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Abstract. Sorafenib, a multi-kinase inhibitor, has shown its 
promising antitumor effect in a series of clinical trials, and has 
been approved as the current standard treatment for advanced 
hepatocellular carcinoma (HCC). 8-Bromo‑7-methoxychrysin 
(BrMC) is a novel chrysin synthetic analogue that has been 
reported to inhibit the growth of various tumor cells and possess 
properties for targeting liver cancer stem cells (LCSCs) . The 
present study investigated the synergistic targeting effects on 
the properties of liver cancer stem-like cells (LCSLCs) by a 
combination of sorafenib and BrMC in SMMC-7721 cell line. 
We also investigated whether this effect involves regulation of 
HIF-1α, Twist and NF-κB protein. We found that the sphere-
forming cells (SFCs) from the SMMC‑7721 cells possessed the 
properties of LCSLCs. Sorafenib diminished the self-renewal 
capacity and downregulated the expression of stem cell 
biomarkers (CD133, CD44 and ALDH1) in a dose-dependent 
manner, while BrMC cooperated with sorafenib to strengthen 
this inhibition. Moreover, the combination of sorafenib and 
BrMC led to a remarkable decrease in the cellular migration 
and invasion, the downregulation of N-cadherin protein and 
upregulation of E-cadherin protein, and increase of cell apop-
tosis in LCSLCs. BrMC has a remarkable antagonistic effect 
on the upregulation of protein expression and DNA binding 
activity of NF-κB (p65) induced by sorafenib. In addition, our 
results indicated that the synergistic inhibition of sorafenib 
and BrMC on the characteristics of LCSLCs involves the 
downregulated expression of HIF-1α and EMT regulator 

Twist1. Collectively, the combination therapy of sorafenib and 
BrMC could be a new and promising therapeutic approach in 
the treatment of HCC.

Introduction

Hepatocellular carcinoma (HCC) is the sixth most common 
malignancy and the second leading cause of cancer-related 
death (1). In China, the incidence of liver cancer accounts for 
50% of the cases worldwide, and mortality caused by liver 
cancer is second only to lung cancer (2). Although there has 
been noticeable progress in the treatment of HCC and surgical 
resection have greatly improved survival in patients at very 
early stage, long-term survival remains unsatisfactory and 
many patients may develop a tumor recurrence, which is the 
primary cause of treatment failure. Current therapeutic strat-
egies have failed to solve the high recurrence rate and high 
mortality of HCC. Therefore, it is urgent to seek new effective 
therapy strategies to combat HCC.

Sorafenib, a multi-kinase inhibitor, has been approved 
for the clinical treatment of advanced HCC and it prolongs 
the overall survival of HCC patients nearly 3 months (3). A 
number of studies have shown that sorafenib blocks tumor 
angiogenesis and proliferation. Mechanistically, sorafenib 
inhibits multiple signaling pathways including Raf-1 (or C-Raf) 
and B-Raf, vascular endothelial growth factor (VEGF) recep-
tors 2 and 3, platelet-derived growth factor (PDGF) receptor, 
c-KIT and FMS-like tyrosine kinase 3 (FLT3) (4). In addition, 
sorafenib may be the only choice of systemic therapy and also 
represent the new first-line treatment standard for advanced 
HCC patients. However, clinical trials seem disappointing as 
a large number of patients with advanced HCC are unrespon-
sive or acquire resistance to sorafenib. Hence, it is necessary 
to evaluate the effect of sorafenib in combination with other 
antitumor agents on HCC.

Cancer stem cells (CSCs), also termed as cancer initiating 
cells, is a subset of cells within tumors that are believed to 
initiate and maintain cancers. There is an increasing interest 
among researchers on the CSCs concept. To date, CSCs 
have been confirmed to exist in many tumors including 
leukemia, breast and brain cancer, glioma, pancreatic and 

Synergistic inhibition of characteristics of liver cancer 
stem-like cells with a combination of sorafenib and 
8-bromo-7-methoxychrysin in SMMC-7721 cell line

HUI ZOU1*,  XIAOZHENG CAO1,2*,  QIAO XIAO1,  XIFENG SHENG1,  KAIQUN REN1,  MEIFANG QUAN1,  
ZHENGWEI SONG1,  DUO LI1,  YU ZHENG1,  WENBIN ZENG2,  JIANGUO CAO1  and  YAOJIN PENG1

