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Abstract
AIM: To investigate the role of transforming growth 
factor (TGF)-β-inducible early gene 1 (TIEG1) in TGF-
β-induced growth inhibition in hepatocellular carcinoma 
(HCC) cells.

METHODS: Human hepatocyte and HCC cell lines 
with varied susceptibilities to TGF-β1 were tested by 
methylthiazoletetrazolium (MTT) assay. The expression 
changes of Smad2 , Smad3 , Smad4 , Smad7 , TIEG1  
and TIEG2  gene following treatment with TGF-β1 in a 
TGF-β-sensitive hepatocyte cell line (MIHA), a TGF-β-
sensitive hepatoma cell line (Hep3B) and two TGF-β-
insensitive hepatoma cell lines (HepG2 and Bel7404) 
were examined. SiRNA targeting TIEG1 was trans-
fected into Hep3B cells and the sensitivity of cells to 
TGF-β1 was examined. Overexpression of TIEG1 was 
induced by lentiviral-mediated transduction in TGF-β1-
resistant hepatoma cell lines (Bel7404 and HepG2). 
MTT assay and 4’,6-Diamidino-2-phenylindole stain-
ing were used to identify cell viability and apoptosis, 
respectively. The expression level of stathmin was 
measured by reverse transcriptase polymerase chain 
reaction and Western-blotting analysis, and stathmin 
promoter activity by TIEG1 was monitored by a lucifer-
ase reporter gene system.

RESULTS: TIEG1 was significantly upregulated by 
TGF-β1 in the TGF-β1-sensitive HCC cell line, Hep3B, 
but not in the resistant cell lines. The suppression of 
TIEG1 by siRNAs decreased the sensitivity of Hep3B 
cells to TGF-β1, whereas the overexpression of TIEG1 
mediated growth inhibition and apoptosis in TGF-β1-
resistant HCC cell lines, which resembled those of TGF-
β1-sensitive HCC cells treated with TGF-β1. Our data 
further suggested that stathmin was a direct target of 
TIEG1, as stathmin was significantly downregulated by 
TIEG1 overexpression, and stathmin promoter activity 
was inhibited by TIEG1 in a dose-dependent manner.

CONCLUSION: Our data suggest that transactiva-
tion of TIEG1 conferred growth inhibition of TGF-β-
susceptible human HCC cells.
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INTRODUCTION
Hepatocellular carcinoma (HCC) is the fifth most com-
mon cancer and the third most common cause of  cancer 
death worldwide, and there are few effective therapeutic 
options available for those suffering from advanced dis-
ease[1]. HCC poses a major challenge because of  its clini-
cal heterogeneity and lack of  good diagnostic markers 
and treatment strategies[2]. Transforming growth factor-β 
(TGF-β) is a multifunctional cytokine which regulates 
cell proliferation, migration and differentiation[3]. TGF-β 
has been shown to inhibit cell proliferation and to induce 
apoptosis to control excessive growth of  hepatocytes 
and maintain liver size, and is considered a liver tumor 
suppressor[4]. However, many HCC cells are thought to 
have lost their sensitivity to TGF-β, and thus escape the 
antiproliferative effect of  TGF-β[4,5]. The loss of  TGF-β 
activities resulting in hyperproliferative disorders and can-
cer in the liver and derangement of  TGF-β signaling are 
associated with an increased incidence of  HCC[6]. TGF-β 
has shown dual effects on tumors, in that it can either be 
pro- or anti-tumorigenetic, depending on the stage of  tu-
morigenesis and the responsiveness of  the tumor cells[7]. 
Various studies have shown that TGF-β signaling may 
suppress human hepatocarcinogenesis, possibly via cyclin 
D1 deregulation[8], and that TGF-β could serve as a po-
tential senescence inducer in HCC cells and thereby inhib-
it tumor growth in vivo[9]. However, in advanced cancers, 
TGF-β has been found to be a tumor enhancer because it 
can promote tumor progression by facilitating tumor inva-
sion, neoangiogenesis, and immunosuppression[10].

