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v uF-B1-induced cell growth arrest and partial differentiation
is related to the suppression of Id1 in human hepatoma cells
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Abstract. Transforming growth factor beta 1 (TGF-81) is a
proposed regulator of Ids (inhibitors of DNA binding/differ-
entiation) gene expression in epithelial cells. We previously
reported that Id proteins are variously expressed in human
hepatocellular carcinomas (HCC). However, the mechanism of
regulation of Ids in HCC remains obscure. Here, we examined
the relationship between Idl and TGF-B1 in four HCC cell
lines, and studied the changes in cell proliferation, cell cycle
and differentiation. The four HCC cell lines expressed Id1,
TGF-1 and their receptors at various levels. TGF-81 strongly
inhibited the growth of HuH7 cells, while the growth inhibition
was moderate in PLC/PRF/5, and was not observed in HLE and
HLF cell lines. TGF-B1-induced growth inhibition in HuH7
cells was associated with cell accumulation in the G1 phase
and partial induction of differentiation (with reduction of
AFP and AFP-L3). Induction by TGF-1 dose-dependently
suppressed Id1 expression in HuH7 cells; 1 ng/ml TGF-81
inhibited Id1 by 84.0 and 78.6% that of the untreated control
at transcriptional and protein levels, respectively. HLE and
HLF cells, which did not exhibit a TGF-1 growth inhibitory
effect, lacked TGF- receptors and Id1 expression was not
altered. In PLC/PRF/ 5 cells, Id1 augmentation was not
observed in response to TGF-B1, indicating that TGF-B1-
induced growth inhibition was not related to Id1 in this cell
line. Our results suggest that, in some HCC cells, the path-
way of suppression of Idl by TGF-31 may be important in
TGF-B1-induced growth inhibition and partial differentiation.
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Introduction

Transforming growth factor-B1 (TGF-81) is a multifunctional
cytokine that inhibits epithelial cell growth by binding to a
heterodimeric receptor consisting of both type 1 (TGFBRI)
and type 2 (TGFBRII) serine/threonine kinase receptors.
TGF-B1 binding and activation of the TGF-1 receptor complex
propagates intracellular signal transduction involving Smad
proteins, which regulate numerous developmental and homeo-
static processes by regulating gene expression (1,2). Resistance
to growth inhibition by TGF-81 has been considered an
important step in tumorigenesis and contributes to the develop-
ment of many tumor types (3,4). Recently, Id/ (inhibitors of
DNA binding or differentiation) was revealed to be one of
the direct TGF-B1 target genes (5). Specifically in epithelial
cells, Id1 expression can be inhibited through the TGF-81-
responsive Smad3-activated transcriptional repressor, ATF3,
which binds to the ATF/CREB site on the Id promoter,
repressing Smad-initiated transcription.

Id proteins are members of the helix-loop-helix (HLH)
family of transcription factors and are involved in regulation
of various cellular processes, including cellular differentiation
and cell cycling, and important functions in oncogenesis
(6-9). Generally, Ids inhibit cell differentiation and induce
proliferation by inhibiting basic HLH-dependent expression
of differentiation-linked genes or suppressing the cyclin-
dependent kinase inhibitors. However, these functions vary
among cell types. Several studies have revealed a role for Id
proteins in primary human tumors. Furthermore, deregulated
expression of Ids has been reported in several primary human
tumors such as pancreatic, breast, ovarian, prostate and neuronal
tumors, and in colorectal adenocarcinoma and squamous cell
carcinomas (reviewed in refs. 7 and 10). We have previously
reported that Id proteins are down-regulated in human hepato-
cellular carcinomas (HCC) and their expression is related
to tumor differentiation (11). However, the mechanism of
regulation of Ids in HCC is not understood.

HCC is the fifth most common malignancy worldwide,
and is estimated to cause approximately half a million deaths
every year (12). Although curative therapies, such as hepatic
resection, liver transplantation and percutaneous ablation,
have led to an improvement in the survival of patients with
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HCC, the majority of patients are diagnosed in the the
inoperable, advanced stages of the disease and/or have
recurrence or metastasis after therapy, and their prognosis
remains extremely poor (13,14). It is essential to understand
the molecular regulation of hepatocarcinogenesis and
progression of liver cancer to achieve an improvement in
cure rates, and Id proteins are possible candidates for cancer
therapy (10). The present study was designed to determine
the relationship between Id1 and TGF-1 in HCC cell lines,
and their effects on hepatoma cell proliferation, cell cycle
and differentiation.