1Medical College, Hunan Normal University, Changsha, Hunan 410013; 2School of Pharmaceutical Sciences, 
and Molecular Imaging Research Center, Central South University, Changsha, Hunan 410013, P.R. China

Received March 23, 2016;  Accepted July 21, 2016

DOI: 10.3892/or.2016.4973

Correspondence to: Dr Yaojin Peng, Medical College, Hunan 
Normal University, Changsha, Hunan 410013, P.R. China
E-mail: pengyj@aliyun.com

*Contributed equally

Key words: hepatocellular carcinoma, liver cancer stem-like 
cells, 8-bromo-7-methoxychrysin, sorafenib, synergistic inhibition, 
NF-κB, HIF-1α, Twist1



zou et al:  Synergistic Inhibition of Characteristics of LCSLCs by Sorafenib and brmc1732

liver cancer (5-11). The critical role of CSCs in tumorigenesis, 
tumor metastasis and resistance to anticancer therapy has also 
been demonstrated in HCC (12-14). Hence, targeting CSCs 
may be potential treatments for HCC.

8-Bromo-7-methoxychrysin (BrMC) is a novel chrysin 
analogue, synthesized by our team, inhibiting the growth 
of a variety of tumor cells. BrMC strongly inhibited the 
proliferation of human colon carcinoma cell line (HT-29) 
and human gastric cancer cell line (SGC-7901) (15,16). It 
was also found that BrMC led to HCC cell apoptosis by 
stimulating the ROS production and activation of JNK (17). 
Our previous study demonstrated that BrMC significantly 
inhibited the self‑renewal and tumorigenicity in nude mice 
of CD133-positive sphere-forming cells from hepatoma cell 
line SMMC-7721 in a dose-dependent manner  (18). The 
evidence confirmed that BrMC had treatment effect to HCC 
and had litter impact on human embryonic liver cell line 
L-02 (17).

Nuclear factor-κB (NF-κB) pathway plays an important role 
in many physiological and pathological processes including 
immunity, inflammation, cell proliferation and differentia-
tion (19). The abnormal activation of NF-κB pathway can be 
found in many cancer cells and is also responsible for tumori-
genesis and chemoresistance  (20,21). Furthermore, NF-κB 
can be activated by a number of chemotherapeutic agents 
including sorafenib (22) and apoptosis inducing factor such as 
TNF-related apoptosis inducing ligand. Thus, this may suggest 
that the sorafenib-induced NF-κB activation may partially 
contribute to the resistance to sorafenib.

Our previous study revealed that, BrMC inhibited liver 
cancer stem cells (LCSCs) properties in SMMC-7721 cell lines 
by downregulation of Twist expression (18). The EMT-related 
protein twist1 has been associated with early signs of metas-
tasis following tumor hypoxia and NF-κB activity (23,24). It 
has been reported that chrysin (the lead compound of BrMC) 
effectively can downregulate the tumor hypoxia inducible 
factor-1α (HIF-1α) protein (25). Based on the above evidence, 
we first looked forward with a new idea for the combination 
of sorafenib and BrMC. In the present study, we evaluated the 
inhibition of sorafenib alone and combined with BrMC on the 
characteristics of liver cancer stem-like cells (LCSLCs) and 
their potential mechanism.

Materials and methods

Chemicals. BrMC was synthesized as previously described (15). 
The purity was analyzed as 99.5% by HPLC. Sorafenib was 
purchased from the Jinan Kaien Pharmaceutical Technology 
Co., Ltd. (Jinan, Shandong, China).

Cell culture and reagents. Human HCC SMMC-7721 cells were 
purchased from the Chinese Academy Cell Bank (Shanghai, 
China), and were maintained in Dulbecco's modified Eagle's 
medium (DMEM) supplemented with 10% fetal bovine serum 
(FBS; Thermo Scientific, Waltham, MA, USA), 100 IU/ml 
penicillin G and 100 µg/ml streptomycin (Invitrogen Life 
Technologies, Carlsbad, CA, USA) in a humidified atmosphere 
containing 5% CO2 at 37˚C. Trypsin and dimethyl sulfoxide 
(DMSO) were purchased from Amersco Co. (Solon, OH, 
USA).

Sphere formation and self-renewal assay. Parental cells were 
collected and washed to remove serum, and then suspended in 
serum-free stem cell conditional medium containing DMEM/
F12 (Gibco-Invitrogen, Carlsbad, CA, USA) supplemented 
with 100 IU/ml penicillin G, 100 µg/ml streptomycin, 20 ng/ml 
EGF, 10 ng/ml bFGF (both from Peprotech Inc., Rocky Hill, 
NJ, USA), and 1X B27 (Invitrogen). The cells were next plated 
in ultra-low adherence culture plates (6-wells) at a density of 
5,000 cells/well kept under a humidified incubator containing 
5% CO2 at 37˚C. After 5 days of culture, sphere-forming 
cells (SFCs) were obtained after trypsin-EDTA digestion, 
and visualized in a microscope followed by cell counting. 
For comparing the sphere formation capability of different 
generation, the first generation SFCs were plated at a density of 
1,000 cells/ml in ultra-low adhesion 6-well culture plates, and 
then to obtain the second, third and fourth generation SFCs 
after continuous culture.

To investigate the effects of BrMC and sorafenib on the 
self-renewal of SFCs, single cell suspension of the third 
generation SFCs was plated at a density of 1,000 cells/ml 
in ultra-low adhesion 24-well culture plates. The different 
concentrations of sorafenib (5, 15 and 45 µmol/l) and BrMC 
(5 µmol/l) + different concentrations of sorafenib (5, 15 and 
45 µmol/l) were added to the stem cell conditioned medium 
of SFCs with the control groups treated with 0.1% DMSO and 
BrMC (5 µmol/l), respectively. The number of tumor spheroids 
under the Olympus IX51 inverted fluorescence microscope 
was counted after culturing for 5 days.

Transwell invasion assay in  vitro. To detect the invasive 
ability of SFCs by Transwell chamber system with 8.0-µm 
pore size polycarbonate membrane, and the lower side of the 
filter coated with 10 µl of gelatin and the upper side coated 
with 10 µl of Matrigel.

DMEM medium (1.0 ml) supplemented with 10% FBS 
as a chemical inducer was added to the 24-well cell culture 
plate, and then embedded in the Transwell chamber. A total of 
5,000 parent cells or SFCs were plated in the top chamber of 
the Transwell coated with Matrigel and treated with different 
concentrations of sorafenib (5, 15 and 45 µmol/l) and BrMC 
(5 µmol/l) + different concentrations of sorafenib (5, 15 and 
45 µmol/l) for 24 h. The cells that had not invaded through the 
pores of the insert were eliminated with a sterile cotton swab 
and discarded. Cells invaded to the lower chamber were fixed 
with methanol, stained with crystal violet and counted under 
the optical microscope.

Scratch assay. The SFCs were treated with different 
concentrations of sorafenib (5, 15 and 45 µmol/l) and BrMC 
(5 µmol/l) + different concentrations of sorafenib (5, 15 and 
45 µmol/l) for 24 h. Then, were seeded in 6-well plates at a 
density of 4x105/well in DMEM complete medium supple-
mented with 10% FBS. When the cells grew to 85% confluency, 
a wound was generated by scratching the surface of the plates 
in the central region with a 200 µl pipette tip. Phosphate-
buffered saline (PBS) was used for washing 2 times to remove 
floating cells and debris. Cells were incubated for 48 h, and 
were photographed at 0, 24 and 48 h in the same location of 
the wound, respectively. The number of cells in the scratch 
area was counted.
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Apoptosis analysis by flow cytometry. Cells were stained with 
Annexin V-FITC apoptosis detection kit (BD Biosciences, 
San Jose, CA, USA). According to the manufacturer's instruc-
tions, the cells were incubated with 5 ml of Annexin V and 
5 ml of propidium iodide (PI) for 15 min at room temperature, 
and then the stained cells were analyzed on a FACS flow 
cytometer.

Western blot analysis. Cells were washed with pre-cold PBS, 
and lysed in 1  ml lysis enzyme buffer [50  mM Tris-HCl 
(pH 7.4), 150 mM NaCl, 0.2 mM EDTA, 0.2% NP-40, 10% 
glycerol, 1Mβ-Me, 1 µg/ml Trasylol, 0.5 µg/ml leupeptin, 
0.1 mM 0.1 mM Na3VO4, 0.5 mM 4-NPP, 0.5 mM NaF and 
protease inhibitors]. The cells were scraped and collected 
after incubated for 20 min at 4˚C. Lysates were centrifuged at 
1,2000 rpm for 15 min at 4˚C to prepare whole cell extracts. 
Protein was separated by 10% SDS-PAGE gel after electropho-
resis, and transferred to a polyvinylidene difluoride (PVDF) 
membrane (Millipore, Billerica, MA, USA). The membranes 
were detected by rabbit antibodies against Twist, HIF-1α and 
NF-κB (p65) or mouse antibodies against CD133, CD44, 
ALDH1, N-cadherin, E-cadherin and β-actin, respectively.

NF-κB binding activity assay. The NF-κB activity in the nuclear 
protein (20 µg) of treated or control LCSLCs was measured 
using a DNA-binding ELISA kit (TransAM™ NF-κB p65 
assay; Active Motif, Carlsbad, CA, USA) according to the 
manufacturer's instructions. Absorbance at 405 nm wave-
length (A405) was measured by means of an enzyme-labeling 
instrument (ELX-800 type; Bio-Tek, Shanghai, China).

Statistical analysis. Data are presented as the mean ± SE and 
were analyzed by SPSS 17.0 statistical software. Multiple 
comparison were performed by one-way ANOVA and pair‑wise 
comparison was performed by LSD-t method. P<0.05 were 
considered to indicate a statistically significant result.

Results

Cultivation and amplification of LCSLCs from the SMMC‑7721 
cell line. Human HCC SMMC-7721 cell line cultured in 

normal condition remained as monolayer, with anchorage-
dependent growth  (Fig.  1A, parental cells). Numerous 
studies confirmed that the spheres cultured in serum-free 
culture medium (SFM) are highly enriched for cancer stem 
cells (CSCs). In order to enrich LCSLCs from SMMC‑7721 
cell line, stem cell conditioned medium suspension culture 
method was used. Under these conditions, the cells grew as 
non-adherent, 3-dimensional sphere clusters. After 5 days of 
incubation, the anchorage-independent colonies were found 
that formed in the SMMC-7721 cell line in the case of inocula-
tion of 2,000 cells/well (Fig. 1B).

Self-renewal is one of most important properties of cancer 
stem cells. To test the self-renewal ability, the tumor spheres 
were disperse into single-cell suspension, and then applied to 
multiple continuous subculture at the 1,000/ml of the inocula-
tion density in the stem cell conditioned medium. Fig. 1C and D 
show the size of the tumor spheres and the sphere formation 
rate of different generations, respectively. The result showed 
that the tumor spheres derived from SMMC-7721 possess the 
ability to form spheroids, and the third generation of tumor 
spheroids has the maximum size of tumor spheroids and the 
highest sphere forming rate. These data indicated that the 
tumor spheroids derived from SMMC-7721 has the capacity of 
self-renewal and the third generation was given the strongest 
self-renewal capability. Therefore, the third generation tumor 
spheroids were regarded as the LCSLCs or the SFCs.

Characterization of LCSLCs from the SMMC-7721 cell line. 
To characterize the SFCs, western blot analysis was performed 
to test the protein expression level of these biomarkers. The 
results showed the higher expression level of CSC biomarkers 
(CD133, CD44 and ALDH1) in SFCs compared with the 
parental cells (PCs) (Fig. 2A).

CSCs have higher migratory and invasion capacity, which 
are thought to contribute to the metastasis and growth. The 
migration and invasion capabilities of SFCs and PCs were 
evaluated by scratch method and Transwell chamber invasion 
assay in  vitro, respectively. The results demonstrated that 
SFCs showed stronger migration and invasion capabilities 
than PCs (Fig. 2B and C). CSCs are also deemed to promote 
metastasis through EMT characteristics correlating with the 