The TGF-β-inducible early gene 1 (TIEG1) can be 
activated at the initial stage of  the TGF-β pathway. Pre-
vious studies have shown that TIEG1 has an important 
role in regulating cell growth[11,12]. This gene is classified 
as a member of  the Krüppel-like family of  transcription 
factors (KLF10), all of  which bind to GC-rich Sp1-like 
binding sites to regulate gene transcription[12]. In addi-

tion, TIEG1 is also regarded as a potent transcriptional 
repressor. The overexpression of  TIEG1 has been found 
to induce apoptosis in pancreatic cancer cells, and this 
indicates that it has a pivotal role in mediating TGF-β-
induced apoptosis[13,14]. In addition, TIEG1 was found 
to induce apoptosis via a mechanism which involves the 
formation of  reactive oxygen species[15]. The transcrip-
tion level of  TIEG1 was found to be predominantly ex-
pressed in various tissues, and the associated levels were 
regulated by cytokines and growth factors[12]. It is well 
known that different HCC cell lines respond differently 
to TGF-β treatment, and that some HCC cell lines are 
sensitive to TGF-β, whereas others are resistant. How-
ever, the molecular mechanism underlying the differential 
responses has never been elucidated. In the present study, 
we investigated the role of  TIEG1 in TGF-β-induced 
growth inhibition in HCC cells. We deduced that trans-
activation of  the TIEG1 conferred growth inhibition of  
TGF-β-susceptible human HCC cells.

MATERIALS AND METHODS
Cell culture
Immortalized human hepatocyte (MIHA), HCC cell lines 
(HepG2, Hep3B, Bel7404, Huh-7, and PLC), and human 
HEK293T cells were cultured in Dulbecco’s modified 
Eagle medium supplemented with 10% fetal bovine se-
rum and 100 U/mL penicillin/streptomycin (Invitrogen, 
Carlsbad, CA, United States). All cultures were main-
tained in a humidified 37 ℃ incubator with 5% CO2. 

TGF-β1 treatments
Prior to treatment with TGF-β1, the cells were seeded, 
allowed to attach for 24 h and then starved in a serum-
free medium for another 24 h. The cells were then treated 
with 5 ng/mL TGF-β1 (R&D System, Minneapolis, MN, 
United States) for the indicated time periods. Cell sur-
vival and changes in nuclei morphology were respectively 
monitored using methylthiazoletetrazolium (MTT) assays 
and 4’,6-Diamidino-2-phenylindole (DAPI) staining[13] 
after 96 h of  treatment.

Reverse transcriptase-polymerase chain reaction
For gene response studies, the total RNA was extracted 
using TRIZOL (Invitrogen), and then cDNA synthesis 
was performed using the Superscript First-Strand Syn-
thesis Kit (Promega, United States)[13]. The mRNA levels 
of  genes were determined by quantitative real-time poly-
merase chain reaction (PCR) or semi-quantitative reverse 
transcriptase (RT)-PCR[13]. The following forward and 
reverse primers were used respectively: TIEG1: 5’-GT-
CACATCTGTAGCCACCCA-3’ and 5’-CCTCCTTTCA-
CAACCTTTCC-3’; TIEG2: 5’-TCTGACTCTGGGGAT-
GTCAC-3’ and 5’-CGGCAATCTGGAGTCTGGA-3’; 
Smad2: 5’-GCCACGGTAGAAATGACAAG-3’ and 
5’-CAGACTGAGCCAGAAGAGCA-3’ ;  Smad3: 
5’-GAACGGGCAGGAGGAGAAAT-3’and 5’-ACAG-
GCGGCAGTAGATGACA-3’; Smad4: 5’-CCATTTC-
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CAATCATCCTGCT-3’ and 5’-ACCTTTGCCTATGTG-
CAACC-3’; Smad7: 5’-CTTAGCCGACTCTGCGAACT-3’ 
and 5’-CCCAGGCTCCAGAAGAAGTT-3’; Stathmin 
(STMN): 5’-TTTTCAATCCCAATTCTGTC-3’ and 
5’-GAAAGTAACAGCTGACCTGG-3’; glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) (loading control): 
5’-CCAGCCGAGCCACATCGCTC-3’ and 5’-AT-
GAGCCCCAGCCTTCTCCAT-3’. Quantitative real-time 
PCR was performed using SYBRs GREEN PCR Master 
Mix (Applied Biosystems, Warrington, United Kingdom) 
and an ABI 7500 Real-time PCR system. The relative 
amount of  mRNA expression was normalized based on 
the expression of  human GAPDH. Each of  the normal-
ized gene expression values was calibrated to the normal-
ized gene expression of  cells with TGF-β1 treatment at 
time zero. The experiments were repeated thrice to build 
a geometric mean. Alternatively, RT-PCR was employed 
for semi-quantitative analysis of  gene expression levels. 
GAPDH acted as the internal control[13].

