extension at 60°C for 45 sec repeated for
45 cycles. Relative gene expression was determined using the
2-44C method (13). GAPDH was used as an internal reference,
and the quantified results for each target gene were normalized
to GAPDH. Each experiment was repeated three times.

Western blot analysis. Cells in each group were first cultured
and grouped as described above, and then lysed with lysis buffer
[50 mM Tris (pH, 8.1), 1% SDS and protease inhibitor cocktail,
phosphatase inhibitor cocktail] for 30 min on ice after washing
with sterile PBS. The supernatant was collected after centrifu-
gation at 13,523 x g for 10 min, and the protein concentration was
determined using a BCA assay. Protein samples (60 pug) from
each group were separated using 10% SDS-PAGE electropho-
resis, and transferred onto 0.22-ym nitrocellulose membranes
using the Trans-Blot Turbo system (Bio-Rad). Membranes
were incubated with 5% skim milk, and then incubated with
primary antibodies (dilution 1:1,000) at 4°C overnight followed
by incubation with secondary antibodies (dilution 1:5,000) at
room temperature for 1 h. Chemiluminiscence was performed
using ECL reagents to detect expression levels of the target
proteins. The gray values of bands were quantified using Scion
Image software (version 4.0.3.2; Scion Corp., Frederick, MD,
USA) and normalized to GAPDH. Each experiment was inde-
pendently repeated three times.

Immunofluorescence experiments. Cells were cultured and
grouped as described above. Phalloidin staining was performed
according to the protocol, and cells were seeded onto a confocal
plate at a concentration of 1x10° and cultured for 24 h. Cells
were fixed with 4% formaldehyde at room temperature for
10 min, and then permeabilized with 0.5% Triton X-100 for
5 min at room temperature. Cells were stained with phalloidin
staining buffer for 30 min and re-stained with DAPI for 5 min.
DAPI/PI double staining was performed according to the
protocol. Cells were digested with trypsin-EDTA buffer and
then stained with DAPI and PI for 10 min followed by imaging
using fluorescence microscopy. Images were analyzed using
Image-Pro Plus software (version 6.0; Media Cybernetics,
Inc., Bethesda, MD, USA).

Flow cytometry. Cells were seeded onto a 100-mm plate at a
concentration of 1x10° cells, after being grouped and treated
as described above. After treatment, cells were digested with
trypsinization and washed with pre-cooled PBS. Then, the
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cells were incubated with propidium iodide (PI) for 15 min
and apoptotic cells were quantified by FACScan flow cytom-
etry (Becton Dickinson, Heidelberg, Germany).

Enzyme linked immunosorbent assay (ELISA). ELISA was
performed according to the protocol for each ELISA kit. Briefly,
standards and supernatants of cultured medium in each group
were added into each well of a 96-well plate, and incubated
overnight at 4°C with gentle shaking. Biotinylated detection
antibodies were added into each well after sufficient washing
with wash buffer and incubation for 1 h at room temperature.
Then, each sample was incubated with HRP-streptavidin solu-
tion for 45 min at room temperature followed by incubation
with TMB One-Step substrate reagent for 30 min at room
temperature, OD values were measured at 450 nm using a
SuPerMax 3100 microplate reader (Shanghai, China).

Statistical analysis. Data are shown as the mean + SD, and each
experiment was independently repeated three times. One-way
analysis of variance (ANOVA) was performed to compare
differences between groups followed by Tukey's post hoc test.
P<0.05 was indicative of a statistically significant difference.
GraphPad version 7 (GraphPad Software, Inc., La Jolla, CA,
USA) was used to analyze the data.

Results

Effect of BRMSI overexpression on the proliferation of HepG2
cells. Cells were divided into four groups: Controls (NC),
sorafenib treatment (ST), sorafenib treatment with BRMSI1
overexpression (BO) and sorafenib treatment with BRMSI1
knockdown (BD). As shown in Fig. 1A, the viability of HepG2
cells in the ST, BO and BD groups were 75.3+4.2, 60.5+3.6
and 89.3+5.4%, respectively, in response to 10 uM sorafenib
treatment for 24 h. Compared with the NC group, cell viability
was significantly decreased in the ST and BO groups (P<0.05),
while remaining unchanged in the BD group. Compared
to the ST group, cell viability was significantly decreased
in the BO group (P<0.05) and significantly increased in the
BD group (P<0.05).