Materials and methods

Cell lines, cultures and in vitro assays. Human HCC cell lines,
HuH7, PLC/PRF/5, HLE and HLF, were purchased from the
Japanese Cancer Research Resources Bank (Tokyo, Japan).
They were from different origins and had distinct character-
istics; the first two were established from differentiated
hepatomas and expressed hepatic marker proteins, while the
latter two originated from undifferentiated HCC and did not
express any hepatic marker proteins (15). The cells were
maintained in Dulbecco's modified Eagle's medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), 100 units/ml
penicillin and 100 pg/ml streptomycin at 37°C in a humidified
incubator with 5% CO, in air. For experiments with TGF-81,
the cells were seeded and the next day they were incubated in
a medium containing the desired concentrations of human
platelet-derived TGF-31 (R&D, Minneapolis, MN). At the
selected time-points, the cells were harvested and RNA or
protein was performed for each experiment as described below.
For morphological examination, the cells were studied under
light microscopy (Olympus IMT-2; Olympus Corp., Tokyo).

RNA extraction and cDNA generation. Sub-confluent growing
cells were washed twice with Dulbecco's phosphate-buffered
saline (PBS), and total RNA extraction was performed with a
single-step method using Trizol Reagent (Invitrogen, Carlsbad,
CA). Purified RNA was quantified and assessed for purity
by UV spectrophotometry. Complementary DNA (cDNA) was
generated using avian myeloblastosis virus reverse transcriptase
(Promega, Madison, WI) (16).

Quantitative PCR assay with Light Cycler™ . Fluorescence
PCR was performed using the Light Cycler™ (Roche
Diagnostics, Mannheim, Germany) in a 10-u1 PCR reaction
containing 0.2 uM of each primer, 1x Light Cycler-Fast start
DNA Master SYBR-Green I (Roche Diagnostics), 4 mM
MgCl, and 2 ul of cDNA as template. The primer pair
sequences were obtained from published sequences of Id1
(17), TGE-B1 (18), TGFBRI (19), TGFBRII (20) and B-actin
(21), and synthesized from commercial sources. The PCR
conditions were as follows: one cycle of denaturing at 95°C
for 10 min, followed by 40 cycles of 95°C for 15 sec, 65°C
for 10 sec and 72°C for 30 sec (or annealing at 58°C for B-
actin), and a final extension at 72°C for 10 min. Fluorescence
was acquired at the end of each 72°C extension phase. The
melting curves of final PCR products were analyzed after 40
cycles of PCR amplification by cooling the samples to 65°C,
increasing the temperature to 99°C at a rate of 0.1°C/sec, and
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monitoring the fluorescence at each 0.1°C. Quantification
data were analyzed using Light Cycler™ analysis software
(Roche Diagnostics) as recommended by the manufacturer.
The standard curves for quantification of each mRNA were
constructed by using serial dilutions of cDNA from most
expressing cell lines. Expression of each mRNA was reported
relative to B-actin.

Growth inhibitory assay. For drawing growth curves with
TGF-B1, the cells were uniformly seeded in 12-well dishes
(4x10* cells/well for HuH7, 3x10* cells/well for PLC/PRF/5,
1.5x10% cells/well for HLE and HLF). The next day, the
medium was replaced with fresh medium containing different
concentrations of TGF-81 (0, 0.1, 1 ng/ml) and this was
repeated every 48 h. On days 0, 2, 4 and 6 after starting the
treatment, adherent cells were harvested and counted using a
Celltac semi-automatic analyzer (Nihon Kohden, Tokyo).

