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Transforming growth factor-b (TGF-b) and ERK signaling have been implicated in various human cancers 
including hepatocellular carcinoma, but the underlying mechanism remains largely unclear. In this study, we 
aimed to explore the role of ERK1/2 in the regulation of TGF-b’s promoting and suppressive activities in HCC 
cells. Our data showed that treatment with TGF-b1 enhanced invasion and epithelial–mesenchymal transition 
(EMT) in HCC HepG2 cells, accompanied with increased MMP9 production and activation of Smad2/3 and 
ERK1/2, but inhibited tumor cell proliferation. These effects were eliminated by treatment with SB431542, a 
TGF-b inhibitor. Afterward, treatment with the MEK1/2 inhibitor U0126 reduced the TGF-b1-induced inva-
sion and vimentin and MMP9 secretion in HepG2 cells, without affecting the inhibitory effects of TGF-b1 on 
HepG2 cell proliferation. Moreover, inhibition of Smad2/3 expression attenuated TGF-b1-induced cell inva-
sion, ERK1/2 phosphorylation, and MMP9 production in HepG2 cells. However, knockdown of Slug only 
reduced cell invasion but did not affect ERK1/2 activation and MMP9 secretion in HepG2 cells. These data 
indicate that TGF-b1 activates ERK1/2 in HepG2 cells through the Smad2/3 pathway but not the Slug path-
way. In summary, our study demonstrates that inhibition of ERK1/2 signaling attenuates the promoting effects 
of TGF-b1 on the metastatic phenotypes of HCC cells without affecting its suppressive effects on HCC cell 
proliferation. Therefore, we suggest that ERK1/2 may be used as a molecular target for the treatment of TGF-b- 
responsive HCC.
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INTRODUCTION

Hepatocellular carcinoma (HCC) is one of the most 
common malignant cancers with a rapidly increased 
incidence, causing a large number of deaths worldwide1,2. 
Although great efforts have been made toward surgical 
resection, radiotherapy, and chemotherapy, the prognosis 
for patients with advanced HCC remains poor2. Revealing 
the molecular mechanism underlying the development and 
progression of HCC may be of benefit for developing 
novel therapeutic strategies for HCC.

Transforming growth factor-b1 (TGF-b1), a secreted 
ligand of the TGF-b superfamily of proteins, can bind vari-
ous TGF-b receptors and lead to recruitment and activation 
of SMAD family transcription factors that regulate gene 
expression3,4. In addition, TGF-b1 can regulate the expres-
sion and activation of other growth factors, such as inter-
feron-g (IFN-g) and tumor necrosis factor-a (TNF-a)3,5.  
Through regulating the expression of various genes, TGF-b1 

participates in diverse cellular biological processes, such as 
embryogenesis, cell proliferation, differentiation, inflam-
mation, and so forth4,6. It has been demonstrated that the 
expression of TGF-b1 is increased during liver injury, 
and TGF-b1 plays a promoting role in liver fibrosis7. At 
the early stage of tumor development, TGF-b1 acts as a 
tumor suppressor through inhibition of cell proliferation 
and induction of cell apoptosis8,9. During the malignant 
progression of cancer, however, TGF-b1 plays a tumor-
promoting role in tumor invasion and metastasis by induc-
ing epithelial–mesenchymal transition (EMT)8. Moreover, 
TGF-b1 generally functions through Smad2/3 signaling, 
but several other signaling molecules, including ERK1/2, 
also play key roles, which is associated with the tumor-
promoting activity of TGF-b110–12.

In fact, the TGF-b1 signaling pathway plays a dual role 
in liver cancer, and it acts as a tumor promoter or suppres-
sor depending on the cellular context13,14. Several studies  
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demonstrate that TGF-b1 is significantly upregulated in 
HCC tissues compared with paracarcinoma tissues, and 
a high expression of TGF-b1 is associated with advanced 
clinical stage as well as poor survival time in HCC 
patients15,16. TGF-b1 was also found to promote HCC cell 
migration, invasion, and EMT17. Moreover, the expres-
sion of ERK was found to be significantly upregulated in 
HCC tissues compared with paracarcinoma tissues, and 
the activity of ERK in paracarcinoma tissues was higher 
than that in normal liver tissues18. A recent study demon-
strated that blocking of the TGF-b1/ERK2 pathway could 
inhibit EMT and hepatic carcinogenesis19. However, the 
underlying mechanism remains to be fully uncovered.