Immunofluorescence results are shown in Fig. 1B, illus-
trating that PI-stained cells in the ST and BO groups were
increased compared to the NC and BD groups. However,
there were no significant changes noted between the NC and
BD groups. As shown in Fig. 1C, the ratios of apoptotic cells
were 21.24+2.12, 37.14+3.08, 42.57+4.52 and 18.32+2.20 in
the NC, ST, BO and BD groups, respectively. The proportion
of apoptotic cells was significantly increased in the ST and
BO groups (P<0.05) compared with the NC group, and was
significantly decreased in the BO group compared with the
ST group (P<0.05). These results indicate that sorafenib
inhibits the proliferation of HepG2 cells by inducing apoptosis
in cancer cells, and overexpression of BRMS1 may synergize
with sorafenib in enhancing the effects. As shown in Fig. 1D,
the expression level of BRMSI in each group was 0.63+0.08,
1.41£0.11, 1.81+0.13 and 0.86+0.09. Compared with the NC
group, the expression of BRMSI1 was significantly increased in
the ST and BO group (P<0.05) and significantly decreased in
the BD group (P<0.05). Expression of BRMSI1 was significantly
increased in the BO group (P<0.05) and significantly decreased
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Figure 1. Effect of sorafenib on the proliferation of HepG2 cells. (A) Detection of the viability rate of HepG2 cells in each group using MTT Cell Proliferation
and Cytotoxicity Assay kit. (B) Immunofluorescence results of HepG2 cells in each group using DAPI/PI staining. (C) Flow cytometry to detect apoptotic
HepG2 cells in each group. (D) Detection of expression of BRMSI in each group using western blot analysis. Groups: NC, control group; ST, sorafenib treat-
ment group; BO, sorafenib treatment with BRMS1 overexpression group; BD, sorafenib treatment with BRMS1 knockdown group. (E) Expression of BRMSI
in each group without sorafenib treatment using western blot analysis. Groups: NC, control group; BO, BRMSI1 overexpression group; BD, BRMS1 knockdown
group. Data are shown as the mean + SEM. "P<0.05 vs. the NC group. "P<0.05 vs. the ST group. BRMS]I, breast carcinoma metastasis-suppressor 1 gene.
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Figure 2. Expression levels of apoptosis-related genes in each group as determined by qPCR methods. Expression level of (A) IL-1f, (B) IL-2, (C) IL-6, (D) Bax,
(E) Bcl-2 and (F) TNF-o. in each group. Experiments were independently repeated three times. Data are shown as the mean + SEM. "P<0.05 vs. the NC group.
"P<0.05 vs. the ST group. GAPDH mRNA was used as an internal control. Groups: NC, control group; ST, sorafenib treatment group; BO, sorafenib treatment
with BRMSI overexpression group; BD, sorafenib treatment with BRMS1 knockdown group. BRMSI, breast carcinoma metastasis-suppressor 1 gene.

in the BD group (P<0.05) when compared with the ST group. and BRMSI knockdown groups were 0.68+0.05, 1.12+0.13
As shown in Fig. 1E, the expression levels of BRSM1 without  and 0.32+0.02. Compared with the NC group, the expression
sorafenib treatment in the normal, BRMSI overexpression of BRMSI was significantly increased in the overexpression
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Figure 3. Expression levels of molecules in the AKT/mTOR/ERK signaling pathway. (A) The levels of p-AKT, AKT, p-mTOR, mTOR, p-ERK, ERK, p-BIM,
BIM, p-PTEN and PTEN as detected using western blot analysis. (B-F) Quantitative analysis of the western blot results. Experiments were independently
repeated three times. Data are shown as the mean + SEM. "P<0.05 vs. the NC group. “P<0.05 vs. the ST group. GAPDH was used as an internal control.
Groups: NC, control group; ST, sorafenib treatment group; BO, sorafenib treatment with BRMSI1 overexpression group; BD, sorafenib treatment with BRMSI1

knockdown group. BRMSI, breast carcinoma metastasis-suppressor 1 gene.

group (P<0.05) and significantly decreased in the knockdown
group (P<0.05), indicating that the cell model was successfully
constructed.

