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Many patients with chronic hepatitis caused by hepatitis C virus (HCV) infection develop liver
ﬁbrosis with high risk for hepatocellular carcinoma (HCC), but the mechanism underling this
process is unclear. Conversely, transforming growth factor beta (TGF-␤) activates not only
TGF-␤ type I receptor (T␤RI) but also c-Jun N-terminal kinase (JNK), which convert the mediator
Smad3 into two distinctive phosphoisoforms: C-terminally phosphorylated Smad3 (pSmad3C)
and linker-phosphorylated Smad3 (pSmad3L). Whereas the T␤RI/pSmad3C pathway suppresses epithelial cell growth by upregulating p21WAF1 transcription, JNK/pSmad3L-mediated
signaling promotes extracellular matrix deposition, partly, by upregulating plasminogen activator inhibitor 1 (PAI-1). We studied the domain-speciﬁc Smad3 phosphorylation in biopsy
specimens representing chronic hepatitis, cirrhosis, or HCC from 100 patients chronically infected with HCV, and correlated Smad3 phosphorylation with clinical course. As HCV-infected
livers progressed from chronic hepatitis through cirrhosis to HCC, hepatocytic pSmad3L/PAI-1
increased with ﬁbrotic stage and necroinﬂammatory grade, and pSmad3C/p21WAF1 decreased.
Of 14 patients with chronic hepatitis C with strong hepatocytic pSmad3L positivity, 8 developed
HCC within 12 years; only 1 of 12 showing little pSmad3L positivity developed HCC. We
further sought molecular mechanisms in vitro. JNK activation by the pro-inﬂammatory cytokine
interleukin-1␤ stimulated the pSmad3L/PAI-1 pathway in facilitating hepatocytic invasion, in
the meantime reducing TGF-␤-dependent tumor-suppressive activity by the pSmad3C/p21WAF1
pathway. Conclusion: These results indicate that chronic inﬂammation associated with HCV
infection shifts hepatocytic TGF-␤ signaling from tumor-suppression to ﬁbrogenesis, accelerating liver ﬁbrosis and increasing risk for HCC. (HEPATOLOGY 2007;46:48-57.)
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tion, most patients become chronically infected and develop chronic hepatitis.1 Some of these patients sustain
liver ﬁbrosis as a result of chronic liver damage in conjunction with accumulation of extracellular matrix
(ECM) proteins. Such accumulation is characteristic of
most types of chronic liver disease.2,3 Accumulation of
ECM proteins distorts hepatic architecture by forming a
ﬁbrous scar. Ultimately, nodules of regenerating hepatocytes become enclosed by scar tissue, which deﬁnes cirrhosis. Cirrhosis is not only the end-stage of progressive
ﬁbrosis but also a prerequisite for development of HCVrelated hepatocellular carcinoma (HCC),4 which occurs
at a yearly rate of 6% in Japan. HCV infection leading to
chronic inﬂammation apparently promotes both ﬁbrosis
and preneoplastic changes in the liver.5
Transforming growth factor beta (TGF-␤), which can
potently inhibit epithelial cell growth to act as a tumor
6
suppressor, is also a key regulator of epithelial-to-mesenchymal transition (EMT) in cell phenotypes.7 EMT not
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only underlies epithelial degeneration and ﬁbrogenesis in
chronic degenerative disorders, but also endows dedifferentiated malignant epithelial cells with mesenchymal, migratory, and proteolytic properties that are required for
local tumor invasiveness.8 Inhibition of a pro-inﬂammatory cytokine interleukin-1␤ (IL-1␤) at initiation of
EMT has been found to attenuate ﬁbrogesis,9 suggesting a
causative link between chronic inﬂammation and EMT.
Progress over the past 10 years has disclosed important
details of how TGF-␤ elicits its responses. The main
downstream signaling pathway for TGF-␤ involves the
Smad proteins.10,11 Although several studies of EMT have
suggested that the process involves Smad-independent
pathways,12 recent studies using Smad3 knockout mice
have indicated that signaling through the Smad3-dependent pathway is required for injury-dependent multistage
transition of an epithelial cell to a mesenchymal phenotype.13 We therefore have focused on Smad3 signaling,14,15 and have recently reported different roles of
Smad3 phosphoisoform-mediated signaling in epithelial
cells and mesenchymal cells.16,17 Thus, TGF-␤ activates
not only TGF-␤ type I receptor (T␤RI) but also c-Jun
N-terminal kinase (JNK), converting Smad3 into two
distinctive phosphoisoforms: C-terminally phosphorylated Smad3 (pSmad3C) and linker-phosphorylated
Smad3 (pSmad3L).16 The T␤RI/pSmad3C pathway inhibits growth of epithelial cells including hepatocytes,
whereas JNK/pSmad3L-mediated signaling promotes
ECM deposition by activated mesenchymal cells such as
hepatic stellate cells (HSCs).17 According to these phosphorylation-deﬁned activities, we sought the molecular
mechanisms by which Smad3 phosphoisoforms govern
progression from chronic hepatitis C through cirrhosis to
HCC.

Patients and Methods
Patients. Between 1992 and 2005, 1,387 patients
with chronic HCV infection underwent liver biopsy at
the Departments of Gastroenterology and Hepatology of
Kansai Medical University Hospital. In alphabetical order, we chose 20 cases per stage (F1 to 4) and also 20
HCC cases from the patients with HCV-related chronic
liver disease. All patients were positive for anti-HCV antibody, as assessed by a second-generation enzyme immunoassay (Ortho Diagnostics, Tokyo, Japan), and/or for
HCV-RNA, as detected by an Amplicor HCV assay (version 1; Roche, Tokyo, Japan), but were negative for hepatitis B surface antigen (Abbott Laboratories, North
Chicago, IL). Pathology records and histological slides
were reviewed independently by two pathologists with
special interest in liver diseases (Y.U. and N.S.). Necroin-
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ﬂammatory activity and ﬁbrotic stage were graded histologically according to Desmet’s classiﬁcation.18 The
histological grade of HCC and the classiﬁcation of primary tumor regional lymph nodes, distant metastasis
(pTNM) were determined according to the criteria of the
International Working Party 19 and the criteria of the
International Union Against Cancer and the American
Joint Committee on Cancer, 20 respectively. We counted
and scored pSmad3C/L positivity in the nuclei of hepatocytes adjacent to collagen ﬁbers in portal tracts. Hepatocytic Smad3 phosphorylation in HCV-infected livers
was scored as follows: 0, no phosphorylation; 1, ⬍25%
Smad3 phosphorylation; 2, 25% to 50% Smad3 phosphorylation; 3, 50% to 75% Smad3 phosphorylation; 4,
⬎75% Smad3 phosphorylation. As controls, we used uninvolved normal liver tissue from a patient with a metastatic liver tumor. Written informed consent was
obtained from each patient according to the Helsinki
Declaration. We also obtained approval for this study
from the institutional ethics committee.
Follow-up and Detection of HCC. Twenty-six patients with chronic hepatitis C with grade F2 to 3 ﬁbrosis,
who underwent liver biopsy between 1992 and 1994,
were enrolled in a program for early diagnosis of HCC.
During the surveillance period, the patients were followed
up with abdominal ultrasonography and determination
of ␣-fetoprotein level every 3 to 6 months.
Domain-Speciﬁc Antibodies (Abs) Against the
Phosphorylated Smad3. Two polyclonal anti-phosphoSmad3 sera, ␣ pSmad3L (Ser 208/213) and ␣ pSmad3C
(Ser 423/425), were raised against the phosphorylated
linker and C-terminal regions of Smad3 by immunization
of rabbits with synthetic peptides.14 Relevant antisera
were afﬁnity-puriﬁed using the phosphorylated peptides.
Immunohistochemical and Immunoﬂuorescence
Analyses. Immunohistochemical analyses were performed as described previously.17 Primary antibodies used
in this study included mouse monoclonal anti-␣SMA Ab
(1.7 g/ml; DAKO, Glostrup, Denmark), mouse monoclonal anti-PAI-1 Ab (0.4 g/ml; Santa Cruz Biotechnology, Santa Cruz, CA), mouse monoclonal anti-p21WAF1
Ab (0.5 g/ml; DAKO), in addition to rabbit polyclonal
anti-pSmad3L (2 g/ml), and rabbit polyclonal antipSmad3C (0.5 g/ml) described above.
For double-labeling immunoﬂuorescence analyses,
sections exposed to a pair of primary Abs (rabbit plus
mouse) were then incubated in a 1:500 dilution of goat
anti-rabbit IgG conjugated with a red ﬂuorophore (Alexa
Fluor 594; Molecular Probes, Eugene, OR) and goat antimouse IgG conjugated with a green ﬂuorophore (Alexa
Fluor 488; Molecular Probes). Images were obtained with
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a ﬂuorescence microscope (Carl Zeiss Microimaging,
Oberkochen, Germany).
Immunoprecipitation and Immunoblotting. Cultured rat hepatocytes (Clone 9 cells)21 were starved for 15
hours in serum-free medium, and were incubated for 8
hours in the absence or presence of 10 M JNK inhibitor
SP600125 (Calbiochem, San Diego, CA). The cells were
then treated with 20 pM TGF-␤ (R&D Systems, Minneapolis, MN) and/or 400 pM IL-1␤ (R&D Systems) for
30 minutes. Cultured cells, or frozen tissues representing
either HCC or underlying liver diseases, were extracted
with cell lysis buffer. Cell extracts were subjected to immunoprecipitation with anti-Smad3 Ab (BD Bioscience,
San Jose, CA), followed by adsorption to protein
G-Sepharose (Amersham Pharmacia Biotech, Buckinghamshire, UK). Phosphorylation of Smad3 was analyzed
using rabbit polyclonal anti-pSmad3L Ab and antipSmad3C Ab as described previously.15
Reverse-Transcription PCR. Isolation of RNA, reverse transcription, and PCR for T␤RII, Smad2, Smad4,
PAI-1, p21WAF1, and GAPDH was performed as described previously.22
Invasion Assay. Membranes with 8-m pores covered with Matrigel (BD Biosciences, Bedford, MA) on the
upper surface were coated with type I collagen on the
lower side. Inﬁltrating cells were counted in 5 regions
selected at random as described previously.15
[3H] Thymidine Incorporation. DNA synthesis was
measured by incorporation of 1 Ci/ml [3H] thymidine
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(Amersham Pharmacia Biotech) into 5% trichloroacetic
acid-precipitable material after a 4-hour pulse as described
previously.23
Statistical Analysis. All P values were based on twotailed statistical analysis. The Mann-Whitney U test was
used to identify signiﬁcant differences in hepatocytic
Smad3 phosphorylation among grades of necroinﬂammatory activity as well as ﬁbrotic stages. A P value below
0.05 was considered to indicate signiﬁcance. KaplanMeier analysis and log-rank test were performed to determine cumulative incidence of HCC in patients with
abundant (scores 3 to 4) and sparse (scores 0 to 2)
Smad3L phosphorylation.

Results
Hepatocytes Showing pSmad3L-Mediated Signaling Adjacent to Collagen Fibers in Portal Tracts. We
initially analyzed mutations of TGF-␤ type II receptor,
Smad2, and Smad4 genes in 10 HCC and 6 cirrhotic liver
samples, ﬁnding no mutation in any liver samples.
Figure 1A presents distribution of pSmad3L and
pSmad3C in chronic hepatitis C specimens, which
showed moderate ﬁbrosis and severe necroinﬂammatory
activity. HSCs are currently recognized as a key element
in development of liver ﬁbrosis.3 As a result of chronic
liver damage, HSCs undergo progressive activation to
myoﬁbroblast-like cells, which are characterized by synthesis of a large amount of ECM components. During the
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Fig. 1. Hepatic ﬁbro-carcinogenesis: reciprocal change in pSmad3L and pSmad3C pathways. (A) Whereas hepatocytes adjacent to collagen ﬁbers
of portal tracts in chronic hepatitis C specimens showed nuclear localization of pSmad3L, pSmad3C was predominantly located in hepatocytic nuclei
distant from the portal tract.Formalin-ﬁxed, parafﬁn-embedded sections of livers chronically affected by hepatitis C were stained with anti-pSmad3L
Ab (␣ pSmad3L column) and anti-pSmad3C Ab (␣ pSmad3C column). The pSmad3C section was paired with an adjacent section stained using
anti-pSmad3L Ab. Abs were then bound by goat anti-rabbit IgG conjugated with peroxidase-labeled polymer. Peroxidase activity was detected by 3,
3⬘-diaminobenzidine tetrahydrochloride (DAB). All sections were counterstained with hemotoxylin (blue). Brown color indicates speciﬁc Ab reactivity.
Bar ⫽ 50 m.(B) In addition to ␣SMA immunoreactive myoﬁbroblasts, hepatocytes adjacent to collagen ﬁbers in portal tracts carried out
pSmad3L-mediated signaling.Formalin-ﬁxed, parafﬁn-embedded sections of tissues with chronic hepatitis C were stained with anti-pSmad3L Ab (␣
pSmad3L column) and anti-␣SMA Ab (␣ ␣SMA column). The pSmad3L section was paired with an adjacent section stained using anti-␣SMA Ab.
pSmad3L was localized in cell nuclei of the hepatocytes as well as ␣SMA immunoreactive myoﬁbroblasts in the portal tract (black arrows). Brown
color indicates speciﬁc Ab reactivity. Bar ⫽ 50 m.(C) The pSmad3L/PAI-1 pathway showed increasing prominence in hepatocytes as HCV-infected
livers progressed from chronic hepatitis through cirrhosis to HCC.Formalin-ﬁxed, parafﬁn-embedded sections of tissues with chronic hepatitis C,
cirrhosis, or HCC were stained with anti-pSmad3L Ab (␣ pSmad3L column) and anti-PAI-1 Ab (␣ PAI-1 column). The pSmad3L section was paired
with an adjacent section stained using anti-PAI-1 Ab. Brown color indicates speciﬁc Ab reactivity. Bar ⫽ 50 m. (D) The pSmad3C/p21WAF1 pathway
staining decreased in the hepatocytes as the HCV-infected livers progressed from chronic hepatitis through cirrhosis to HCC.Formalin-ﬁxed,
parafﬁn-embedded sections of tissues with chronic hepatitis C, cirrhosis, or HCC were stained with anti-pSmad3C Ab (␣ pSmad3C column) and
WAF1
anti-p21 Ab (␣ p21WAF1 column). The pSmad3C section was paired with an adjacent section stained using anti-p21WAF1 Ab. Brown color indicates
speciﬁc Ab reactivity. Bar ⫽ 50 m.(E and F) pSmad3L and pSmad3C in hepatocytic nuclei of chronic hepatitis C and HCC specimens were
co-localized with PAI-1 and p21WAF1, respectively.Sections of chronic hepatitis C (E) and HCC (F) tissues were immunoﬂuorescently stained to
simultaneously detect pSmad3L and pSmad3C (red), or PAI-1 and p21WAF1 (green). Yellow color indicates overlap of proteins. pSmad3L
immunoreactive hepatocytes showed PAI-1 co-localization (upper column), whereas pSmad3C and p21WAF1 were co-localized in hepatocytic nuclei
(lower column). Bar ⫽ 50 m.(G) pSmad3L increased whereas pSmad3C decreased in a sequence of HCV-infected liver samples progressing from
chronic hepatitis through cirrhosis to HCC.Cell lysates obtained from hepatocellular carcinoma (HCC) and nonneoplastic liver tissues including chronic
hepatitis (CH) and liver cirrhosis (LC) from HCV-infected patients as well as uninvolved normal liver tissues from a patient with a metastatic liver tumor,
were subjected to anti-Smad3 immunoprecipitation (IP), and were then immunoblotted with each anti-pSmad3 Ab (upper panels). Relative amounts
of endogenous Smad3 were determined by immunoblotting (IB) using anti-Smad3 Ab (bottom panel).
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transdifferentiation process of the cultured HSCs,
pSmad3C-mediated signal decreased whereas the
pSmad3L pathway predominated, stimulating ECM deposition.14 These past observations fully support the current ﬁnding of pSmad3L, not pSmad3C, in nuclei of
␣-smooth muscle actin (␣SMA) immunoreactive myoﬁbroblasts in the portal tracts (Fig. 1A, portal tract portions
in ␣ pSmad3L and ␣ pSmad3C columns; Fig. 1B, portal
tract portions in ␣ pSmad3L and ␣SMA columns).
Besides myoﬁbroblasts, hepatocytes in HCV-infected livers exhibited phosphorylation at Smad3L. pSmad3L was observed particularly in groups of hepatocytes adjacent to
collagen ﬁbers in portal tracts (Fig. 1A and B, liver lobule
portion in ␣ pSmad3L column). Thus, hepatocytes were
regulated by the same pSmad3L pathway during chronic
inﬂammation as in myoﬁbroblasts. Extent of phosphorylation at Smad3L decreased in the hepatocytes distant from
portal tracts. Distribution of pSmad3C presented a sharp
contrast to that of pSmad3L (Fig. 1A, liver lobule portion in
␣ pSmad3C column): pSmad3C was predominantly located
in hepatocytic nuclei distant from portal tracts.
Hepatic Fibro-carcinogenesis: Reciprocal Change
in pSmad3L and pSmad3C Pathways. We next sought
to discriminate between tumor-suppressive and ﬁbrogenic
Smad3 signaling by staining sections using anti-pSmad3L
Ab and anti-pSmad3C Ab, paired with sections stained for
plasminogen activator inhibitor 1 (PAI-1) and p21WAF1,
respectively. By upregulating p21WAF1 transcription,
pSmad3C participates in tumor-suppression,24 whereas the
pSmad3L-mediated signaling promotes ECM deposition,
partly, by upregulating PAI-1 transcription.25
In specimens from a patient with chronic hepatitis C,
the above distribution of pSmad3L ﬁt well with the pattern shown by PAI-1 immunolabeling (Fig. 1C, chronic
hepatitis panels in ␣ pSmad3L and ␣ PAI-1 columns),
with both strongly apparent in groups of hepatocytes adjacent to collagen ﬁbers in portal tracts. Hepatocytes
rather than other cells thus appeared the cells primarily
responsible for PAI-1 expression associated with chronic
inﬂammation. Amounts of linker phosphorylation and
PAI-1 staining increased further in hepatocytes in cirrhosis (Fig. 1C, cirrhosis panels in ␣ pSmad3L and ␣ PAI-1
columns). The spatial distribution proﬁles differed between chronic hepatitis and cirrhosis. In particular,
pSmad3L and PAI-1 were observed in essentially all hepatocytes in cirrhotic liver. Moreover, linker phophorylation and PAI-1 staining increased further as chronic liver
disease progressed to HCC (Fig. 1C, HCC panels in ␣
pSmad3L and ␣ PAI-1 columns).
Similarly to pSmad3C distribution, hepatocytes
showed increased p21WAF1 staining in chronic hepatitis C
specimens (Fig. 1D, chronic hepatitis panels in ␣
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pSmad3C and ␣ p21WAF1 columns). In contrast to intense
staining for pSmad3L and PAI-1, pSmad3C and p21WAF1
staining decreased in hepatocytic nuclei in cirrhotic liver
(Fig. 1D, cirrhosis panels in ␣ pSmad3C and ␣ p21WAF1
columns), and it was sparse in HCC (Fig. 1D, HCC
panels in ␣ pSmad3C and ␣ p21WAF1 columns).
Double immunoﬂuorescence studies in chronic hepatitis C and HCC specimens conﬁrmed that pSmad3L and
pSmad3C were co-localized in PAI-1- and p21WAF1-immunoreactive hepatocytes and cancer cells, respectively
(Fig. 1E,F). We then quantiﬁed extent of phosphorylation at Smad3L and Smad3C by immunoblotting. Remarkable upregulation of pSmad3L was seen whereas
pSmad3C gradually decreased with progression of hepatic
ﬁbro-carcinogenesis (Fig. 1G).
Taken together, the ﬁbrogenic pSmad3L/PAI-1 pathway
in hepatocytes came to predominate whereas the tumor-suppressive pSmad3C/p21WAF1 pathway became quiescent as
chronic hepatitis progressed to cirrhosis and then HCC.
Increased Extent of Hepatocytic Phosphorylation at
Smad3L in Proportion to Fibrotic Stage and Necroinﬂammatory Activity in HCV-Related Chronic Liver
Disorders. Histological evaluation, which is useful in assessing the stage of chronic hepatitis C and has signiﬁcant
prognostic and therapeutic implications,1 includes separate considerations of ﬁbrosis and necroinﬂammatory activity.18 In addition, we semiquantitatively scored
hepatocytic Smad3 phosphorylation from 0 to 4 (Fig.
2A). Table 1 shows clinical backgrounds and positivities
for pSmad3C and pSmad3L of HCV-related chronic liver
diseases. We selected the patients with early HCC. In
highly ﬁbrotic livers (F3 to 4), phosphorylation at
Smad3L was signiﬁcantly greater than that in livers with
mild ﬁbrosis (F1 to 2) (Fig. 2B). Moreover, Smad3L
phosphorylation in HCC was greater than that in cirrhotic liver (F4). In contrast, Smad3C showed less phosphorylation in cirrhotic liver and HCC than that in livers
with grade F1 to 2 ﬁbrosis (Fig. 2C). These ﬁndings indicated a close relationship between domain-speciﬁc
phosphorylation of Smad3 and carcinogenic state of livers
with advanced ﬁbrosis.
We also examined the relationship between pSmad3L
and necroinﬂammatory activity during hepatocytic ﬁbrocarcinogenesis. Among 60 HCV-infected livers with
stages F1 to F3 ﬁbrosis, Smad3L phosphorylation in
hepatocytic nuclei was greater in highly active hepatitis
(A2 to 3) than that in less active hepatitis (A0 to 1; Fig.
2D). Collectively, the extent of Smad3L phosphorylation
increased in proportion to ﬁbrotic stage, necroinﬂammatory activity, and HCC development in HCV-related
chronic liver disorders.
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Fig. 2. Extent of hepatocytic phosphorylation at Smad3L increased in proportion to ﬁbrotic stage and necroinﬂammatory activity in the HCV-related
chronic liver disorders. (A) Hepatocytic phosphorylation grade of Smad3 in HCV-infected livers.Smad3 phosphorylation in HCV-infected livers was
scored from 0 to 4 as described in Methods. (B) Hepatocytic phosphorylation at Smad3L increased as the HCV-related chronic liver disorders progressed.
Phosphorylation of Smad3L in the hepatocytes of highly ﬁbrotic livers (F3 to F4) was signiﬁcantly greater than those in livers with grade F1 to F2 ﬁbrosis.
Smad3L phosphorylation was more prominent in HCC than in cirrhotic liver (F4). Extent of phosphorylation at Smad3L was indicated as 0 (white); 1(light
gray); 2 (medium gray); 3 (dark gray); 4 (black). *P ⬍ 0.05. (C) Hepatocytic phosphorylation at Smad3C decreased as the HCV-related chronic liver disorders
progressed.Phosphorylation of Smad3C in the hepatocytes of cirrhotic liver (F4) and HCC was lower than those in livers with grade F1 to 2 ﬁbrosis. Extent
of phosphorylation at Smad3C was indicated as 0 (white); 1(light gray); 2 (medium gray); 3 (dark gray); 4 (black). *P ⬍ 0.05. (D) Hepatocytic
phosphorylation at Smad3L increased in proportion to necroinﬂammatory activity. Smad3L phosphorylation in the hepatocytic nuclei in highly active hepatitis
(A2 to A3) was higher than those in hepatitis with less activity (A0 to A1). Extent of phosphorylation at Smad3L was indicated as 0 (white); 1(light gray);
2 (medium gray); 3 (dark gray); 4 (black). *P ⬍ 0.05.

Interleukin 1␤ (IL-1␤)-Associated Shift of TGF-␤
Signaling from the Tumor-Suppressive pSmad3C/
p21WAF1 Pathway to the JNK/pSmad3L/PAI Pathway
in Cultured Rat Hepatocytes. In chronic hepatitis C
specimens, Smad3 was phosphorylated at the linker region mainly in groups of hepatocytic nuclei adjacent to
collagen ﬁbers in portal tracts (Fig. 1A and B, ␣ pSmad3L
panel). During inﬂammation, IL-1␤ acts as a key cytokine to mediate the immune response.26 In addition, serum level of IL-1␤ is elevated in patients with chronic
hepatitis C.27 In particular, IL-1␤ as well as TGF-␤ have
been shown to be released from inﬁltrating macrophages
in portal tracts during chronic inﬂammation.28 These
ﬁndings suggest that elevated IL-1␤ might alter hepatocytic TGF-␤ signaling in chronic hepatitis C.
We investigated this hypothesis using rat cultured
hepatocytes.21 Additional treatment of IL-␤ with TGF-␤
increased hepatocytic phosphorylation at Smad3L (Fig.

3A, ␣ pSmad3L panel), PAI-1 transcription (Fig. 3B,
PAI-1 panel), and invasion (Fig. 3C) above those of
TGF-␤ or IL-1␤ treatment alone, suggesting that shared
molecules activated by TGF-␤ and IL-1␤ signals might
activate pSmad3L/PAI-1 pathway. In this respect, we previously reported that Smad3L could serve as a substrate
for JNK.15 Accordingly, we investigated whether JNK
activity affected these effects. Pretreatment of the hepatocytes with a JNK inhibitor SP600125 reduced the subsequent increase in pSmad3L, PAI-1 transcription, and
hepatocytic invasion triggered by TGF-␤ and/or IL-1␤
stimulation, suggesting a direct role of the JNK/
pSmad3L/PAI-1 pathway in facilitating cell invasion in
response to TGF-␤ and IL-1␤ stimulation.
Conversely, treatment with TGF-␤ plus IL-1␤ did not
induce as much pSmad3C (Fig. 3A, ␣ pSmad3C panel)
and p21WAF1 transcription (Fig. 3B, p21WAF1 panel) as
TGF-␤ treatment alone. IL-1␤ partially blocked the an-
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Table 1. Clinicopathologic Features and Smad3L/C Phosphorylation in Specimens from Patients with HCV-Related Chronic
Liver Disease
*Fibrotic stage

Patients, n
Sex (male/female), n
Age (y), mean ⫾ SD
pSmad3L staining, n
0
1
2
3
4
pSmad3C staining, n
0
1
2
3
4
*Necroinﬂammatory activity, n
A0
A1
A2
A3
†Histology of HCC (WD/MD), n
‡TNM stage (I/II/III/IV), n
Tumor size (cm), mean ⫾ SD
AST (IU/L), mean ⫾ SD
ALT (IU/L), mean ⫾ SD
Platelet count (⫻ 109/L), mean ⫾ SD
AFP (ng/mL): ⬍20
20 ⬃400
Follow-up period (y), mean ⫾ SD

Normal

F1

F2

F3

F4

HCC

2
2/0
57.0 ⫾ 9.9

20
4/16
59.3 ⫾ 12.8

20
9/11
49.1 ⫾ 15.3

20
9/11
55.0 ⫾ 12.6

20
14/6
63.0 ⫾ 9.6

20
12/8
67.7 ⫾ 9.3

2
0
0
0
0

2
11
5
2
0

0
7
11
2
0

0
1
4
13
2

0
0
4
6
10

0
0
0
8
12

0
0
0
2
0

0
0
0
6
14

0
1
4
7
8

0
6
5
7
2

0
3
11
4
2

0
7
8
5
0

2
0
0
0

0
11
9
0

0
7
11
2

0
3
14
3

0
1
17
2

22.5 ⫾ 3.5
24.0 ⫾ 2.8
25.0 ⫾ 4.2

54.7 ⫾ 48.5
66.0 ⫾ 69.5
17.1 ⫾ 5.9
19
1
10.0 ⫾ 1.2

61.0 ⫾ 40.0
78.9 ⫾ 55.8
13.0 ⫾ 4.9
16
4
10.1 ⫾ 1.0

89.7 ⫾ 49.5
104.1 ⫾ 61.8
11.8 ⫾ 4.5
7
13
10.0 ⫾ 1.0

68.1 ⫾ 31.1
80.7 ⫾ 56.0
11.4 ⫾ 4.1
4
16
10.2 ⫾ 0.9

17/3
16/4/0/0
1.8 ⫾ 0.5
64.3 ⫾ 28.5
79.9 ⫾ 46.9
10.0 ⫾ 3.6

Abbreviations: pSmad3L, linker-phosphorylated Smad3; pSmad3C, C-terminally phosphorylated Smad3; WD, well differentiated; MD, moderately differentiated; TNM,
tumor-nodes-metastasis; AST, aspartate aminotransferase; ALT, alanine aminotransferase; AFP, ␣-fetoprotein
*Necroinﬂammatory activity and ﬁbrotic stage were graded histologically according to Desmet’s classiﬁcation.
†Histological grading of HCC was classiﬁed according to the criteria of the International Working Party.
‡TNM was classiﬁed as proposed by the International Union Against Cancer and American Joint Committee on Cancer.

tiproliferative effect of TGF-␤ (Fig. 3D). In addition,
SP600125 blocked the inhibitory effect of IL-1␤ on
TGF-␤-induced Smad3C phosphorylation and p21WAF1
transcription. Moreover, pretreatment with SP600125
signiﬁcantly enhanced the antiproliferative effect of
TGF-␤ and lowered cell proliferation on IL-1␤ stimulation. These results indicated that the JNK pathway antagonized the antiproliferative effect of TGF-␤ via the
WAF1
pSmad3C/p21
pathway in the cultured hepatocytes.
Not only IL-1␤ but also tumor necrosis factor alpha as
another Th1 cytokine shifted from a tumor-suppressive
pSmad3C pathway to a ﬁbrogenic pSmad3L/PAI-1 pathway (data not shown).
Hepatocytes Strongly Positive for pSmad3L in
Chronic Hepatitis C and Subsequent Advancement to
HCC. Finally we investigated whether pSmad3L-positive hepatocytes in chronic hepatitis C would progress to
HCC. We reassessed the patients with chronic hepatitis C
with stage F2 to F3 ﬁbrosis. The relationship between

pSmad3/L positivity and clinicopathological characteristics of the patients is shown in Table 2. HCC was detected
within 12 years in 8 of 14 patients with ample Smad3L
phosphorylation (scores 3-4), whereas only 1 of 12 patients with little Smad3L phosphorylation (scores 0-2)
developed HCC (Fig. 4). Thus, occurrence of HCC
within 12 years was much more frequent in patients with
abundant Smad3L phosphorylation in hepatocytes than
that in those showing sparse Smad3L phosphorylation
(log rank ⫽ 0.008). Our semiquantitative analyses have
the potential to provide data that hepatocytic pSmad3L in
HCV-infected livers could be clinically useful biomarker
to predict risk of HCC occurrence in the future.

Discussion
Chronic inﬂammation associated with persistent HCV
infection is clearly the primary inducer of liver ﬁbrosis and
cancer. However, little information is available on the
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Fig. 3. The pro-inﬂammatory cytokine IL-1␤ shifted TGF-␤ signaling from the tumor-suppressive pSmad3C/p21WAF1 pathway to the JNK/pSmad3L/PAI-1
pathway in cultured rat hepatocytes.(A) A JNK inhibitor SP600125 potentiated TGF-␤-induced pSmad3C but suppressed TGF-␤ as well as IL-1␤-induced
pSmad3L.Serum-starved rat hepatocytes (clone 9 cells) were incubated for 8 hours in the absence or presence of 10 M SP600125, and were then treated
for 30 minutes with 20 pM TGF-␤1, 400 pM IL-1␤, or a combination of both. After immunoprecipitation (IP) of cell lysates with anti-Smad3 Ab, degree of
Smad3 phosphorylation was analyzed in immunoblot (IB) using each anti-phospho-Smad3 Ab (upper panels). Expression of endogenous Smad3 was
monitored by IB using anti-Smad3 Ab (bottom panel).(B) A JNK inhibitor SP600125 potentiated TGF-␤-induced p21WAF1 expression but suppressed TGF-␤
as well as IL-1␤-induced PAI-1 expression.Serum-starved hepatocytes were incubated for 8 hours in the absence or presence of 10 M SP600125, and
were then treated for 5 hours with 20 pM TGF-␤1, 400 pM IL-1␤, or a combination of both. Reverse transcription PCR for PAI-1 (upper panel) and p21WAF1
(middle panel) was performed, and GAPDH (bottom panel) was used as an internal control.(C) A JNK inhibitor SP600125 suppressed cell invasiveness
caused by treatment with TGF-␤ plus IL-1␤.Serum-starved hepatocytes were cultured on Matrigel for 24 hours with 20 pM TGF-␤, 400 pM IL-1␤, or a
combination of both in the absence or presence of 10 M JNK inhibitor SP600125. After ﬁxation with 100% methanol, the hepatocytes were stained with
hematoxylin. Inﬁltrating cells were counted in ﬁve regions selected at random, and the number of invading cells was determined as the mean.(D) A JNK
inhibitor SP600125 potentiated the growth inhibitory effect of TGF-␤ but suppressed IL-1␤-mediated growth stimulation. Serum-starved hepatocytes were
incubated for 8 hours with or without 10 M JNK inhibitor SP600125. The hepatocytes were then treated with 20 pM TGF-␤, 400 pM IL-1␤, or a combination
of both for 20 hours followed by 4-hour incubation with 1 Ci of [3H] thymidine. The acid-insoluble [3H] thymidine radioactivity was counted.

molecular mechanisms by which chronic inﬂammation
causes progressive liver ﬁbrosis and ultimately HCC. Although myoﬁbroblasts transdifferentiated from HSCs entrapped in the stroma have historically been considered
the primary cells involved in development of liver ﬁbrosis,3 possible direct involvement of hepatocytes in ﬁbrosis
has not been examined. In parallel with emergence of the
EMT paradigm in ﬁbrosis and carcinogenesis, a large
body of work has established roles for epithelial cells as
important mediators of progressive ﬁbrosis and carcinogenesis.7 During progression of HCV-related chronic
liver disorders, our current data indicated that hepatocytes affected by chronic inﬂammation undergo transition from the tumor-suppressive pSmad3C pathway,

which is characteristic of mature epithelial cells, to the
JNK/pSmad3L pathway, which appears to favor the state
of ﬂux shown by myoﬁbroblasts, accelerating liver ﬁbrosis
while increasing risk of cancer (Fig. 5).
Constitutively phosphorylated Smad3L was observed
in premalignant lesions including cirrhosis as well as in
HCC (Fig. 1C). Because JNK was found to be phosphorylated constitutively and activated in the early stages of
HCC,29 constitutive Smad3L phosphorylation in cirrhosis and HCC could be a direct consequence of JNK signaling. JNK acts as an important regulator of TGF-␤
signaling by increasing the basal amount of pSmad3L
available for ﬁbrogenic action in hepatocytic nuclei, in the
meantime shutting down TGF-␤-dependent tumor-sup-
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Table 2. Clinicopathologic Features, Smad3L/C Phosphorylation, and HCC Incidence in Specimens from Patients with HCVRelated Chronic Hepatitis (F2 to F3)
Patient
No.

Sex

Age

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

F
F
M
M
M
F
M
F
M
M
F
M
M
F
M
F
M
F
F
M
M
F
F
M
F
M

45
51
50
62
67
63
35
51
48
59
53
52
50
26
36
63
53
52
57
40
41
45
49
46
61
27

Incidence
of HCC

pSmad3L
staining

pSmad3C
staining

*Fibrotic
stage

*Inﬂammatory
activity

AFP
(ng/mL)

Platelet count
(ⴛ 109/L)

*
*
*
*
*
*
*
*

4
4
3
3
3
3
3
3
3
3
3
3
3
3
2
2
2
2
2
2
2
2
1
1
1
1

2
3
2
1
4
2
2
2
3
4
1
1
2
3
1
3
2
2
3
4
4
3
4
4
2
3

F3
F3
F3
F3
F3
F2
F2
F2
F3
F3
F3
F3
F3
F2
F3
F3
F3
F3
F2
F2
F2
F2
F2
F2
F2
F2

A2
A2
A3
A2
A2
A2
A1
A1
A2
A2
A2
A2
A1
A2
A3
A1
A2
A1
A3
A1
A1
A1
A3
A2
A1
A1

17
45
78
42
11
72
50
22
15
88
5
21
5
45
10
7
43
5
55
5
11
20
8
5
57
7

9.6
6.9
7.4
15.5
8.7
20.2
15.5
10.0
19.0
15.4
12.0
19.0
18.6
17.0
13.3
15.2
15.2
10.6
8.4
19.4
18.4
14.7
13.5
13.5
9.6
21.8

*

Abbreviations: pSmad3L, linker-phosphorylated Smad3; pSmad3C, C-terminally phosphorylated Smad3; AFP, ␣-fetoprotein
*Necroinﬂammatory activity and ﬁbrotic stage were graded histologically according to Desmet’s classiﬁcation.

pressive activity by pSmad3C (Fig. 5). Loss of an epithelial homeostasis and acquisition of a migratory,
mesenchymal phenotype are essential for tumor invasion.
In this context, JNK activity is important for pSmad3Ldependent signaling that might interact with other onco-

Fig. 4. Patients whose hepatocytes in chronic hepatitis C specimens
were strongly positive for pSmad3L showed progression to HCC.Cumulative rate of HCC development from chronic hepatitis C with grade F2 to
3 ﬁbrosis was compared between cases with high and low phosphorylation of Smad3L (Kaplan-Meier analysis and log-rank test).Incidence of
HCC was signiﬁcantly higher in patients with abundant Smad3L phosphorylation (scores 3 to 4; solid line) in the hepatocytic nuclei than in
those with sparse Smad3L phosphorylation (scores 0 to 2; dotted line).

genic pathways, especially activator protein 1, to maintain
a mesenchymal phenotype of hepatocytes.12 This mechanism could explain why several studies indicate a correlation between Smad3 and invasiveness as well as metastatic
potential in human cancers.22
Exploring the shift from epithelial to mesenchymal
TGF-␤ signaling during human hepatic ﬁbro-carcinogenesis appears to offer new direction for diagnostic
and therapeutic approaches. This new paradigm of the
JNK/pSmad3L-mediated signaling in chronic liver disorders should prove useful in future investigations of
other cancers associated with chronic inﬂammation,
such as gastric cancer.30 From the viewpoint of TGF-␤
signaling, a key therapeutic aim in chronic liver disorders would be restoration of the lost tumor-suppressor
function observed in normal hepatocytes at the expense
of effects promoting hepatic ﬁbro-carcinogenesis. Our
current model suggests that speciