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Sorafenib has been globally approved as the standard treatment for patients with advanced hepatocellular carci-
noma (HCC). However, the response rate of HCC patients to sorafenib is limited because of tumor recurrence 
and metastasis. Therefore, seeking combined therapeutic strategies with sorafenib is necessary to improve 
the antitumor efficiency. Here we demonstrated that expression of MMP-2 is positively correlated with the 
migration ability of HCC cells. Cells with a higher MMP-2 expression (SK-HEP-1 cells) were less sensitive 
to sorafenib than those with lower MMP-2 expression (HepG2 cells). Cotreatment of cells with SB-3CT and 
sorafenib more strongly inhibited migration ability than with sorafenib treatment alone in both HCC cells with 
high and low expression of MMP-2. In vivo cell metastasis experiments confirmed the synergistic effects of 
sorafenib and SB-3CT in reducing lung metastasis of SK-HEP-1 cells. Mechanistically, we showed that the 
synergistic antitumor effect may be attributed to inhibition of the PI3K/AKT/mTOR signaling pathway, but not 
the RAF/MEK/ERK signaling pathway. With these results taken together, the current study demonstrates that 
inhibiting MMP-2 expression can enhance the antitumor effect of sorafenib in HCC cells with a high MMP-2 
expression, which may provide a novel strategy to improve therapeutic efficiency in HCC.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is the fifth most com-
mon cancer and the third main cause of cancer-related 
deaths worldwide1. Although curative therapies such as 
liver transplantation, surgical resection, and local ablation 
have improved the outcome of early stage HCC, its overall 
prognosis remains unsatisfactory because most patients are 
diagnosed at an advanced stage. Therefore, more effective 
treatments for advanced HCC must be developed.

Targeted therapy has provided a novel therapeutic 
alternative for advanced HCC2,3. Sorafenib is a multi-
kinase inhibitor whose targets include vascular endothe-
lial growth factor receptor, RAF kinase, platelet-derived 
growth factor receptor, and c-Kit4. Several large random-
ized phase III studies have demonstrated the survival ben-
efits of sorafenib in patients with unresectable HCC5,6. 
Currently, sorafenib has been globally approved as the  

standard treatment for patients with advanced HCC. 
Despite improvement in the overall survival of advanced 
HCC patients, the median survival benefit when using 
sorafenib is less than 3 months; furthermore, some patients 
exhibited tumor progression during sorafenib therapy7,8. 
Therefore, novel combined therapeutic strategies are 
required to enhance the antitumor efficiency of sorafenib.

Tumor metastasis is one of the main factors that limit 
the efficacy of sorafenib in HCC patients9. Intravasation 
and extravasation of HCC cells through basement mem-
branes are essential steps in the metastatic cascade10. 
Matrix metalloproteinase-2 (MMP-2), also known as 
gelatinase and type IV collagenase, is an important regu-
lator of cellular activities. It degrades extracellular matrix 
components and breaks down basement membrane tis-
sue boundaries, thus facilitating cell migration11,12. High 
levels of MMP-2 have been correlated with enhanced 
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metastasis and poor prognosis in HCC patients13,14. SB- 
3CT, a covalent mechanism-based MMP inhibitor that 
has high selectivity for MMP-2/9, holds the promise of 
effective intervention in the metastasis of various tumors, 
including breast cancer, prostate cancer, and lympho-
ma15–17. However, the effectiveness of MMP-2 inhibition 
by SB-3CT in suppressing HCC cell invasion and the 
underlying mechanisms remains to be clarified.

The current study was conducted to demonstrate the 
effects of inhibiting MMP-2 expression on HCC cell 
activity and to clarify whether inhibiting MMP-2 expres-
sion could enhance the antitumor efficacy of sorafenib. 
We found that inhibiting MMP-2 using SB-3CT com-
bined with sorafenib might be a more effective therapy 
for advanced HCC. This synergistic antitumor effect may 
be attributed to inhibition of the phosphatidylinositol 
3-kinase (PI3K)/AKT/mTOR pathway, which is impor-
tant for regulating HCC metastasis.