Cell-cycle analysis. Flow cytometric analysis was performed
as described previously (22). Briefly, cells were washed twice
with PBS and then fixed in 75% cold ethanol overnight and
then washed and re-suspended in 1 ml of PBS. After incubation
for 30 min at 37°C in ribonuclease (Wako Pure Chemicals,
Osaka, Japan; final concentration of 1 mg/ml), propidium iodide
(Sigma Chemical Co., St. Louis, MO; 0.1 mg/ml) was added
and incubated at 4°C for 30 min. Samples were filtered
through 44-ym nylon mesh, and data were acquired with a
BD FACScan™ cell sorting system (Becton-Dickinson, San
Jose, CA). Cell-cycle analysis was carried out using ModFIT
software (Becton-Dickinson).

Determination of albumin, AFP and AFP-L3 proteins. Sub-
confluent growing cells were washed twice with cold PBS
and collected by scraping. Protein lysates were centrifuged at
14000 rpm for 15 min at 4°C, and the supernatants were
collected. Albumin was determined by turbidimetric immuno-
assay with autometric analyzer (Hitachi-7250, Hitachi, Tokyo)
(23). a-fetoprotein (AFP) was measured by chemilumine-
scence immunosorbent assay (SphereLifel80, Wako Pure
Chemical Industries, Osaka) (24). Lens culinaris agglutinin-
reactive AFP (AFP-L3) was determined by liquid-phase binding
assay (LiBASys, Wako) (25).

Western blot analysis. Sub-confluent growing cells were
washed twice with ice-cold PBS and collected with a rubber
scraper in ice-cold RIPA buffer [25 mM Tris (pH 7.5), 50 mM
NaCl, 0.5% sodium deoxycholate, 2% nonidet P-40, 0.2%
sodium dodecyl sulfate (SDS), 1 mM phenylmethylsulfonyl
fluoride and 500 KIE/ml ‘Trasylol® proteinase-inhibitor (Bayer
Leverkusen, Germany)]. The collected lysate was centrifuged
at 14000 rpm at 4°C for 14 min, and the resulting supernatant
was collected. The total protein concentration was determined
using the Bradford protein assay (Bio-Rad, Hercules, CA)
and Western blot analysis was performed as described in our
previous study (11). The antibodies were used in dilutions of
1:100 for Id1 (sc-488; Santa Cruz Biotechnology, Santa
Cruz, CA), 1:1000 for actin (A-2066; Sigma) and 1:2000 for
secondary donkey anti-rabbit (NA934V; Amersham Bio-
sciences, Buckingham-shire, UK) antibodies. Expression was
evaluated by measuring the optical densities of Id1 protein
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Figure 1. Expression of Id1, TGF-81 and TGF-B1 receptors in HCC cell lines. Quantitative PCR assay using the Light Cycler® revealed that hepatoma cells
expressed Id1 and TGF-B1 at various levels. The expression of TGF-Rs was higher in HuH7 and PLC/PRF/5 cells; however, HLE and HLF cells lacked
TGF-BRI and expressed TGF-BRII at a low level. Values are expressed as mean + SD of four independent experiments (normalized with the copies of -actin).
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Figure 2. Growth curves of hepatoma cells cultured with or without TGF-1 for the initial 6 days. TGF-B1 induced strong cell growth suppression in HuH7
cells and had a moderate effect on PLC/PRF/5 cells. However, HLE and HLF cells were resistant to TGF-1 treatment. Data represent mean + SD of three

independent experiments.

bands, using the ImageJ1.33u software (National Institutes of
Health, Bethesda, MD) and the expression value was calculated
relative to that of actin.

Statistical analyses. Statistical analyses were performed using
the StatView-5.0.1 program (SAS Institute Inc., Cary, NC). The
unpaired t-test was used to examine the correlations between
two variables. In all analyses, p-values <0.05 were considered
statistically significant.