siRNA transfection
For siRNA transfection, Hep3B cells were transfected 
with 50 pmol control siRNA or TIEG1 siRNA (Santa 
Cruz) using oligofectamime (Invitrogen). A second iden-
tical transfection was carried out 24 h later. Seventy-two 
hours after the first transfection, the total RNA was ex-
tracted and real-time RT-PCR was performed to evaluate 
the downregulatory effects. Moreover, 5 × 103 cells were 
seeded onto 96-well plates and transfected with siRNA 
twice and then treated with 5 ng/mL TGF-β1 for 72 h. 
MTT assay was then performed to determine the changes 
in cell growth. 

Lentiviral transduction
Lentiviral vectors expressing TIEG1 were constructed, 
as previously described[13]. The VSV-G pseudotyped len-
tiviruses were produced by cotransfecting 293T cells with 
the transfer vector and three packaging vectors. The cells 
were transduced with lentivirus, as described[13].

Western blotting
The SDS-PAGE and Western blotting analysis were per-
formed, as previously described[13]. The primary antibodies 
used were polyclonal antibodies against TIEG1 (sc-23159; 
Santa Cruz) and Actin (80-50; Abcam).

Luciferase reporter assays
The promoter of  STMN was constructed into the pGL3-
basic luciferase reporter vector (Promega, Madison, 
WI, United States) using primer: F-Kpn Ⅰ: 5’-CCGG-
TACCTCTAAGGCACGGTCAGACCA-3’, R-Bgl Ⅱ: 
5’-CGCAGATCTCCTGACCACACTCTGAGC-3’. For 
the luciferase assay, 293T cells were co-transfected with 
pGL3-promoter-STMN vector, a renilla plasmid, along 
with different amount of  TIEG1-expressed construct or 
pEGFP-N1 vector. Cell extracts were lysed 48 h post-
transfection and assayed for luciferase activities using the 
Dual-Luciferase Reporter Assay System (Promega).

Statistical analysis
Data are expressed as the mean ± SD error of  the mean. 
Statistical differences between groups were compared us-
ing the Student’s t test. P values less than 0.05 were con-
sidered significant.

RESULTS
Susceptibilities of human hepatocyte and HCC cell lines 
to TGF-β1
The cell proliferation inhibitory effect of  TGF-β1 on vari-
ous cell lines was evaluated by MTT assay (Figure 1A). 
TGF-β1 exerted the highest inhibitory effect on Hep3B (> 
80%), a known TGF-β-sensitive hepatoma cell line, exhib-
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Figure 1  Susceptibilities of various human hepatocyte (MIHA) and hepa-
tocellular carcinoma cells (Hep3B, PLC, Huh7, HepG2, and Bel7404) to 
transforming growth factor-b. A: Cells were treated with 5 ng/mL transform-
ing growth factor (TGF)-b1 for 96 h and cell survival was then determined by 
methylthiazoletetrazolium assays; B: Nuclear morphology of apoptotic TGF-β-
treated Hep3B cells demonstrated by 4’,6-Diamidino-2-phenylindole staining 
and examined by fluorescence microscopy. Scale bar: 50 mm, 400 ×.
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ited a moderate inhibition (approximately 60%) in MIHA 
cells, a TGF-β-sensitive hepatocyte cell line, and an inhi-
bition rate of  approximately 60% was observed in HCC 
PLC cells. In addition, TGF-β1 exerted only marginal in-
hibitory effects on Huh7 cells (approximately 30%). Lastly, 
HepG2 and Bel7404 cells exhibited resistance to growth 
inhibition by TGF-β1 and completely lost their sensitivity 
to TGF-β. Using DAPI staining and subsequent fluores-
cence it was revealed by microscopic examination that the 
growth inhibitory effect of  TGF-β1 on Hep3B cells was 
via the induction of  apoptosis (Figure 1B). 