Figure 1. Sphere-forming cells (SFCs) from SMMC-7721 cells highly enriched liver cancer stem-like cells (LCSLCs). (A) Human hepatoma carcinoma cell 
line SMMC-7721 (parental cells) was cultured in DMEM medium. (B) The tumor spheroids from the SMMC-7721 in the stem cell culture system. (C) The 
different generations of SFCs. (D) The sphere forming rate of different generations of SFCs. *P<0.05 compared with the first generation; #P<0.05 compared 
with the second and fourth generations.
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mobility of cancer cells. We evaluated the protein expres-
sion of well‑known mesenchymal phenotype cell biomarkers 
(N-cadherin) and epithelial phenotype cell biomarker 
(E-cadherin) by western blot analysis. The results showed that 
the relative protein levels of N-cadherin was highly expressed 
in SFCs, while that of E-cadherin was low (Fig. 2D). In addi-
tion, the spontaneous apoptosis levels of SFCs and PCs were 
detected using Annexin V-FITC/PI. Both the spontaneous 
apoptosis of SFCs and PCs were <0.5%, indicating both of 
them have good cell activity (Fig. 2E). These results indicated 
that the SFCs from SMMC-7721 cells possess LCSLCs prop-
erties.

The combination of BrMC and sorafenib enhances the 
inhibition of self-renewal and expression of biomarkers of 
LCSLCs. Our previous study revealed that BrMC can inhibit 
the characteristic of LCSCs including proliferation, self-
renewal and invasion (17). In the present study, we investigated 
whether BrMC in combination with sorafenib synergistically 
inhibits the characteristic of LCSLCs. As shown in Fig. 3A, 
the treatment with BrMC (15 µmol/l) and sorafenib (5, 15 and 
45 µmol/l) alone inhibited the self-renewal, while the combi-
nation treatment group showed an augmented inhibition of 
self-renewal. We performed western blot analyses to evaluate 
the expression of CD133, CD44 and ALDH1. Combined treat-
ment with BrMC and sorafenib showed a higher reduction 
of the expression level of CD133, CD44 and ALDH1 than 
treatment with both of them alone in the LCSLCs in a dose-
dependent manner (Fig. 3B).

The combination of BrMC and sorafenib enhances the 
inhibition of migration, invasion and the expression of EMT 
biomarkers. Migration and invasion properties are important 
characteristics of CSCs, and they are highly correlated with 
tumor metastasis and growth. The scratch method was used to 
evaluate whether the combination of BrMC and sorafenib have 
a stronger inhibition on the migration of LCSLCs than both of 
them alone. The results showed that the migration was signifi-
cantly suppressed in a dose-dependent manner after treatment 
with sorafenib for 24 and 48 h (Fig. 4A), and this inhibitory 
effect was potentiated by the combination with BrMC.

We next performed a Transwell assay to demonstrate 
whether the sorafenib and the combination groups affects 
invasion of LCSLCs. As shown in Fig. 4B, both sorafenib 
(5, 15 and 45 µmol/l) and BrMC (5 µmol/l) inhibited the inva-
sion of LCSLCs, and the combination group enhanced the 
invasion ability.

Western blot analysis was also performed to check the 
variety of EMT biomarkers (E-cadherin and N-cadherin) 
in LCSLCs treated with sorafenib (5, 15 and 45 µmol/l) and 
combined with BrMC (5 µmol/l). We found that sorafenib 
upregulated the E-cadherin, and the different concentrations 
of sorafenib (5, 15 and 45  µmol/l) combined with BrMC 
(5  µmol/l) displayed a stronger effect on this upregula-
tion (Fig. 4C). While the treatment of sorafenib (5, 15 and 
45 µmol/l) and combination with BrMC (5 µmol/l) led to the 
downregulation of N-cadherin in LCSLCs, and the combina-
tion group also showed a stronger effect (Fig. 4D). Together, 
these data suggested that sorafenib (5, 15 and 45 µmol/l) can 

Figure 2. Identification of LCSLCs in SMMC-7721 cell line. (A) The CD133, CD44 and ALDH1 protein expression levels in SFCs and their PCs. (B) The cell 
migration of SFCs from SMMC-7721 cells compared with PCs. *P<0.05 compared with 0 h; #P<0.05 compared with PCs. (C) The invasion ability of SFCs 
compared with PCs; *P<0.05 compared with PCs. (D) The protein expression levels of N-cadherin and E-cadherin in SFCs compared with PCs. (E) The 
apoptotic rate of PCs and SFCs by flow cytometry.
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Figure 3. Inhibition of self-renewal and downregulation of CSC marker expression by sorafenib (SO) alone and combined with BrMC in SFCs derived from 
SMMC-7721 cells. (A) Sorafenib alone and combined with BrMC (5.0 µmol/l) suppressed the self-renewal of SFCs. *P<0.05 compared with 0.1% DMSO; 
#P<0.05 compared with SO alone. (B) Sorafenib alone and combined with BrMC (5.0 µmol/l) inhibited the expression of cancer stem cell markers CD44, 
CD133 and ALDH1 protein in SFCs.