Therefore, the present study aimed to explore the 
exact role of ERK signaling in the regulation of TGF-
b’s tumor-promoting or suppressive activities in HCC, as 
well as the underlying mechanism.

MATERIALS AND METHODS

Cell Culture

An HCC HepG2 cell line was obtained from the Cell 
Bank of Xiangya Medical School (Central South Uni-
versity, Changsha, P.R. China) and cultured in DMEM 
(Thermo Fisher, Carlsbad, CA, USA) with 10% fetal bovine 
serum (FBS; Thermo Fisher) in a humidified incubator 
(Thermo Fisher) containing 5% CO2 at 37°C.

Cell Treatment

HepG2 cells (10,000 cells/well) in DMEM with 10% 
FBS were seeded into a 96-well plate and treated with 
5 ng/ml TGF-b1 (R&D Systems, Minneapolis, MN, 
USA), 10 mM SB431542 (Cayman, Ann Arbor, MI, USA), 
1 mM MEK1/2 inhibitor U0126 (Tocris, Bristol, UK), or 
a combination of TGF-b1 and SB431542 or U0126. In 
the control group, HepG2 cells were treated with vehicle 
(4 µM HCl, 0.001% BSA, and 0.025% DMSO).

Cell Transfection

For cell transfection, Lipofectamine 2000 (Thermo 
Fisher) was used according to the manufacturer’s instruc-
tions. In brief, MMP9 siRNA, Smad2/3 siRNA, Slug 
siRNA, or nonspecific siRNA (NC siRNA) was transfected 
into HepG2 cells. After 48 h of transfection, the protein 
expression analysis was performed using Western blot.

MTT Assay

An MTT assay was used to examine cell proliferation. 
HepG2 cells in each group were added to 0.5 g/L MTT 
(Sigma-Aldrich, St. Louis, MO, USA) and incubated at 
37°C for 0, 24, 48, and 72 h. The medium was then removed, 
and 50 ml of DMSO was added. After incubation at 37°C 
for 10 min, the optical density was measured using the 
UV-3600 spectrophotometer (Shimadzu, Kyoto, Japan).

Wound-Healing Assay

HepG2 cells in DMEM with 0.1% FBS were seeded 
into a 24-well plate and treated with TGF-b1 with or with-
out SB431542 for 24 h. In the control group, HepG2 cells 
were treated with vehicle (4 µM HCl, 0.001% BSA, and 
0.025% DMSO) for 24 h. Wounds were then created 
using a plastic scriber (about 1-mm width), and cells were 
washed with DPBS and then added to DMEM with 0.1% 
FBS containing TGF-b1 with or without SB431542. After 
incubation at 37°C for 48 h, cells were photographed under 
an inverted microscope (IX71; Olympus, Tokyo, Japan).

Transwell Assay

Transwell assay was used to examine cell invasion using 
Transwell chambers (BD Biosciences, San Jose, CA, USA) 
precoated with Matrigel (BD). HepG2 cell suspension 
(5 ́  105 cells/ml) in each group was prepared in DMEM, 
300 ml of which was added into the upper chamber. DMEM 
(500 ml) with 10% FBS was added into the lower chamber. 
After incubation in 37°C for 24 h, a cotton-tipped swab 
was used to wipe out those HepG2 cells that did not go 
through the pores. The filter was then fixed in 90% alcohol 
and stained with crystal violet (Sigma-Aldrich). Cells that 
went through the pores were counted and photographed 
under an inverted microscope (IX71; Olympus).

Real-Time qPCR

Total RNA was extracted from HepG2 cells using TRIzol 
reagent (Thermo Fisher), which was then converted into 
cDNA using a reverse transcription kit (Thermo Fisher) 
according to the manufacturer’s instructions. For detec-
tion of mRNA expression, real time (RT)-PCR was con-
ducted using standard SYBR Green RT-PCR Kit (Takara, 
Dalian, P.R. China) on an ABI 7300 Plus Thermocycler 
(Thermo Fisher) according to the manufacturer’s instruc-
tions. The reaction condition was 95°C for 3 min, followed 
by 40 cycles of 95°C for 30 s, and 60°C for 30 s. GAPDH 
was used as an internal reference. The expression analysis 
was conducted using the 2−DDCt method.

Western Blot

HepG2 cells in each group were lysed in RIPA  
buffer. The lysates were centrifuged at 12,000 ́  g for  
30 min at 4°C. The protein concentration was then deter-
mined using the BCA Protein Assay Kit (Beyotime 
Biotechnology, Shanghai, P.R. China) according to the 
manufacturer’s instructions. The protein (50 mg) was sep-
arated in 12% SDS-PAGE gel and then transferred onto 
a polyvinylidene fluoride (PVDF) membrane (Thermo 
Fisher). The PVDF membrane was blocked in 5% non-
fat milk (Yili, Beijing, P.R. China) at room tempera-
ture for 3 h, and then incubated with rabbit anti-human  
phospho (p)-Smad2, total (t)-Smad2, p-ERK1/2, t-ERK1/2, 
E-cadherin, N-cadherin, vimentin, Slug, MMP9, and 
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GAPDH, followed by goat anti-rabbit secondary antibody 
(all from Abcam, Cambridge, MA, USA). The immuno-
blots on the membrane were visualized using Enhanced 
Chemiluminescence Kit (Thermo Fisher) and recorded by 
G:Box Chemi XL system (Syngene, Cambridge, UK).

Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA was conducted to examine the production of 
inflammatory cytokines in dorsal horns of rats in each 
group. Human MMP9 ELISA Kit Yearthbio Company 
Limited (www.yearthbio.com) was used to measure the 
secretion levels of MMP9 according to the manufac-
turer’s instructions. The optical density at 450 nm was 
detected using the UV-3600 spectrophotometer.

Statistical Analysis

Data are presented as mean ± standard error of the 
mean (SEM) of three independent experiments. Statistical 
analysis was conducted using SPSS 19.0. Comparisons of 
two groups were performed using Student’s t-test and of 
more than two groups by one-way ANOVA. The value  
of p < 0.05 was considered as statistically significant.

RESULTS

TGF-b1 Promotes Invasion While Inhibiting 
Proliferation of HCC Cells

It has been demonstrated that TGF-b1 participates in 
tumor invasion and metastasis. In this study, HCC HepG2 
cells were treated with TGF-b1 for 24 h. Treatment with 
TGF-b1 significantly promoted HepG2 cell invasion when 
compared to the control group (Fig. 1A). To further 

confirm these findings, the TGF-b inhibitor SB431542 
was added. We found that treatment with SB431542 
abolished the promoting effects of TGF-b1 on HepG2 
cell invasion (Fig. 1A). We then studied the effects of 
TGF-b1 on HepG2 cell proliferation. Our data indicated 
that treatment with TGF-b1 significantly reduced HepG2 
cell proliferation compared to the control group, which 
was also abolished by SB431542 treatment (Fig. 1B).

TGF-b1 Induces EMT and Upregulates MMP9  
in HCC Cells

It has been demonstrated that EMT is important for 
tumor invasion and metastasis. Therefore, we further stud-
ied the EMT in HepG2 cells treated with TGF-b1 or 
TGF-b1 and SB431542, respectively. Several key factors 
associated with EMT, including E-cadherin, N-cadherin, 
and vimentin, were evaluated using RT-PCR and Western 
blot. The mRNA and protein levels of E-cadherin were 
significantly reduced, whereas N-cadherin and vimentin 
were significantly upregulated in HepG2 cells treated with 
TGF-b1 (Fig. 2). These effects of TGF-b1 were abolished 
by SB431542 treatment (Fig. 2). These data confirm that 
TGF-b1 could induce EMT in HepG2 cells.

In addition, MMP9 is important for tumor invasion 
and metastasis, and thus we examined its protein expres-
sion and secretion in HepG2 cells in each group using 
Western blot and ELISA. Our data showed that treatment 
with TGF-b1 not only promoted the protein expression of 
MMP9 but also increased its secretion (Fig. 3A and B). 
Similarly, these effects of TGF-b1 were abolished by 
SB431542 treatment (Fig. 3A and B). To further study 

Figure 1. Transforming growth factor-b1 (TGF-b1) promotes invasion while inhibiting the proliferation of hepatocellular carcinoma 
(HCC) cells. HepG2 cells were treated with TGF-b1 with or without SB431542 for 24 h. (A) Transwell assay and (B) MTT assay were 
conducted to examine cell invasion and proliferation, respectively. Nontreated cells were used as the control group. **p < 0.01.
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the role of MMP9 in TGF-b1-induced HepG2 cell inva-
sion, we used MMP9 siRNA to knock down its expres-
sion. NC siRNA was used as a negative control. The 
invasion of HepG2 cells was significantly reduced in 
the TGF-b1 + MMP9 siRNA group compared with the 
TGF-b1 + NC siRNA group (Fig. 3C). To further confirm 
these findings, Western blot was conducted to examine the 
MMP9 protein expression, and the result showed that the 
protein and secretion levels of MMP9 were significantly 
lower in the TGF-b1 + MMP9 siRNA group, compared 
with the TGF-b1 + NC siRNA group (Fig. 3D and E).

ERK1/2 Is Involved in TGF-b1-Induced  
HepG2 Cell Invasion

Smad signaling has been demonstrated to be involved 
in EMT. Our data showed that the p-Smad2 levels were 
indeed increased in HepG2 cells treated with TGF-b1, 
which was also inhibited by SB431542 (Fig. 4A). More-
over, ERK1/2 is a downstream effector of Smad signaling. 

Therefore, we studied the activity of ERK signaling in 
HepG2 cells in each group. The p-ERK1/2 levels were also 
increased in HepG2 cells treated with TGF-b1, but these 
effects were abolished by SB431542 treatment (Fig. 4B).

We then investigated whether the MEK/ERK pathway 
was involved in TGF-b1-induced EMT and invasion of 
HepG2 cells. The MEK1/2 inhibitor U0126 was used. 
Our data showed that treatment with U0126 suppressed 
TGF-b1-induced HepG2 cell invasion, accompanied with 
downregulation of EMT and MMP9 (Fig. 4C–E). These 
findings suggest that TGF-b1 promotes HepG2 cell inva-
sion by inducing EMT and MMP9 production, at least 
partly, through activation of ERK1/2 signaling.

ERK1/2 Is Not Involved in the TGF-b1-Induced 
Inhibition of HCC Cell Proliferation

Next, we studied whether ERK1/2 is involved in the 
suppressive effects of TGF-b1 on HCC cell prolifera-
tion by conducting an MTT assay. Our data showed that 

Figure 2. TGF-b1 induces epithelial–mesenchymal transition (EMT) in HCC cells. HepG2 cells were treated with TGF-b1 with or 
without SB431542 for 24 h. (A–C) Real-time (RT)-PCR and (D, E) Western blot were used to examine the mRNA and protein levels 
of E-cadherin, N-cadherin, and vimentin, respectively. GAPDH was used as an internal reference. Nontreated cells were used as the 
control group. **p < 0.01.
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Figure 3. TGF-b1 upregulates MMP9 in HCC cells. HepG2 cells were treated with TGF-b1 with or without SB431542 for 24 h. 
Nontreated cells were used as the control group. (A) Western blot and (B) enzyme-linked immunosorbent assay (ELISA) were used 
to examine the protein expression and secretion levels of MMP9, respectively. Afterward, MMP9 siRNA or nonspecific siRNA (NC 
siRNA) were transfected into HepG2 cells, which were then treated with TGF-b1 for 24 h. (C) Transwell assay was conducted to 
examine the cell invasion. (D) Western blot and (E) ELISA were used to examine the protein expression and secretion levels of MMP9, 
respectively. **p < 0.01.
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treatment with TGF-b1 significantly reduced HepG2 cell 
proliferation when compared to the control group. How-
ever, treatment with U0126 did not affect the suppressive 
effects of TGF-b1 on HepG2 cell proliferation (Fig. 5). 
These findings suggest that TGF-b1 could inhibit HCC 
cell proliferation in an ERK1/2-independent manner. There-
fore, inhibition of ERK1/2 signaling could repress the pro-
moting effects of TGF-b1 on HCC cell invasion without 
affecting its antiproliferation activity.

TGF-b1 Activates ERK1/2 in HepG2 Cells Through 
the Smad2/3 Pathway but not the Slug Pathway

As Smad and Slug are two key regulators downstream 
of TGF-b1, we then studied whether they participated in 
TGF-b1-induced cell invasion and ERK1/2 activation in 
HepG2 cells. Smad2/3- and Slug-specific siRNAs were 

used to knock down their expression in HepG2 cells. Our 
data showed that inhibition of Smad2/3 expression atten-
uated TGF-b1-induced cell invasion, ERK1/2 phosphor-
ylation, and MMP9 expression and production in HepG2 
cells (Fig. 6). However, knockdown of Slug only reduced 
cell invasion and did not affect ERK1/2 activation and 
MMP9 secretion in HepG2 cells (Fig. 7). These data indicate 
that TGF-b1 activates ERK1/2 in HepG2 cells through 
the Smad2/3 pathway but not the Slug pathway.

DISCUSSION

The effect of ERK signaling on the tumor-promoting 
or -suppressive activities of TGF-b1 in HCC, as well as 
the underlying mechanism, remains unclear. As TGF-b1 
inhibits cell proliferation and induces cell apoptosis in 
the early stage of carcinogenesis while acting as a tumor 

Figure 4. ERK1/2 is involved in TGF-b1-induced HepG2 cell invasion. HepG2 cells were treated with TGF-b1 with or without SB431542 
for 24 h. Western blot was then used to examine the protein levels of (A) phospho (p)-Smad2 and total (t)-Smad2, as well as (B) p-ERK1/2 
and t-ERK1/2, respectively. GAPDH was used as an internal reference. HepG2 cells were then treated with TGF-b1 with or without U0126 
for 24 h. (C) Transwell assay was conducted to examine cell invasion. Western blot was used to examine the protein levels of (D) EMT-related 
genes and (E) MMP9. GAPDH was used as an internal reference. Nontreated cells were used as the control group. **p < 0.01.
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Figure 5. ERK1/2 is not involved in TGF-b1-induced inhibition of HCC cell proliferation. HepG2 cells were treated with TGF-b1 
with or without U0126 for 24 h. An MTT assay was used to examine cell proliferation. **p < 0.01.

Figure 6. TGF-b1 activates ERK1/2 in HepG2 cells through the Smad2/3 pathway. Smad2/3 siRNA or NC siRNA was transfected 
into HepG2 cells, which were then treated with TGF-b1 for 24 h. (A) Western blot was used to examine the protein levels of Smad2/3. 
GAPDH was used as an internal reference. (B) Transwell assay was conducted to examine the cell invasion. (C) Western blot was used 
to examine the protein levels of p-ERK1/2 and t-ERK1/2, respectively. GAPDH was used as an internal reference. (D) Western blot 
and (E) ELISA were used to examine the protein expression and secretion levels of MMP9, respectively. **p < 0.01.
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promoter through enhancing tumor invasion and metas-
tasis in later stages8,9, revealing the molecular mecha-
nism underlying the contradicting activities of TGF-b 
may help inhibit the malignant phenotype of TGF-b1-
responsive cancer while keeping the desirable activity of 
TGF-b. In this study, we showed that TGF-b1 promoted 
invasion and EMT in HepG2 cells, accompanied with 
increased MMP9 production and activation of Smad2/3 
and ERK1/2, but inhibited tumor cell proliferation. Next, 
treatment with the MEK1/2 inhibitor U0126 reduced TGF-
b1-induced invasion, EMT, and MMP9 production in 
HepG2 cells without affecting the inhibitory effects of 
TGF-b1 on tumor cell proliferation. In addition, inhibition  

of Smad2/3 expression attenuated TGF-b1-induced cell 
invasion, ERK1/2 phosphorylation, and MMP9 produc-
tion in HepG2 cells, while knockdown of Slug only reduced 
cell invasion but did not affect ERK1/2 activation and 
MMP9 secretion in HepG2 cells, indicating that TGF-b1 
activates ERK1/2 in HepG2 cells through the Smad2/3 
pathway but not the Slug pathway.

ERK, an important member of the MAPK super fam-
ily, plays a key role in the Ras/Raf/MEK/ERK signaling 
pathway and participates in the regulation of many cel-
lular biological processes, such as cell proliferation, apo-
ptosis, and motility20–23. ERK1/2, two subtypes of highly 
conservative serine/threonine kinase, could be activated 

Figure 7. TGF-b1 activates ERK1/2 in HepG2 cells not through the Slug pathway. Slug siRNA or NC siRNA was transfected into 
HepG2 cells, which were then treated with TGF-b1 for 24 h. (A) Western blot was used to examine the protein levels of Slug. GAPDH 
was used as an internal reference. (B) Transwell assay was conducted to examine cell invasion. (C) Western blot was used to examine 
the protein levels of p-ERK1/2 and t-ERK1/2, respectively. GAPDH was used as an internal reference. (D) Western blot and (E) ELISA 
were used to examine the protein expression and secretion levels of MMP9, respectively. **p < 0.01.
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by MEK1/2, which will further cause the phosphorylation 
of many downstream proteins23. For instance, ERK1/2 
can phosphorylate several important transcription factors 
including c-Jun, c-Myc, ribosomal S6 kinase, and NF-kB, 
and thus initiate their transcription regulation function21. 
Previous studies have demonstrated that the activation of 
ERK1/2 plays a role in TGF-b-induced cell invasion and 
EMT24,25. For instance, Xie et al. reported that inhibition of 
ERK1/2 signaling suppressed the EMT induced by TGF-b 
in NSCLC cells25. Moreover, both TGF-b and ERK1/2 
have been implicated in the regulation of the malignant 
phenotypes of HCC cells26. However, the link between 
TGF-b and ERK1/2 in HCC as well as the detailed regula-
tory mechanism remain largely unclear. Here we found 
that TGF-b1 showed antiproliferative activity in HepG2 
cells but could promote HepG2 cell invasion, probably 
through inducing EMT and MMP9 production, which is 
at least partly attributed to the activation of ERK1/2. More 
importantly, inhibition of ERK signaling only inhibited 
the TGF-b1-induced HCC cell invasion but did not affect 
the suppressive effects of TGF-b1 on HCC cell prolifera-
tion, indicating that ERK signaling only contributes to the 
tumor-promoting activity (invasion) of TGF-b1, rather 
than its antiproliferative activity in HCC. In addition, we 
suggest that TGF-b inhibits HCC cell proliferation through 
an ERK-independent pathway, such as through promoting 
the expression of cyclin-dependent inhibitors27.

Moreover, previous studies have shown that the ERK 
mediator AP-1 can interact with Smad, which forms an 
EMT-promoting Smad complex (EPSC) and thus mediates 
the expression of EMT-related genes28. Therefore, ERK 
and Smad signaling can function through independent and 
cross-talk mechanisms. In this study, we showed that treat-
ment with TGF-b1 activated both ERK and Smad2/3 signal-
ing and thus suggested that the ERK and Smad pathways 
might cooperatively induce EMT, which further promotes 
HCC cell invasion. Moreover, for the first time, molecular 
mechanism investigation revealed that TGF-b1 activated 
ERK1/2 signaling through the Smad2/3 pathway, but not 
the Slug pathway, in HCC cells, which further expands the 
understanding of the molecular mechanism underlying the 
activation of ERK1/2 by TGF-b1 in human cancers.

In conclusion, the present study demonstrates that TGF- 
b1 promotes HepG2 cell migration and invasion depend-
ing on the activation of ERK1/2 signaling, while showing 
TGF-b1’s suppressive effects on cell proliferation in an 
ERK-independent manner. Blocking of ERK1/2 signal-
ing effectively impairs the promoting effects of TGF-b1 
on HCC cell migration and invasion without affecting its 
antiproliferating function. These findings suggest that 
ERK1/2 signaling may become a potential therapeutic 
target for TGF-b1-responsive HCC.
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