Differential responses of TIEGs and Smads in various 
TGF-β1-treated cells
Firstly, we employed semi-quantitative PCR analysis to 
determine the basal mRNA level of  eight different genes, 

namely, the TGF-β1 receptor 1, the TGF-β1 receptor 
2, Smad2, Smad3, Smad4, Smad7, TIEG1 and TIEG2, 
which are involved in the TGF-β signaling pathway in all 
the cell lines studied. We found no correlation between the 
expression of  TGF-β-related genes and their sensitivity to 
TGF-β. All interested genes were present in all cell lines at 
slightly varied levels (data not shown). Because there was 
no correlation between the static expression of  the TGF-
β-related genes and the sensitivity of  different HCC cells 
to TGF-β, we next examined the expression changes of  
these genes after they had been treated with TGF-β1 in 
a TGF-β-sensitive hepatocyte cell line (MIHA), a TGF-
β-sensitive hepatoma cell line (Hep3B) and two TGF-β-
insensitive hepatoma cell lines (HepG2 and Bel7404). Fig-
ure 2 shows the relative changes in expression of  various 
genes in response to TGF-β1 over time. The TIEG1 was 
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Figure 2  Differential responses of TIEGs and Smads in various TGF-β1-treated cells. Cells were treated with 5 ng/mL TGF-β1 for up to 4 h. At indicated time in-
tervals, the mRNA levels of TIEG1, TIEG2, Smad2, Smad3, Smad4, and Smad7 were determined by quantitative real-time RT-PCRs. Data were presented as mRNA 
levels relative to that of time 0 from three independent experiments.
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sharply upregulated as early as 30 min after TGF-β1 treat-
ment in MIHA and Hep3B cells, which were sensitive to 
TGF-β. One hour after treatment, TIEG1 was upregulat-
ed seven-fold in MIHA and more than ten-fold in Hep3B 
cells, respectively. However, there was a slight increase in 
TGF-β-insensitive cells (HepG2 and Bel7404). TIEG1 
mRNA levels were more potently induced by TGF-β1 in 
TGF-β1-sensitive cell lines (Hep3B and MIHA) than in 
TGF-β1-insensitive cell lines (HepG2 and Bel7404). 

We also observed that the Smad3 gene was upregulated 
in TGF-β-sensitive cells after TGF-β1 treatment for 4 h, 
and that there was no significant change in insensitive 
hepatoma cells. However, the upregulation of  TIEG1 ex-
pression appeared earlier than upregulation of  the Smad3 
gene in TGF-β-sensitive cells. In the case of  another 
gene, namely Smad7, the expression was sharply upregu-
lated after treatment in TGF-β-sensitive cells and weakly 
upregulated in insensitive hepatoma cells. There was no 
significant change in TIEG2, Smad2 and Smad4 gene ex-
pression after TGF-β1 treatment. Smad7 is thought to be 
a TGF-β-inducible antagonist of  TGF-β signaling[16], and 
there are autoregulatory negative-feedback signals in the 
signal transduction of  the TGF-β superfamily[17]. These 
data imply that the TIEG1 gene might play a critical role 
in TGF-β-mediated growth inhibition of  HCC cells.

siRNA targeting TIEG1 decreased TGF-β susceptibility 
of Hep3B cells
To study the role of  TIEG1 in TGF-β induced growth 
inhibition in HCC cells, we used siRNA to target TIEG1 in 
the TGF-β-sensitive hepatoma cell line Hep3B. The siRNA 
targeting significantly decreased the mRNA expression of  
TIEG1 with or without TGF-β1 treatment (Figure 3A), 
and consequently increased the survival rate of  the cells 
after treatment with TGF-β1 for 72 h (Figure 3B). 

Overexpression of TIEG1 by lentiviral-mediated 
transduction inhibited cell growth and induced 
apoptosis in TGF-β1-resistant hepatoma cells
As seen in Figure 4, the overexpression of  TIEG1 was 

successfully induced by lentiviral-mediated transduction 
in the TGF-β1-resistant hepatoma cell lines (Bel7404 and 
HepG2) both at transcription (Figure 4A) and translation-
al levels (Figure 4B). MTT assay revealed a very significant 
inhibitory effect on growth of  the two cell lines after the 
induction of  TIEG1 by the lentivirus (Figure 4C). DAPI 
staining demonstrated a significantly higher amount of  
apoptotic cells in the two HCC cell lines after the overex-
pression of  TIEG1 (Figure 4D). 