MATERIALS AND METHODS

Cell Lines and Cultures

Six HCC cell lines (Huh-7, Hep-3B, HepG2, PLC/
PRF/5, SK-HEP-1, and SMMC-7721) and a normal 
hepatic cell line (LO2) were cultured in Dulbecco’s 
modified Eagle’s medium (DMEM; Gibco BRL, Grand 
Island, NY, USA) supplemented with 10% fetal bovine 
serum (FBS; Sijiqing, Zhejiang, P.R. China), 100 U/ml 
penicillin, and 100 U/ml streptomycin. Huh-7, Hep-3B, 
and PLC/PRF/5 cell lines were purchased from the Cell 
Bank of the Chinese Academy of Sciences (Shanghai, 
P.R. China). The other cell lines were obtained from the 
American Type Culture Collection (Manassas, VA, USA). 
All cells were maintained at 37°C in an atmosphere con-
taining 5% CO2.

Reagents and Antibodies

Sorafenib (Nexavar®) and SB-3CT (MMP-2 inhibi-
tor) were purchased from Selleck Chemicals (Houston, 
TX, USA). LY294002 (PI3K inhibitor), MK-2206 (AKT 
inhibitor), rapamycin (mTOR inhibitor), RG7204 (RAF 
inhibitor), U0126 (MEK inhibitor), and PD98059 (ERK 
inhibitor) were obtained from Selleck Chemicals. For in 
vitro experiments, these reagents were dissolved in dimethyl 
sulfoxide (DMSO) for long-term storage and then diluted to 
the working concentration with DMEM. The final DMSO 
concentration was less than 0.1%. For in vivo experiments, 
SB-3CT was dissolved in 10% DMSO, and sorafenib was 
dissolved in a mixture of Cremophor EL/ethanol/ddH2O 
(1:1:6). Primary antibodies for p/t-PI3K, p/t-AKT, p/t-
mTOR, p/t-RAF, p/t-MEK, and p/t-ERK1/2 were pur-
chased from Cell Signaling Technology (Danvers, MA, 
USA). Anti-MMP-2 antibody was purchased from Abcam 
(Cambridge, UK). The antibody against glyceraldehyde 

3-phosphate dehydrogenase (GAPDH) and horseradish 
peroxidase (HRP)-labeled anti-rabbit secondary antibodies 
were obtained from CWBIO (Beijing, P.R. China).

Cell Viability

Cell viability was measured using 3-(4, 5-dimethyl-
thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-
fophenyl)-2H-tetrazolium (MTS; Promega, Madison, WI, 
USA) in accordance with the manufacturer’s instructions. 
HepG2 and SK-HEP-1 cells were seeded into 96- well 
plates at a density of 2 ́  103 cells/well and treated with 
serum-free medium containing various concentrations of 
sorafenib for 48 h. Next the wells were washed twice with 
phosphate-buffered saline (PBS), and 100 µl of DMEM 
containing 20 µl of MTS reagent was added into each 
well. The absorbance was measured at 490 nm, after 2 h 
of incubation at 37°C, using an automated enzyme-linked 
immunosorbent assay (ELISA) plate reader. The absor-
bance value obtained with cell lines without sorafenib 
treatment (control) was normalized as 100%.

Quantitative Reverse Transcription Polymerase 
Chain Reaction (qRT-PCR)

Total RNA was isolated from cells using TRIzol reagent  
(Takara, Kusatsu, Japan). Reverse transcription was per-
formed using a PrimeScript RT reagent kit (Takara) 
according to the manufacturer’s instructions. Quantitative 
real-time PCR to evaluate MMP-2 expression in different  
cell lines was performed using the following prim-
ers: MMP-2, 5¢-GATACCCCTTTGACGGTAAGGA-3¢  
(forward) and 5¢-CCTTCTCCCAAGGTCCATAGC-3¢ 
(reverse); GAPDH, 5¢-GCACCGTCAAGGCTGAGAAC- 
3¢ (forward) and 5¢-TGGTGAAGACGCCAGTGGA-3¢ 
(reverse). Relative gene expression levels were calcu-
lated using the comparative Ct (DDCt) method, where 
the relative expression was calculated as 2−DDCt, with Ct  
representing the threshold cycle.