Results

Expression of Idl, TGF-f1 and TGF-f31 receptors in HCC cell
lines. We first examined whether the four HCC cell lines
expressed Id1, TGF-61 and TGFBRI/II. As shown in Fig. 1,
quantitative PCR assay using the Light Cycler® revealed that
the hepatoma cells expressed various levels of Id1, and the
expression was higher in HuH7, PLC/PRF/5 and HLE cells.
TGF-B1 was also expressed at different levels, with lower levels
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Figure 3. Effect of TGF-81 on the cell cycle. Cell-cycle analysis was performed on cells treated with 1 ng/ml TGF-81 for up to 96 h; representative cell-cycle
graphs of HuH7 and HLE cell lines are shown in A, and data from three independent experiments are summarized in B. The percentage of HuH7 cells in G1
state stably increased from 36.4 to 60.8, 71.2 and 65.6% after exposure to TGF-1. However, no changes in cell cycle were observed in HLE and HLF cells
during the treatment, and the accumulation of cells in G1 phase returned to the former cell-cycle balance for PLC/PRF/S cells.

in HuH7 and PLC/PRF/5 cells. HuH7 and PLC/PRFE/5 were
positive for both TGFBRI and II, while HLE and HLF cells
were negative for TGFBRI and only had a low level of
TGFRBRII.

Effect of exogenous TGF-f31 on cell proliferation and the cell
cycle. For the examination of cell growth, the cell lines were
treated with different concentrations of TGF-1 and viable
cells were counted every 48 h for 6 days. As shown in Fig. 2,
TGF-B1 treatment resulted in a reduced cell growth rate in
HuH7 and PLC/PRF/5 cells at the concentrations tested. In

HuH7 cells in particular, a low concentration (0.1 ng/ml) of
TGF-B1 stopped cell proliferation. In PLC/PRF/5 cells, the
TGF-B1-induced growth inhibition was less than in HuH7
cells and exhibited dose- and exposure time-dependency. On
the other hand, HLE and HLF cells did not respond to TGF-1
treatment.

Cell-cycle analysis showed that the number of HuH7 cells
in G1 phase was stably increased with exposure to 1 ng/ml
TGF-B1; however, no cell-cycle changes were observed in
HLE and HLF cells during the treatment (Fig. 3A and data
not shown). The percentage of HuH7 cells in G1 state was
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Figure 4. Effect of TGF-1 (1 ng/ml) on cell morphology. The cells were observed under light microscopy after exposure to 1 ng/ml TGF-81 or without TGF-1
for 48 h. TGF-$1 treatment resulted in the enlargement and flattening of HuH7 cells, and increased their nucleus:cytoplasm ratio. No such visible changes

were observed in other cell lines. Photos were taken under x60 magnification.
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Figure 5. Effects of TGF-61 on AFP, AFP-L3 and albumin expression in hepatoma cell lines. The cells were cultured with desired concentrations of TGF-1 for
48 h and protein expression was measured in whole cell lysates by protein assays as described in Materials and methods. HLE and HLF cell lines do not express
these proteins (data not shown). In the HuH7 cells TGF-81 exposure decreased the expression of both AFP and AFP-L3. In PLC/PRF/5 cells, the expression of
AFP-L3 decreased. The changes were not statistically significant. Values are expressed as mean + SD of three independent experiments.

36.4,60.8,71.2 and 65.6%, respectively, at each time-point of
observation, while for PLC/PRF/5 cells the accumulation of
cells in G1 phase returned to the former cell-cycle balance, and
the cell cycle of HLE and HLF cell lines was constant during

the treatment (Fig. 3B).

Effect of TGF-f31 on cell differentiation. Morphological
examination of TGF-B1-treated cells showed enlargement
and flattening of HuH7 cells after exposure to 1 ng/ml TGF-31

for 48 h, together with an increase in nucleus:cytoplasm ratio
(Fig. 4), which perhaps resembles the morphological character-
istics of cells undergoing maturation. These changes correlated
with exposure time and concentrations of TGF-61 (data not
shown). In other cell lines, no visible changes were observed
during TGF-B1 treatment.

To clarify the morphological changes and the effect of
TGF-61 on differentiation of hepatoma cells, the expression of
albumin, and AFP and AFP-L3 proteins was studied because
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Figure 6. Effect of TGF-81 on Id1 expression. Cells were treated with TGF-81 (0, 0.1 and 1 ng/ml) and the RNA and protein expression levels of Id1 were
examined after 48 h. (A) Quantitative PCR analysis revealed that Id1 mRNA expression in HuH7 cells was suppressed dose-dependently by TGF-1 treatment
(by 24.6, 84.0% of control). Data represent mean + SD of three independent experiments. “P<0.05 by the unpaired t-test. (B) Western blot analysis showed that
Id1 protein expression was also suppressed in HuH7 cells; however, no significant change of Id1 expression was observed in other cell lines. The expression
value was calculated relative to that of actin. Data are representative of similar results of repeated experiments.