Effect of sorafenib on expression of apoptosis-related
genes. As shown in Fig. 2A, expression levels of IL-1f in
the NC, ST, BO and BD groups were 1.7+0.4, 2.6+0.6,
3.5+0.5 and 2.3+0.5, respectively. Expression of IL-1p was
significantly increased in the BO groups when compared to
that noted in the NC group (P<0.05). The expression levels
of IL-2 in these groups were 1.6+0.2, 2.5+0.3, 3.6+0.4 and
2.1+0.2, respectively. As shown in Fig. 2B, IL-2 expression
was significantly increased in all sorafenib-treated groups
compared to the NC group (P<0.05), and was significantly
increased in the BO group compared to the ST group (P<0.05).
As shown in Fig. 2C, expression levels of IL-6 in these groups
were 1.8+£0.4,3.0+0.5,3.7+0.5 and 2.6+0.4. Expression of IL-6
was significantly increased in ST and BO groups compared
to the NC group (P<0.05), and significantly increased in the

BO group compared to the ST group (P<0.05). As shown in
Fig. 2D, Bax expression in these groups was 1.6+0.3,2.4+0.3,
3.1+0.5 and 2.1+0.4, respectively. The Bax expression was
significantly increased in the ST and BO groups compared to
the NC group (P<0.05). As shown in Fig. 2E, Bcl-2 expres-
sion in these groups was 1.9+0.3, 1.4+0.2,0.8+0.1 and 1.7+0.2,
respectively. Expression of Bcl-2 was significantly decreased
in the ST and BO groups compared to the NC group (P<0.05),
and was significantly decreased in the BO group compared to
the ST group (P<0.05). As shown in Fig. 2F, expression levels
of TNF-a in these groups were 1.3+0.2, 2.1+0.3, 2.8+0.5 and
1.6+0.3, respectively. TNF-a expression was significantly
increased in the ST and BO groups compared to the NC group
(P<0.05), and significantly increased in the BO group
compared to the ST group (P<0.05).

Effect of sorafenib on expression levels of molecules of
the PI3K/AKT/mTOR/ERK signaling pathway. As shown
in Fig. 3A and B, the ratio of p-AKT/AKT was 1.41+0.07,
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Figure 4. Expression levels of apoptosis-related proteins. (A) Expression levels of cleaved caspase-3, cleaved caspase-9, TNF-a, Bax and Bcl-2 as detected
using western blot analysis. (B-F) Quantitative analysis of the western blot results. Experiments were independently repeated three times. Data are shown as
the mean = SEM. "P<0.05 vs. the NC group. “P<0.05 vs. the ST group. GAPDH was used as an internal control. Groups: NC, control group; ST, sorafenib treat-
ment group; BO, sorafenib treatment with BRMSI overexpression group; BD, sorafenib treatment with BRMSI1 knockdown group. BRMSI, breast carcinoma

metastasis-suppressor 1 gene.

0.85+0.04, 0.65+0.03 and 1.33+0.07 in the NC, ST, BO and
BD groups, respectively. Compared to the NC group, the ratio
of p-AKT/AKT was significantly decreased in the ST and
BO groups (P<0.05). Furthermore, and compared to the ST
group, the ratio of p-AKT/AKT was significantly decreased
in the BO group (P<0.05) and significantly increased in the
BD group (P<0.05). As shown in Fig. 3A and C, the ratio
of p-mTOR/mTOR was 0.80+0.04, 0.65+0.03, 0.52+0.03
and 0.65+0.03 in these groups, respectively. Compared to
the NC group, the ratio of p-mTOR/mTOR was signifi-
cantly decreased in all experimental groups (P<0.05), and
compared with the ST group, the ratio of p-mTOR/mTOR
was significantly decreased in the BO group (P<0.05).
As shown in Fig. 3A and D, the ratio of p-ERK/ERK was
0.75+£0.04, 0.80+0.03, 0.43+0.02 and 0.50+0.03 in these
groups, respectively. Compared to the NC and ST group, the
ratio of p-ERK/ERK was significantly decreased in the BO

and BD groups (P<0.05). As shown in Fig. 3A and E, the
ratios of p-BIM/BIM was 0.37+0.02, 0.80+0.04, 0.91+0.05
and 0.24+0.01 in these groups, respectively. Compared to the
NC group, the ratio of p-BIM/BIM was significantly increased
in the ST and BO groups (P<0.05) and significantly decreased
in BD group (P<0.05). Compared to the ST group, the ratio
was significantly increased in the BO group (P<0.05) and
significantly decreased in the BD group (P<0.05). As shown
in Fig. 3A and F, the ratio of p-PTEN/PTEN was 0.24+0.01,
0.59+0.03, 0.87+0.04 and 0.62+0.03 in these groups, respec-
tively. Compared to the NC group, the ratio of p-PTEN/PTEN
was significantly increased in all experimental groups
(P<0.05), and compared to the ST group, the ratio was signifi-
cantly increased in the BO group (P<0.05).

Effect of sorafenib on the expression levels of apoptosis-related
molecules. As shown in Fig. 4A and B, the expression level
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Figure 5. Angiogenesis-related cytokines in medium as detected using ELISA method. Concentrations of (A) IGF, (B) TGF-f, (C) VEGF and (D) EGF in
medium. Experiments were independently repeated three times. Data are shown as the mean £ SEM. "P<0.05 vs. the NC group. “P<0.05 vs. the ST group.
Groups: NC, control group; ST, sorafenib treatment group; BO, sorafenib treatment with BRMSI overexpression group; BD, sorafenib treatment with BRMS1
knockdown group. IGF, insulin-like growth factor; VEGF, vascular endothelial growth factor; EGF, epidermal growth factor; BRMSI, breast carcinoma

metastasis-suppressor 1 gene.

of caspase-3 was 0.19+0.01, 0.38+0.02, 0.49+0.02 and
0.42+0.02 in the NC, ST, BO and BD groups, respectively.
Compared to the NC group, expression of caspase-3 was
significantly increased in all experimental groups (P<0.05),
and compared to the ST group, expression of caspase-3 was
significantly increased in the BO group (P<0.05). As shown in
Fig. 4A and C, the expression level of caspase-9 was 0.12+0.01,
0.43+0.02, 0.49+0.02 and 0.38+0.02 in these groups, respec-
tively. Compared to the NC group, expression of caspase-9 was
significantly increased in all experimental groups (P<0.05),
and compared with the ST group, expression of caspase-9
was significantly increased in the BO group (P<0.05) and
significantly decreased in the BD group (P<0.05). As shown
in Fig. 4A and D, the TNF-a expression level was 0.08+0.01,
0.27+0.01, 0.41+£0.02 and 0.35+0.02 in these groups, respec-
tively. Compared to the NC group, expression of TNF-a was
significantly increased in all experimental groups (P<0.05),
and compared to the ST group, the expression of TNF-a was
significantly increased in the BO and BD group (P<0.05).
As shown in Fig. 4A and E, the expression level of Bax was
0.08+0.01,0.18+0.01,0.30+0.02 and 0.27+0.01 in these groups,
respectively. Expression changes in Bax were similar to those
for TNF-a. As shown in Fig. 4A and F, the expression level
of Bcel-2 was 0.51+0.03, 0.29+0.01, 0.15+0.01 and 0.42+0.02
in these groups, respectively. Compared to the NC group,
expression of Bcl-2 was significantly decreased in all the
experimental groups (P<0.05), and compared to the ST group,
expression of Bcl-2 was significantly decreased in the BO
(P<0.05) and significantly increased in the BD group (P<0.05).

Effect of sorafenib on secretion of angiogenesis-related
molecules. As shown in Fig. 5A, the concentration of IGF was
1,040.3+23.1, 922.5+21.2, 856.4+18.5 and 990.6+23.8 in the
NC, ST, BO and BD groups, respectively. Compared to the NC
group, the IGF concentration was significantly decreased in
the ST and BO groups (P<0.05). Compared to the ST group,
the concentration of IGF was significantly decreased in the
BO group (P<0.05) and significantly increased in the BD group
(P<0.05). As shown in Fig. 5B, the concentration of TGF-f
was 858.3+15.6, 930.5+19.7, 1154.2+21.6 and 886.2+18.1 in
these groups, respectively. The concentration of TGF-f§ was
significantly increased in the ST and BO groups compared to
the NC group (P<0.05). In addition, compared to the ST group,
the concentration of TGF-a was significantly decreased in the
BD group (P<0.05) and significantly increased in the BO group
(P<0.05). As shown in Fig. 5C, the VEGF concentration was
1,823.0+28.4, 1,577.2+21.4, 1,085.6+18.2 and 1,780.5+23.2
in these groups, respectively. Compared to the NC group, the
concentration of VEGF was significantly decreased in the
ST and BO groups (P<0.05). Compared to the ST group, the
concentration of VEGF was significantly decreased in the
BO group (P<0.05), and significantly increased in BD group
(P<0.05). As shown in Fig. 5D, the concentrations of EGF
was 156.3+20.3, 114.5+10.2, 93.4+7.1 and 138.9+13.2 in these
groups, respectively. Compared to the NC group, the concen-
tration of VEGF was significantly decreased in the ST and
BO group (P<0.05). Compared to the ST group, the concen-
tration of VEGF was significantly decreased in BO group
(P<0.05) and significantly increased in the BD group (P<0.05).
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Discussion

Liver cancer is the fifth most commonly occurring cancer in
men and the ninth most commonly occurring cancer in women,
worldwide, ranking third in cancer-related mortality and is
especially common in Asia due to the presence of endemic
hepatitis B viral infection. Other etiologies also contribute
to the occurrence of liver cancer, including hepatitis C viral
infection, alcoholic cirrhosis, hereditary hemochromatosis
and primary biliary cirrhosis (14). Standard treatment for liver
cancer differs depending on the prognosis of these patients,
and most patients with early disease are not symptomatic.
Liver resection is the cornerstone of surgical management for
liver cancer. However, resection is only achievable in 25% of
patients since tumors are often at an advanced stage at the time
of diagnosis. Furthermore, post-resection local recurrence
remains high, reaching 50% at 5 years (15). Sorafenib was
approved for the treatment for liver cancer in Europe and in
the USA in 2007 (16), and remains the only agent approved to
treat systemic liver cancer.

The effect of breast carcinoma metastasis-suppressor 1
gene (BRMSI) on cell invasion and metastasis has been demon-
strated in multiple cell types. However, the effect of BRMSI1 on
the proliferation of cancer cells remains unclear, as few studies
have focused on the effect of BRMSI1 on the proliferation of
cancer cells. BRMSI has been shown to inhibit the prolifera-
tion of breast cancer (17), non-small cell lung cancer (18) and
forestomach carcinoma (19). In the present study, a cell model
of BRMSI1 overexpression and knockdown was first estab-
lished. We observed that overexpression of BRMSI enhanced
the inhibitory effect of sorafenib on the proliferation of a
hepatoma carcinoma cell line using MTT assay and immuno-
fluorescence by disrupting the normal structure of hepatoma
carcinoma cells. It was also found that sorafenib inhibited
activation of the PI3K/AKT/mTOR signaling pathway, further
inducing apoptosis via BIM, Bax, Bak, Bcl-2 and caspase
enzymes. In addition, we observed activation of the immune
response in response to sorafenib treatment. Expression of
key factors in angiogenesis and cancer development were also
inhibited after sorafenib treatment. BRMSI overexpression
enhanced the antitumor effects of sorafenib, while BRMS1
knockdown attenuated these effects. Thus, BRMSI synergizes
with sorafenib in regards to its effects on hepatoma carcinoma
cells, potentially representing a novel therapeutic strategy.

Mast cells (MCs) are immune cells derived from stem
cells that migrate and mature close to epithelial cells. MCs
also participate in late-phase responses via releasing a variety
of cytokines (TNF, IL-1§, IL-2 and IL-6), and induce Th2
cell responses (20). IL-1p could affect all innate immune
cells, acting as a pro-inflammatory cytokine. A previous
study found that IL-1f activates MCs, further aggregating the
FceRI receptor, followed by secretion of biologically active
compounds (21). In addition, IL-1f induces expression of
TNF-a in innate immune cells, including MCs and macro-
phages. IL-1p also induces expression of TNF-a via blocking
the combination of IL-1f3 and IL-37 (22). IL-2 is a helical cyto-
kine primarily produced by activated T cells that promotes
lymphocytes, macrophages and NK cells (23). IL-2 binds
with IL-2 receptor in T cells, further activating Janus kinase
(JAK)/signal transducer and activator of transcription (STAT)
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pathways and mitogen-activated protein kinase (MAPK)
and phosphoinositide 3-kinase signaling (PI3K) pathways,
resulting in transcription of pro-inflammatory cytokines,
as well as survival and cell cycle genes (24). Thus, IL-2 is
considered a lymphocyte-activating and immune-stimulating
factor. IL-6 is also an important cytokine in the immune
response process. IL-6 is primarily produced by monocytes
and T cells, but also epithelial cells (25). And in the present
study, sorafenib treatment was found to significantly increase
the expression of IL-1p, IL-2 and IL-6 in HepG2 cells, indi-
cating that sorafenib treatment activates the inflammatory
response process in liver cancer cells, further inducing the
apoptosis process. Moreover, BRMSI1 overexpression was
found to enhance the effect of sorafenib, while knockdown
of BRMSI reduced the effect of sorafenib. The change in the
expression of pro-inflammatory cytokines further induces the
change in expression of downstream molecules, leading to the
change in multiple physiological processes. IL-6 promotes
the development of Th17 cells via combination with TGF-f,
inhibits the differentiation of Tregs induced by TGF-f3, and
plays an important role in the pathogenesis of chronic inflam-
matory disease. IL-6 not only participates in cancer-related
inflammation but also plays a crucial role in DNA damage
repair, proliferation, metastasis, angiogenesis and metabolic
remodeling (26).

Activation of apoptosis is also an important step in the
treatment of cancer. Bcl-2 was first identified through chro-
mosomal mapping in follicular lymphoma (27). Decreased
expression of pro-apoptotic proteins of the Bcl-2 family
is commonly seen in cancer with increased expression
of pro-survival proteins. Bcl-2 was found to increase the
development of cancer by resisting cell death (28). Bcl-2 is
also important for embryogenesis, and Bcl-2-deficient mice
exhibit growth retardation, premature greying, and apop-
totic involution of spleen/thymus, succumbing to death via
polycystic kidney disease with inhibition of cellular differen-
tiation (29). Bax and Bak are pro-apoptotic molecules in the
Bcl-2 family that contain membrane anchoring C-terminal
tails. Bax and Bak usually exist in dynamic equilibrium
between the cytosol and membrane and are constitutively
translocated to the cytosol by pro-survival Bcl-2 proteins. In
the absence of Bcl-2, Bax and Bak localize to the membrane.
Activation of Bax/Bak is mediated by BH3-only proteins,
including BIM, tBID and PUMA, which directly interact
with Bax/Bak to trigger conformational changes (30). Tumor
necrosis factor a (TNF-a) is a major pro-inflammatory cyto-
kine that participates in multiple inflammatory pathologies
and is produced by macrophages, endothelial cells, fibro-
blasts and T lymphocytes (31). TNF-a binds with TNFRI1,
leading to conformational changes that activate TNF receptor
type-1-associated death domain protein, the adaptor protein
of TNF-a, resulting in activation of NF-xB, MAPK and apop-
totic signaling pathways. In a pulmonary sarcoidosis model,
macrophages were found to spontaneously produce TNF-a
in excess quantities, as well as IL-1§, IL-2, IL-6 and IL-10,
leading to the formation of non-caseating granulomas (32).
Furthermore, secretion of cytokines induced by TNF-a are
especially predominant in progressive disease. In the present
study, we found that the expression of pro-apoptosis mole-
cules TNF-a and Bax was increased, while the expression
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of anti-apoptosis molecule Bcl-2 was decreased at the gene
and protein levels. This result indicated that sorafenib could
increase the apoptosis process in liver cancer cells, and this
phenomenon might be a consequence of the activation of the
inflammatory process. Moreover, activation of apoptosis was
enhanced by overexpression of BRMSI, while knockdown of
the expression of BRMSI reduced the effect of sorafenib.