Figure 4. The effects of sorafenib alone and combined with BrMC on migration, invasion capabilities and EMT phenotype in SFCs derived from SMCC-7721 
cells. (A) The inhibition (24 and 48 h) of migratory abilities by sorafenib (0, 5, 15 and 45 µmol/l) alone and combined with BrMC (5 µmol/l) in SFCs. (B) The 
inhibition of cell invasion abilities by sorafenib (0, 5, 15 and 45 µmol/l) alone and combined with BrMC (5 µmol/l) in SFCs. (C) The effect of sorafenib (0, 5, 
15 and 45 µmol/l) alone and combined with BrMC (5 µmol/l) on the expression of E-cadherin and N-cadherin in SFCs. *P<0.05 compared with 0 h; #P<0.05 
compared with sorafenib alone.
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effectively inhibit EMT in LCSLCs, and BrMC can coop-
erate with sorafenib to enhance the inhibition of EMT in a 
dose‑dependent manner.

Synergistic apoptosis induction in LCSLCs by sorafenib and 
BrMC. To study whether sorafenib and BrMC synergistically 

induce apoptosis of LCSLCs, Annexin V-FITC/PI and flow 
cytometric analysis were used. The results showed that BrMC 
(5 µmol/l) with the different concentrations of sorafenib (5, 15 
and 45 µmol/l) has a synergistic induction to cell apoptosis 
activity of LCSLCs compared with the corresponding 
concentration of sorafenib (5, 15 and 45 µmol/l) group (Fig. 5).

Figure 5. The effects of sorafenib (SO) (0, 5, 15 and 45 µmol/l) alone and combined with BrMC (5 µmol/l) on the apoptosis of SFCs derived from SMCC-7721 
cells. *P<0.05 compared with 0 h; #P<0.05 compared with SO alone.

Figure 6. The expression levels of HIF-1α, Twist1 and NF-κB in SFCs. (A) The expression levels of HIF-1α, Twist1 and NF-κB in SFCs compared with that in 
PCs. (B) The downregulation of HIF-1α by sorafenib (0, 5, 15 and 45 µmol/l) alone and combined with BrMC (5 µmol/l). (C) The downregulation of Twist1 
by sorafenib (0, 5, 15 and 45 µmol/l) alone and combined with BrMC (5 µmol/l). (D) The effects of sorafenib (0, 5, 15 and 45 µmol/l) alone and combined with 
BrMC (5 µmol/l) on the expression levels of NF-κB in SFCs. *P<0.05 compared with 0 h; #P<0.05 compared with sorafenib alone. (E) The effects of sorafenib 
(0, 5, 15 and 45 µmol/l) alone and combined with BrMC (5 µmol/l) on the NF-κB DNA binding activity measured using a ELISA kit. *P<0.05 compared with 
0.1% DMSO; #P<0.05 compared with sorafenib alone.
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Synergistic downregulation of the expression of HIF-1α, Twist1 
and NF-κB in LCSLCs by sorafenib and BrMC. Hypoxia is 
one of the fundamental biological phenomena that plays a key 
role in the development and aggressiveness of a wide variety 
of cancers including HCC (26,27). The homeostatic response 
to hypoxia is predominantly mediated by the transcription 
factor HIF-1α which has been widely accepted to be associ-
ated with tumor invasion, metastasis and treatment resistance. 
Transcription factor Twist1 was proved to be a critical EMT 
molecule.

To evaluate the effect on the protein expression of HIF-1α, 
Twist1 and NF-κB in LCSLCs and PCs, western blot analysis 
were performed. Fig.  6A shows the higher expression of 
HIF-1α in LCSLCs than PCs, and sorafenib downregulated the 
expression of HIF-1α and BrMC collaborated with sorafenib 
to reduce the HIF-1α protein level in LCSLCs. The same func-
tion on the expression of Twist1 was observed (Fig. 6B).

The expression level of NF-κB (p65) in LCSLCs was 
higher than that in PCs as shown in Fig. 6C. Previous study 
reported that sorafenib can strongly induce the activation of 
NF-κB signaling pathway (22), which was also verified in the 
present study. The increased expression level of NF-κB was 
observed in LCSLCs treated with different concentrations 
of sorafenib (5, 15 and 45 µmol/l). Instead, BrMC showed 
strongly antagonistic action on the upregulation of NF-κB 
caused by sorafenib (Fig. 6D). To further examine the effect 
of sorafenib alone and the combination group on the NF-κB 
activation, the NF-κB activity assay was performed by 
use of a DNA-binding ELISA kit. The results showed that 
sorafenib significantly increased the DNA binding activity 
for NF-κB in a dose‑depentent manner, while remarkably 
decreased NF-κB activation was observed in the combina-
tion group (Fig. 6E).

Discussion

Recent findings support the concept that cancer stem cells 
(CSCs) possess the ability to initiate tumor formation, self-
renewal and resist chemotherapeutic drugs, thereby causing 
relapse of the tumor. Targeted therapy of CSCs recom-
mend new strategies and approaches for cancer treatment. 
Accumulating evidence has demonstrated the existence of 
CSCs in hepatocellular carcinoma (HCC) (11,28-30).

Although a number of studies have reported the separation 
of CSCs, the enrichment, isolation and identification of CSCs 
remain priorities for development of novel cancer therapeutic 
strategies. In the present study, we employed suspension culture 
method in ultra-low adherence plates with serum-free stem 
cell conditional medium to obtain SFCs. CD133 and CD44 
have been widely applied to isolate and characterize the CSCs 
in many solid tumors (31,32). ALDH1 was also recommended 
as marker in several types of cancers including HCC (33). The 
combination of multiple markers was used to improve the 
specificity of LCSC markers by many researches. Our findings 
clearly showed that the expression levels of CD133, CD44 and 
ALDH1 in SFCs were significantly higher than that in PCs. It 
was also found that SFCs from the SMCC-7721 cells exhibited 
superactive self-renewal capacity, higher migration and invasion 
capacity and EMT. Based on above-mentioned data, SFCs from 
the SMCC-7721 cells was identified as LCSLCs.

Recently, the unstable efficacy of sorafenib has raised 
concern among researchers, and ‘sorafenib resistance̓ has 
become a hot topic to describe the impaired efficacy of 
sorafenib, particularly for patients with advanced HCC. EMT 
process and microenvironment in HCC were reported respon-
sible for the drug resistance of sorafenib. It is also believed that 
resistance of HCC to sorafenib may be explained by LCSCs. 
In order to improve the impaired efficacy caused by sorafenib 
and resistance in advanced HCC, drugs combination is a prom-
ising direction. In the present study, we found that sorafenib 
suppressed the properties of LCSLCs including self-renewal, 
EMT, cell migration and invasion in vitro, while sorafenib 
combined with BrMC achieve efficient inhibition on these 
properties. Regarding the molecular mechanism, the combina-
tion of sorafenib and BrMC dose-dependently suppressed the 
expression of CD133, CD44 and ALDH1, which was related 
to LCSCs characteristics, and also reduced expression level of 
the EMT-associated key protein twist1.

The hypoxic tumor microenvironment has been shown to 
be associated with cancer progression. Hypoxia can promote 
the stem-like properties (34). HIF-1α is a key hypoxia‑regula-
tory protein involved in the regulation of several genes such as 
erythropoietin (EPO) and VEGF which contribute to restora-
tion of oxygen homeostasis. HIF-1α also plays an important role 
in the acquirement of drug-resistance against chemotherapeutic 
agents and correlates with the reduced rate of the patients 
survival (35-37). In the present study, we found that sorafenib 
in combination with BrMC synergistically inhibited the expres-
sion of HIF-1α protein. Rausch et al (22) reported that the drug 
resistance of sorafenib on CSCs may result from the activation 
of NF-κB signal pathway induced by sorafenib. We also found 
BrMC strongly antagonized the upregulation of NF-κB protein 
and the increase of DNA binding activity of NF-κB caused by 
sorafenib. Moreover, the combination of sorafenib and BrMC 
enhanced the apoptosis induced by sorafenib.

Collectively, we report for the first time the synergistic 
action of sorafenib and BrMC on HCC and its potential 
mechanism. Our results provide evidence that the combination 
of sorafenib and BrMC may be an attractive alternative for the 
treatment of HCC.
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