AFP and particularly AFP-L3 are known to be specific for
transformed hepatocytes with a high grade of malignancy,
and albumin secretion is recognized as one of the phenotypes
specific for mature hepatocytes (26,27). However, HLE and
HLF cell lines did not express those proteins (data not shown).
As shown in Fig. 5, at 48 h post exposure to TGF-81, a dose-
dependent decrease in both AFP and AFP-L3 expression was
observed in the treated HuH7 cells. In PLC/PRF/5, a tendency
toward increased albumin expression and decreased AFP and
AFP-L3 was observed. However, these changes were not
statistically different.

Effect of exogenous TGF-f31 on Id1 expression. To study the
effect of TGF-B1 on the expression of Id1, cells were treated
with TGF-61 (0, 0.1 and 1 ng/ml) and the RNA and protein
expression levels of Idl were examined after 48 h. In the
HuH?7 cell line, which was most sensitive to TGF-1, Id1
expression was suppressed by TGF-B1 in a dose-dependent
manner at both the transcriptional and protein levels. How-
ever, no significant change in Id1 expression was observed in
other cell lines (Fig. 6). In HuH7 cells, Id1 mRNA expression
was decreased by 24.6 and 84.0%, and protein expression was
decreased by 71.2 and 78.6%, respectively, by each dose of
TGF-B1 compared to untreated control. This decrease was
dependent on exposure time (data not shown).

Considered together, the above results suggest that TGF-1-
induced growth inhibition of HuH7 cells may be the result of
cell-cycle arrest in G1 phase and partial re-differentiation,
which may be associated with down-regulation of Id1.
However, in PLC/PRF/5 cells, the growth inhibition did not
involve the TGF-$1-Id1 pathway, and the interruption of
TGF-B1 signaling in HLE and HLF cells resulted in a resistance
to TGF-B1 effects.

Discussion

Although Id proteins have been shown to function as negative
regulators of differentiation, and are up-regulated in major
cancers (reviewed in refs. 7 and 10), our study revealed that
Id proteins were down-regulated in human HCCs, and their
expression levels were related to tumor differentiation (11).
Our results and data obtained by gene expression profiling
analysis are comparable to those of a previous report (28 and
our unpublished data). The discrepancy between Ids expression
in HCC and other tumors and the regulation of Id proteins in
HCC are issues that remain unclarified at present. Therefore,
the present study was performed in an effort to investigate
the relationship and regulation of Id1 protein with TGF-81 in
HCC cells, and the effects on cell proliferation, cell cycle and
differentiation.

Recent studies have revealed that Ids are direct target
genes of TGF-B1 (29,30). TGF-81 is overexpressed in HCCs
compared with non-tumor liver tissue and is expressed at
higher levels in less-differentiated tumors, which is distinct
from other malignancies (31,32). This expression pattern of
TGF-B1 was the inverse of our previous findings with Ids,
which led us to speculate on the possibility of suppression of
Ids by TGF-1 in HCC (11).

TGF-B1 is one of the most well known and potent inhibitors
of epithelial cell growth (1). The autocrine and paracrine effects
of TGF-61 on tumor cells and the tumor micro-environment
exert both positive and negative influences on cancer develop-
ment. Accordingly, the TGF-B1 signaling pathway has been
considered as both a tumor suppressor pathway and a promoter
of tumor progression and invasion (2). In the liver, TGF-81 is
mainly produced by non-parenchymal cells and acts as a
paracrine negative regulator of hepatocyte proliferation (33,34).
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1 of TGF-B1 protein, whereas no staining for TGF-61
has been detected in hepatocytes of normal liver (31,32). Our
present results showed that HCC cell lines expressed various
levels of TGF-B1 as well as Idl mRNA. Furthermore, exo-
genous induction by TGF-1 suppressed Id1 expression in
HuH?7 cells in a dose-dependent manner, at both transcriptional
and protein levels (Fig. 6). In addition, our results revealed
that the decrease in Id1 expression was comparable with
TGF-B1-induced growth inhibition (Figs. 2 and 6), which
resulted from the arrest of cell-cycle progression from GI to S
phase in this cell line (Fig. 3). Since Id proteins are involved
in the regulation of cellular differentiation, proliferation and
the cell cycle, we hypothesize that the reduced expression of
Id1 may contribute to growth and differentiation changes in
HuH?7 cells. However, this was not true for growth inhibition
by TGF-B1 in PLC/PRF/5 cells. The reason for this difference
in suppression of Id1 by TGF-1 in HuH7 and PLC/PRF/5
cells, when TGF-B1 induces growth arrest in both cell lines,
remains unclear. It may relate to differences in various mole-
cules specific to the TGF-81-1d1 pathway; for instance, the
expression of ATF3 was 1.74-fold less in PLC/PRF/5 cells
than in HuH7 cells (unpublished data). Our results also
revealed that HLE and HLF cell lines did not exhibit the
TGF-B1 effect, and Id1 expression was not altered in these
lines. These cells lacked TGF-BRs (Fig. 1), which might
explain the interruption of the TGF-1-Smad signaling
pathway in these cell lines.

The molecular pathway for the role of Ids in cell pro-
liferation might involve cyclin-dependent kinase inhibitors,
such as p16™Kda p2 IWAFL p27KIPL and retinoblastoma proteins
that are suppressed by Id1 (7.,9). Similarly, this was shown in
liver cancer cells where the overexpression of Id1 induced
cell proliferation through inactivation of the p16™X4/retino-
blastoma pathway (35). Id expression was also enhanced
during cellular proliferation and in response to mitogenic
stimuli (36,37). Our unpublished data show an increase of Id
with serum addition in medium, and it is well known that
FBS is a mitogenic stimulator in cell cultures. Similar results
with induction of Ids by serum were previously described in
studies on breast and pancreatic cancer cell lines (38,39).
In vivo, in experiments on rats, Id1 was activated from 6 h
after partial hepatectomy, which is used as a model for
stimulation of hepatocyte proliferation (40).

Id proteins function as inhibitors of cell differentiation.
Our results showed a possible link between the inhibition of
Id1 by TGF-81 and activation of cell differentiation in HuH7
cells; i.e. the morphological changes toward maturation and
decrease of AFP and AFP-L3 expression (Figs. 4-6).
However, the changes in these markers were not statistically
significant, which might reflect the short observation time. To
confirm these findings, we also studied the effect of acyclic
retinoid (all trans-3,7,11,15-tetramethyl-2.,4,6,10,14-hexa-
decapentaenoic acid; Nikken Chemicals Co., Tokyo) on Id
expression. Acyclic retinoid demonstrates the potential to
induce the differentiation of human hepatoma cell lines (41).
The treatment of HCC cells with acyclic retinoid inhibited
the expression of Id1, which is associated with up-regulation
of mature hepatocyte-specific genes, such as albumin, and
down-regulation of AFP gene expression (unpublished data).
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Collectively, our findings suggest that TGF-1-induced
growth inhibition (involving cell-cycle arrest in G1-S transition
and partial re-differentiation) of TGF-BR-positive HCC cell
lines may be associated with down-regulation of Id1, at least
in some cells. However, in other cell lines, TGF-1 effects were
less powerful and did not involve the TGF-1-Id1 pathway.
Our previous findings in an in vivo study, showing that Id1
correlates with HCC differentiation (11), might be an indirect
outcome of TGF-B1 in liver cancer. Moreover, the results
suggest the possible roles of Id1 protein in the carcinogenesis
and development of HCCs under direct TGF-61 control.
Finally, our data imply a possible strategy for the treatment
or prevention of human HCC, through targeting Ids with
TGF-31 (10).

In conclusion, our results suggest that, in some HCC
cells, the pathway of suppression of Id1 by TGF-1 may be
important in TGF-B1-induced growth inhibition and partial
re-differentiation.
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