The PI3K/AKT/mTOR signaling pathway performs an
important role in the regulation of cellular metabolism,
growth and survival, and dysfunction of PI3K/AKT/mTOR is
commonly observed in human malignancies including renal
cell carcinoma, breast cancer and neuroendocrine tumors (33).
As a downstream molecule of PI3K/AKT signaling, mTOR
is a 289-kDa serine/threonine kinase that contains two large
multiprotein complexes, mTORC1 and mTORC2. mTORC1
activates eukaryotic initiation factor 4E (eIF4E) binding
protein 1 (p-4E-BP1) via phosphorylation, promoting dissocia-
tion of 4E-BP1 and eIF4E and subsequent elF4E-dependent
protein synthesis. AKT promotes the activation of mTOR
via inhibiting phosphorylation of tuberous sclerosis complex
(TSC) proteins 1/2, an inhibitor of mTOR. PI3K/AKT
signaling is negatively regulated by PTEN (tumor suppressor
phosphatase and tensin homolog), which converts the active
form of PIP3 into inactive PIP2, impairing activation of the
AKT signaling pathway (34). Bim is another molecule down-
stream of AKT, and is an essential initiator of the apoptotic
response. During the last decade, BIM was considered a
critical pro-apoptotic protein for initiating the intrinsic apop-
tosis pathway (35). Downregulation of Bim caused by various
signaling pathways may lead to tumor metastasis. Bim along
with tBid and Puma, directly activate Bax/Bak, and once
activated, Bax and Bak oligomers induce permeabilization
of the mitochondrial outer membrane (MOM), leading to
the release of cytochrome c, further binding with apoptotic
protease-activating factor 1 (Apaf-1), and initiating the apop-
totic cascade (36). Thus, we speculated that the activation of
the inflammatory and apoptosis processes may be mediated by
inhibition of the PI3K/AKT/mTOR/ERK signaling pathway.
Furthermore, activation of PTEN was also increased after
sorafenib treatment, performing an antitumor role. In addi-
tion, overexpression of BRMSI enhanced this process. The
activation of the PI3K/AKT/mTOR/ERK signaling pathway
would further induce activation of the apoptosis and inflam-
matory response, leading to the apoptosis of liver cancer cells,
ensuring an antitumor effect.

IGF is a critical molecule for angiopoiesis, and the main
function of IGF in liver physiology includes organ develop-
ment, growth and regeneration (37). Molecules in the IGF
system are generally hepato-protective, playing an important
role in hormonal and metabolic effects (38). In liver cancer
patients, the concentrations of IGF in serum samples are signif-
icantly reduced compared to healthy controls. Additionally, in
virus-associated liver cancer, patients also exhibit greater IGF
levels than in non-infected liver cancer patients (39). Reduced
IGF levels in serum sample are also correlated with advanced
progression and poor overall survival. TGF-f is a prolif-
eration inhibiting cytokine and a tumor-suppressor factor (40).
TGF-p reduces the progression and metastasis of advanced
cancer. However in latter stages of disease, TGF-f§ becomes
an oncogenic factor via inducing angiogenesis, invasion and
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immunosuppression (41). Vascular endothelial growth factor
o (VEGF-a) was firstly isolated by Ferrara's group, and was
demonstrated to perform an important role in angiogenesis
in a mouse model of VEGF haplo-insufficiency (42). Animal
experiments identified that inhibition of VEGF-a reduces the
growth and vascular density of tumor tissues. Furthermore,
expression of VEGF-a is regulated by multiple factors including
hypoxia, signal transducers and activators of transcription, NO
gradient, microRNAs, and other factors (43). Using ELISA
assay, we found that the secretion of pro-angiogenesis- and
pro-proliferation-related cytokines in cultured medium was
inhibited after sorafenib treatment, and overexpression of
BRMSI enhanced this trend while knockdown of BRMSI
reduced this trend. The inhibitory function in angiogenesis
and proliferation further inducing the apoptosis of liver cancer
cells would induce the release of inflammatory cytokines in
a feedback way, further inhibiting the release of angiogenesis
and proliferation cytokines.

In the present study, a model of BRMSI1 overexpression and
knockdown was established in HepG2 cells, demonstrating
that sorafenib inhibited the proliferation in these cells. In addi-
tion, sorafenib increased the expression of apoptosis-related
molecules in the HepG2 cells at both the gene and protein
levels. Next, we observed that the inflammatory response and
secretion of angiogenic factors were inhibited in response to
sorafenib treatment. We further demonstrated that these effects
might be mediated by inhibition of the PI3K/AKT/mTOR/ERK
signaling pathway. Overexpression of BRMSI enhanced the
treatment effect of sorafenib while knockdown of BRMSI
attenuated this effect, potentially representing a novel thera-
peutic strategy for liver cancer. However, more experiments
concerning the phenotype of cells and detailed molecular
changes are helpful for us to explore the possible mechanism,
and clinical trials on a large scale are helpful for us to apply
these findings into the treatment of cancers.
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