Transcriptional regulation of TIEG1 on STMN by binding 
on STMN promoter 
In the present study, the correlation between TIEG1 and 
STMN was also evaluated. Overexpression of  TIEG1 was 
found to decrease STMN expression at both the transcrip-
tion and translational levels (Figure 5A and B). STMN 
promoter activity was reduced in a dose-dependent man-
ner with the induction of  TIEG1 gene (Figure 5C).

DISCUSSION
The present study determined the molecular mechanism 
underlying the differential susceptibilities of  HCC cells to 
TGF-β treatment. In this study, one TGF-β-sensitive he-
patocyte cell line (MIHA) and five TGF-β-various-sensitive 
hepatoma cell lines were investigated. In general, treatment 
with TGF-β1 significantly inhibited the growth of  the two 
TGF-β-sensitive cell lines (Hep3B and MIHA). However, 
HepG2 and Bel7404 cells did not respond to TGF-β1. 
Taken together, treatment with TGF-β1 caused varied lev-
els of  inhibition in different cell lines. Some HCC cell lines 
were sensitive to TGF-β, whereas others were resistant. 
Recently, studies on the relationship between HCC and the 
TGF-β signaling pathway have been extensive. One recent 
study has reported a negative relationship between interleu-
kin-6, a major stem cell signaling pathway, and the TGF-β 
signaling pathway in human HCC[18]. TGF-β signaling 
and Smad adaptor embryonic liver fodrin could suppress 
HCC via cyclin D1 deregulation[8]. Another study showed 
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that human HCC cells could be protected by interleukin-4 
from TGF-β-induced apoptosis, which indicated another 
therapeutic option by the targeting of  interleukin-4[19]. Lost 
sensitivity to TGF-β has been postulated to be an early 
event in HCC development[18,20]. 

In the present study, the role of  TIEG1 in TGF-β-
induced growth inhibition was analyzed in established 
TGF-β-sensitive and -insensitive cell systems. Our studies 
revealed that TIEG1 mRNA was dramatically upregu-
lated by TGF-β1 in TGF-β1-sensitive cell lines but not 
in resistant cell lines. However, expression of  the endog-
enous TIEG1 protein was not detected in all cell lines 
(namely, Hep3B, MIHA, Bel7404, and HepG2) before 
and after the TGF-β1 treatment. One of  the reasons for 
this could be that the amounts of  endogenous TIEG1 
protein in the cells were too low to be detected. We found 
that the induction of  TIEG1 was transient and occurred 
before the phenomenon of  cell growth inhibition. The 
time course for the induction of  TIEG1 expression was 
similar to that found in human osteoblast cells[21] and 

pancreatic epithelial cells[22] following TGF-β1 treat-
ment. Although TIEG1 induction was transient following 
TGF-β1 treatment, it might participate in the TGF-β1 
signaling processes or amplify the TGF-β1 signaling 
events that inhibited cell growth. 

The suppression of  TIEG1 by siRNAs decreased the 
sensitivity of  Hep3B cells to TGF-β1, whereas the over-
expression of  TIEG1 mediated growth inhibition and 
apoptosis in TGF-β1-resistant HCC cell lines (HepG2 
and Bel7404), which resembled those of  TGF-β1-
sensitive HCC cells treated with TGF-β1. This indicated 
the pivotal role of  TIEG1 in TGF-β1-induced growth 
inhibition in HCC. In a previous study, the overexpres-
sion of  TIEG1 was shown to inhibit cell proliferation 
and growth in TGF-β-sensitive Hep3B cells[15] and in 
pancreatic carcinoma cell lines[13,22]. Also, TIEG1 plays 
a role in TGF-β-induced inhibition of  cell proliferation 
and apoptosis in human osteoblast cells[12]. Nevertheless, 
our data indicated that TIEG1 overexpression alone was 
capable of  inducing sufficient inhibition or apoptosis in 
HCC tumor cells, despite the cells’ sensitivity to TGF-β. 
We also found that TIEG1 was identified as a transcrip-
tional repressor of  STMN, as the mRNA expression and 
the promoter activity of  STMN were significantly reduced 
in the presence of  overexpressed TIEG1. Bioinformatics 
analysis revealed several Sp1-binding sites in the promoter 
region of  STMN. TIEG1 regulates STMN transcription 
by binding to the STMN promoter. These findings indi-
cate the pivotal role of  STMN in promoting tumor cell 
survival which has also been reported elsewhere[23-25]. Vari-
ous strategies have been suggested to target the expression 
of  STMN for treating tumors, including prostate, cervi-
cal[26] and breast cancer[27]. In pancreatic carcinoma cells, 
we have revealed that overexpression of  TIEG1 could 
induce cell growth inhibition and promote gemcitabine 
chemosensitivity through downregulation of  STMN[13]. In 
this study, the data again suggest a pivotal role for STMN 
(i.e., downregulation) in diminishing HCC proliferation, or 
in facilitating tumor cell apoptosis.

Taken together, these results demonstrate that TIEG1 
is involved in TGF-β1-mediated growth inhibition. Trans-
activation of  TIEG1 conferred growth inhibition of  
TGF-β-susceptible human HCC cells. However, it should 
be noted that this study was based on in vitro investigations 
and in vivo models should be explored.

COMMENTS
Background
Transforming growth factor-β (TGF-β) has been shown to inhibit cell prolifera-
tion and to induce apoptosis to control excessive growth of hepatocytes and 
maintain liver size, and is considered a liver tumor suppressor. However, many 
hepatocellular carcinoma (HCC) cells are thought to have lost their sensitivity 
to TGF-β, and thus escape the antiproliferative effect of TGF-β. Lost sensitivity 
to TGF-β has been postulated to be an early event in HCC development. The 
reasons why some HCC cells are sensitive yet others are resistant to TGF-β 
mediated growth inhibition are still poorly understood.
Research frontiers
The TGF-β-inducible early gene 1 (TIEG1) can be activated at the initial stage 
of the TGF-β pathway. Recent reports have highlighted the importance of 
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Figure 5  Transcriptional regulation of STMN (stathmin) by transform-
ing growth factor-β-inducible early gene 1. A and B:  Decreases in mRNA 
and protein levels of STMN in Bel7404 and HepG2 cells transfected by lenti-
transforming growth factor-β-inducible early gene 1 (TIEG1), revealed by re-
verse transcriptase-polymerase chain reaction and Western blotting analyzes; C: 
Dose-dependent suppression of STMN promoter activity by TIEG1 monitored 
by a luciferase reporter gene system. Control: pEGFP-N1.
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TIEG1 in the TGF-β signaling pathway and in regulating cell growth. In the 
present study, the authors demonstrated the role of the TIEG1 gene in TGF-β-
induced growth inhibition in HCC cells.
Innovations and breakthroughs
This study indicated the TIEG1 was significantly upregulated by TGF-β1 in the 
TGF-β1-sensitive HCC cell line, Hep3B, but not in the resistant cell lines. The 
suppression of TIEG1 by siRNAs decreased the sensitivity of Hep3B cells to 
TGF-β1, whereas the overexpression of TIEG1 mediated growth inhibition and 
apoptosis in TGF-β1-resistant HCC cell lines, which resembled those of TGF-β1-
sensitive HCC cells treated with TGF-β1. The studies suggest that transactivation 
of TIEG1 conferred growth inhibition of TGF-β-susceptible human HCC cells.
Applications
By understanding the molecular mechanism underlying the differential suscep-
tibility of HCC cells to TGF-β, this study may provide new molecular targets for 
therapeutic intervention in HCC.
Peer review
This paper deals with the transactivation of the TIEG1 in growth inhibition of 
TGF-β-susceptible HCC cells. The authors aimed to investigate the role of 
TIEG1 in TGF-β-induced growth inhibition in HCC. They found that transactiva-
tion of the TIEG1 conferred growth inhibition of the TGF-β-susceptible human 
HCC cells. The results are interesting and the design of this study is appropriate.
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