Western Blot

Total protein was extracted from cells lysed with 
radioimmunoprecipitation lysis buffer (CWBIO) contain-
ing a protease inhibitor cocktail (Boehringer Mannheim, 
Lewes, UK) for 30 min at 4°C. After centrifugation at 
14,000 ́  g for 20 min, protein concentration of the super-
natant was measured using bicinchoninic acid assay 
(Beyotime, Shanghai, P.R. China) and equalized before 
loading. A total of 30 µg of protein was separated by 
sodium dodecyl sulfate-polyacrylamide gel electropho-
resis (SDS-PAGE) and electrotransferred onto polyvi-
nylidene fluoride membranes (Millipore, Billerica, MA, 
USA). After blocking in Tris-buffered saline/Tween 20 
(TBST) containing 5% nonfat dry milk for 1 h, mem-
branes were washed with TBST three times. Immunoblot 
analysis was carried out using the appropriate antibodies. 
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Finally, the bands were visualized using an enhanced 
chemiluminescence detection kit (Millipore).

Gelatin Zymography

SK-HEP-1 cells were treated with 0, 2, 4, and 8 µmol/L 
of SB-3CT for 48 h, and the supernatant was collected 
and centrifuged. Thirty micrograms of protein was then 
added to 8% SDS-PAGE for electrophoresis, and the gel 
was washed twice (30 min each) in 200 ml of 2.5% Triton 
X-100 and incubated in a 50-mM Tris-HCl containing 
5 mM CaCl2, 0.2 M NaCl, and 0.02% Brij-35 for 18 h at 
37°C. The gel was then stained with Commassie brilliant 
blue R for 1 h and destained in 30% methanol/10% acetic 
acid four times for 5, 15, 30, and 60 min. Quantification 
of bands was analyzed with ImageJ 1.48 software.

Invasion Assays

HepG2 or SK-HEP-1 cells were seeded into the upper 
compartment of a Transwell chamber (Corning Inc., 
Corning, NY, USA) at a density of 4 ́  104 cells/well. The 
cells were cultured in 200 µl of serum-free DMEM con-
taining sorafenib, SB-3CT, or a combination of the two 
drugs. The lower compartment was filled with 600 µl of 
DMEM containing 20% FBS. After 24 h of incubation 
at 37°C in 5% CO2, cells in the upper compartment were 
removed. Migrated cells in the lower compartment were 
fixed in 4% formalin, stained with crystal violet, and 
counted. For the wound healing assay, cells were seeded 
onto six-well plates and incubated in DMEM containing 
10% FBS until they reached confluence. Scratches were 
introduced to the cell monolayer using a plastic pipette 
tip. After washing with PBS, serum-free medium (to 
inhibit cell proliferation) containing different drugs was 
added. The scratched area was photographed using a light 
microscope every 24 h for 2 days.

In Vivo Metastasic Analysis

Female nude mice 4–5 weeks old were purchased 
from the Sun Yat-Sen University Laboratory Animal Cen-
ter (Guangzhou, P.R. China). Animal experiments were  
approved by the Animal Research Committee of Sun Yat- 
Sen University, and all procedures were performed accord-
ing to the NIH Guide for Care and Use of Labo ratory Ani-
mals. To evaluate the antimetastatic activities of SB-3CT 
plus sorafenib in vivo, SK-HEP-1 cells (1 ́  106/0.2 ml)  
were injected into the tail vein of mice to simulate tumor 
metastasis. The mice were randomized into four groups 
(n = 8/group) and were treated with (a) vehicle, (b) sora-
fenib (30 mg/kg/day, PO), (c) SB-3CT (50 mg/kg/day, 
IP)15,17, or (d) SB-3CT plus sorafenib for 8 weeks. The 
mice were then sacrificed, and the lungs were excised and 
sampled for tissue sectioning. To quantify the metasta-
ses, 100 sequential sections of the lungs were prepared 
for each mouse, and every 10th section was stained with 

hematoxylin and eosin (H&E)3. The total number of foci 
in all 10 sections, as observed using a microscope, repre-
sented the degree of pulmonary metastasis.

Statistical Analysis

Data were expressed as the mean ± standard deviation 
(SD). Comparisons of the mean values were performed 
with SPSS 20.0 software using a two-tailed Student’s 
t-test or one-way analysis of variance (ANOVA) with 
Bonferroni’s corrections for multiple comparisons. Statis-
tical significance was concluded with values of p < 0.05 
and p < 0.01.

RESULTS

Expression of MMP-2 Correlated With the Malignancy 
of HCC Cell Lines

mRNA and protein expression levels of MMP-2 were 
determined in six HCC cell lines and a normal hepatic 
cell line using qRT-PCR and Western blot. The MMP-2 
mRNA and protein levels were lowest in HepG2 cells 
and highest in SK-HEP-1 cells (Fig. 1A and B). Thus, 
we chose SK-HEP-1 and HepG2 cells for the subsequent 
experiments. The effect of sorafenib on the viability 
of HepG2 and SK-HEP-1 cells is shown in Figure 1E. 
SK-HEP-1 cells (IC50 = 11.73 µM), which expressed higher 
levels of MMP-2, were more resistant to sorafenib than 
HepG2 cells (IC50 = 5.51 µM). We then examined the 
migration ability with a wound healing assay in both cells. 
Consistent with the results of cell viability, SK-HEP-1 
cells exhibited a higher motility than HepG2 cells. The 
migration area of SK-HEP-1 cells was about 1.7-fold 
greater than that of HepG2 cells after 48 h. Similar results 
were noted in the Transwell assay, where the number of 
migrated SK-HEP-1 cells was about 5.1-fold greater than 
that of HepG2 cells (Fig. 1C and D). Therefore, these 
results showed that the migration ability and sorafenib 
resistance of HCC cells were positively correlated with 
their MMP-2 expression level.

Sorafenib Downregulated the Expression of MMP-2 
and Reduced the Motility of HepG2 Cells, But  
Had a Limited Effect on SK-HEP-1 Cells

To evaluate the effect of sorafenib on HCC cell migra-
tion, a wound healing assay was carried out with HepG2 
and SK-HEP-1 cells. The cells were scratched and cul-
tured in serum-free media for 48 h. Our results showed 
that sorafenib at 3, 6, and 12 µmol/L decreased the migra-
tion area of HepG2 cells to 58.26 ± 3.38%, 47.97 ± 3.03%, 
and 41.07 ± 1.82%, respectively, compared to that of the 
untreated HepG2 cells (Fig. 2A). However, for SK-HEP-1 
cells, 3 and 6 µmol/L sorafenib only reduced the migration 
area to 89.73 ± 3.26% and 75.74 ± 2.51%, respectively, of 
that of control cells; even a high sorafenib concentration 
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(12 µmol/L) could only decrease the migration area to 
52.45 ± 1.60% (Fig. 2B). Western blot analysis demon-
strated that sorafenib decreased MMP-2 expression in a 
dose-dependent manner in HepG2 cells but had a limited 
effect in SK-HEP-1 cells. Sorafenib at a low concentra-
tion (3 µmol/L) effectively suppressed MMP-2 expres-
sion in HepG2 cells. However, MMP-2 expression was 

not markedly affected even at a high dose (12 µmol/L) of 
sorafenib in SK-HEP-1 cells (Fig. 2C).

SB-3CT Synergized With Sorafenib to Inhibit  
MMP-2-Mediated Migration of HCC Cells

Considering that MMP-2 expression is positively cor-
related with the migration ability of cells and sorafenib 

Figure 1. Hepatocellular carcinoma (HCC) cells with a higher matrix metalloproteinase-2 (MMP-2) expression level exhibited greater 
viability and migration ability. (A, B) Expression levels of MMP-2 were determined by quantitative reverse transcription polymerase chain 
reaction (qRT-PCR) or Western blot analysis in human HCC cell lines and a normal LO2 hepatic cell line. (C, D) Cell motility was measured 
by wound healing and Transwell migration assays. (E) Dose-dependent effects of sorafenib on the viability of HepG2 and SK-HEP-1 cells. 
Data are expressed as a percentage of control cells and represent the mean ± standard deviation (SD) of three separate experiments, each 
performed in triplicate. The IC50 value was calculated by nonlinear regression analysis. Scale bars: 100 µm. **p<0.01.
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treatment was ineffective against HCC cells with MMP-2 
high expression (SK-HEP-1 cells), we explored whether 
combining an MMP-2 inhibitor with sorafenib might 
result in a cooperative effect in suppressing SK-HEP-1 
cell migration. First, we treated SK-HEP-1 cells with 2, 4, 
and 8 µmol/L of SB-3CT for 48 h. A gelatin zymography 
assay demonstrated that SB-3CT treatment attenuated both 
the pro-MMP-2 expression and the level of active MMP-2 

in a dose-dependent manner, but we did not observe any 
variation in the levels of the preform of MMP-9 (Fig. 3B). 
Western blot results showed that SB-3CT reduced the 
MMP-2 expression to 64.70 ± 4.72%, 47.60 ± 3.89%, and 
19.82 ± 3.30%, respectively (Fig. 3A). We then treated 
SK-HEP-1 cells with 6 µmol/L sorafenib alone, 4 µmol/L 
SB-3CT alone18, and a combination of both agents. Western 
blot analysis revealed that sorafenib suppressed MMP-2  

Figure 2. Effect of sorafenib on the motility and MMP-2 expression of HepG2 and SK-HEP-1 cells. (A, B) Wound healing assay to 
analyze the migration of HepG2 and SK-HEP-1 cells after treatment with different concentrations of sorafenib (0, 3, 6, and 12 µmol/L). 
(C) Cells were exposed to 0, 3, 6, and 12 µmol/L sorafenib for 48 h, protein expression of MMP-2 was examined by Western blot. Data 
represent the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01 compared with the control group.
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production to 64.41 ± 2.69%, compared with that in untrea-
ted SK-HEP-1 cells, while SB-3CT (4 µmol/L) attenuated 
MMP-2 expression to 47.75 ± 3.14%, which was superior to  
the effect of 6 µmol/L of sorafenib. In addition, combined 
SB-3CT and sorafenib therapy markedly decreased MMP-2 
expression to 22.39 ± 2.19%, relative to the control values 

(Fig. 3C). A wound healing assay showed that sorafenib 
and SB-3CT alone moderately inhibited cell migration 
(68.32 ± 4.31% and 86.87 ± 6.35%). However, when the two 
drugs were combined, the resulting decrease in cell migra-
tion (40.33 ± 2.83%) was greater than that observed with 
either drug alone (Fig. 3D). Similarly, the Transwell assay 

Figure 3. SB-3CT and sorafenib synergistically inhibited HCC cell migration and MMP-2 expression. (A) SK-HEP-1 cells were 
exposed to 0, 2, 4, and 8 µmol/L SB-3CT for 48 h, and protein expression of MMP-2 was examined by Western blot. (B) Gelatin 
zymography assay was conducted to examine the effects of SB-3CT on the preform and active form of MMP-2/9 in SK-HEP-1 cells. 
(C) Sorafenib and SB-3CT synergistically inhibited MMP-2 expression of SK-HEP-1 cells. (D, E) Effect of sorafenib, SB-3CT, and 
combined sorafenib with SB-3CT therapy in wound healing and Transwell assays using SK-HEP-1 cells. Data represent the mean ± SD 
of three independent experiments. Scale bars: 100 µm. *p < 0.05, **p < 0.01.
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showed that sorafenib reduced the num ber of migrated  
cells to 69.68 ± 2.15%, and SB-3CT decreased that num-
ber to 78.12 ± 2.38%, while cotreatment with both drugs  
exhibited a reduction to 39.10 ± 2.43% (Fig. 3E). Inter-
estingly, we found that, for suppressing MMP-2, SB-3CT 
(4 µmol/L) was superior to sorafenib (6 µmol/L), but  
the ability exhibited by the wound healing and Transwell 
assays was just the opposite.

Cotreatment of SB-3CT and Sorafenib Therapy 
Markedly Enhanced Suppression of the PI3K/AKT/mTOR  
Signaling Pathway, But Not the RAF/MEK/ERK 
Signaling Pathway

PI3K/AKT/mTOR is highly activated in HCC and plays 
an important role in cell migration and invasion. Since 
sorafenib is a RAF/MEK inhibitor, we treated SK-HEP-1 
cells with 6 µmol/L sorafenib, 4 µmol/L SB-3CT, and 
their combination, and determined the expression level 
of the PI3K/AKT/mTOR and RAF/MEK/ERK pathways. 
Cells were also treated with their inhibitors as positive 
controls. Sorafenib obviously inhibited the expression of 
p-RAF, p-MEK, and p-ERK without obvious changes in 
the total RAF, MEK, and ERK expression, but it had a 
limited effect in suppressing the expression of p-PI3K, 
p-AKT, and p-mTOR. Our results further suggested that 
SB-3CT inhibited the expression of p-PI3K, p-AKT, and 
p-mTOR to a greater degree than the expression of p-RAF, 
p-MEK, and p-ERK. The combination of sorafenib and 
SB-3CT produced a stronger inhibitive effect in reduc-
ing the expression of p-PI3K, p-AKT, and p-mTOR 
than either drug alone. However, for the expression of 
p-RAF, p-MEK, and p-ERK, combined therapy did not 
show a stronger inhibition than sorafenib treatment alone. 
Thus, our findings showed that SB-3CT combined with 
sorafenib effectively suppressed the PI3K/AKT/mTOR 
signaling pathway, but not the RAF/MEK/ERK signaling 
pathway (Fig. 4).

Effect of SB-3CT Combined With Sorafenib  
on In Vivo Antimetastatic Activity

To examine the therapeutic efficacy of SB-3CT plus 
sorafenib against metastasis in vivo, we established a 
lung metastasis model in nude mice. After 2 months of 
treatment, the average number of foci per mouse in the 
sorafenib and SB-3CT monotherapy groups was reduced 
to 54.64% and 69.07%, respectively, compared with that 
in the control group. On the other hand, cotreatment with 
sorafenib/SB-3CT significantly decreased lung metasta-
sis nodules to 25.77% compared to that of the untreated 
group (Fig. 5).

DISCUSSION

Although sorafenib has been proven effective in the 
treatment of advanced HCC, the response rate of HCC 

patients to sorafenib is limited. This prompted the search  
for agents that can be combined with sorafenib to improve 
the treatment outcome. Previous studies have suggested 
that vitamin K, metformin, and diosmetin may enhance 
the efficacy of sorafenib against HCC19–21. However, as 
there exists significant tumor heterogenicity in HCC22, 
sensitivity to sorafenib varies in different HCC tissues and 
cells23. Because only a few studies have investigated the 
effect of combining sorafenib with other agents against 
HCC cell lines, the current study compared the synergis-
tic antitumor effect of MMP-2 inhibition and sorafenib 
therapy in HCC cells with different MMP-2 expres-
sion levels. We demonstrated that inhibition of MMP-2 
expression combined with sorafenib therapy might be a 
more effective therapeutic strategy for advanced HCC 
characterized by high MMP-2 expression.

MMP-2 plays a critical role in cell migration during 
cancer invasion by degrading extracellular matrix pro-
teins. It is commonly upregulated in several types of can-
cer, including HCC24–27, and its inhibition was reported to 
suppress the invasion and metastasis of HCC both in vitro 
and in vivo21,28. We first examined the mRNA and protein 
expression of MMP-2 in six different HCC cell lines. Our 
results revealed that HCC cells with a higher expression of 
MMP-2 exhibited higher viability and migration ability. 
This is consistent with previous reports showing that HCC 
patients with a high level of MMP-2 are more susceptible 
to metastasis27. The effect of sorafenib on MMP-2 expres-
sion has also been reported previously. Ha et al.29 showed 
that sorafenib reduced hepatocyte growth factor-induced 
MMP-2 activity in HCC. Furthermore, Wei et al.30 reported 
that sorafenib (2–6 µmol/L) dose dependently decreased the 
expression of MMP-2 in HepG2 and Huh-7 cells. However, 
few studies have focused on the differential antitumor effect 
of sorafenib in HCC cells with different MMP-2 expression 
levels. Our results showed that 6 µmol/L sorafenib signifi-
cantly reduced MMP-2 expression in HepG2 cells with a 
low expression of MMP-2, but was only slightly affected 
in SK-HEP-1 cells with a high MMP-2 expression. Even 
a high concentration of sorafenib (12 µmol/L) could only 
decrease the MMP-2 expression to 55.10% in SK-HE-1 
cells. Simi larly, 6 µmol/L sorafenib treatment more effec-
tively reduced the migration of HepG2 cells compared with 
that of SK-HEP-1 cells. Furthermore, the cell migration rate 
was suppressed to only 52.45% in SK-HEP-1 cells treated 
with 12 µmol/L of sorafenib. These findings suggested that 
HCC cells with a high expression of MMP-2 are less sensi-
tive to sorafenib treatment and prompted us to investigate 
the effect of inhibiting MMP-2 expression on the efficacy 
of sorafenib against HCC cells with high levels of MMP-2.

Gelatin zymography and Western blot assays revealed 
that treatment with SB-3CT, a competitive, mechanism-
based inhibitor specific for MMP-2 and MMP-917, led to 
a significant decrease in both the MMP-2 expression and 
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the level of active MMP-2 in SK-HEP-1 cells. This was 
consistent with previous findings that SB-3CT decreased 
the expression of MMP-2 and MMP-9 in vascular 
smooth muscle cells23. Other studies also indicated that 
SB-3CT significantly suppressed MMP-9 expression in 
ischemic brain tissues31,32. However, our results showed 
that SB-3CT had no obvious effect on the production 
of pro-MMP-9. This might be because active MMP-9 
expresses at a low level in SK-HEP-1 cells (Fig. 3B). 
Moreover, although the inhibitory effect of SB-3CT on 

MMP-2 expression was superior to that of sorafenib, the 
inhibition of cell migration with sorafenib was stron-
ger than that of SB-3CT in SK-HEP-1 cells with a high 
expression level of MMP-2. This observation suggests 
that sorafenib suppresses HCC cell migration mainly by 
inhibiting multikinases but not MMP-2. More impor-
tantly, our results showed that combined treatment with 
SB-3CT and sorafenib exerted a more significant anti-
migration action than either sorafenib or SB-3CT alone. 
The in vivo metastasis experiments further suggested 

Figure 4. Sorafenib and SB-3CT combined therapy suppressed the PI3K/AKT/mTOR pathway but not the RAF/MEK/ERK pathway 
in SK-HEP-1 cells. (A–F) SK-HEP-1 cells were cultured in six-well plates and treated with 6 µmol/L sorafenib, 4 µmol/L SB-3CT, and 
a combination of sorafenib and SB-3CT for 48 h. Cells were incubated with PI3K inhibitor LY294002, AKT inhibitor MK-2206, mTOR 
inhibitor rapamycin, RAF inhibitor RG7204, MEK inhibitor U0126, and ERK inhibitor PD98059 as positive control. Protein expression 
was determined by Western blot. Gray value analysis was performed for every band, and data were normalized to that of glyceraldehyde 
3-phosphate dehydrogenase (GAPDH). The values represent mean ± SD of three independent experiments. *p < 0.05, **p < 0.01.
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that inhibition of MMP-2 expression by SB-3CT mark-
edly enhanced the efficacy of sorafenib in reducing lung 
metastasis of SK-HEP-1 cells, compared with sorafenib 
treatment alone.

As a potent inhibitor of RAF kinase, sorafenib could 
markedly block the MAPK pathway33. However, cotreat-
ment with sorafenib and SB-3CT showed no advantages 
in blocking the MAPK pathway. The results demon-
strated that SB-3CT inhibited the expression and activ-
ity of MMP-2 and thus enhanced the antitumor effects 
of sorafenib via an MAPK-independent mechanism. The 
PI3K/AKT/mTOR signaling pathway plays an impor-
tant role in the signal transduction activities associated 
with cell proliferation, apoptosis, and metastasis in mul-
tiple human malignancies34,35. In HCC tissues and cells, 
previous studies have demonstrated that inhibiting the 
PI3K/AKT/mTOR signaling pathway promoted antitumor 
effects34,36. The current study showed that sorafenib barely 
had an effect on the PI3K/AKT/mTOR pathway, while 
SB-3CT reduced the phosphorylation of PI3K, AKT, and 
mTOR in HCC cells. The combined treatment was even 
more effective in reducing the phosphorylation level of 
PI3K, AKT, and mTOR than their inhibitors. At the same 
time, previous studies demonstrated that downregulat-
ing MMP-2 expression by siRNA markedly suppressed 
the PI3K/AKT signaling pathway in A549 lung cancer 
cells and endothelial cells via aVb3 integrin37,38. Thus, 
our results suggest the possible mechanism that SB-3CT 
inhibited MMP-2 expression and thus suppressed the 
PI3K/AKT/mTOR pathway and enhanced the antitumor 
effect of sorafenib. However, further studies are needed 
to clarify the exact molecular mechanism of such regula-
tion in the inhibition of HCC metastasis.

Given all these results, the current study shows that, 
compared with HCC cells with a low expression of MMP-2, 
HCC cells with a high expression of MMP-2 are less sen-
sitive to sorafenib. Inhibiting MMP-2 expression using 
SB-3CT enhanced the antitumor effect of sorafenib in HCC 
cells with both high and low expressions of MMP-2. This 
synergistic antitumor effect may be attributed to inhibition 
of the PI3K/AKT/mTOR signaling pathway. As the sensi-
tivity to sorafenib varies in different HCC patients because 
of tumor heterogenicity, our study therefore provides a 
novel alternative strategy for individual therapy of HCC 
based on MMP-2 expression level.
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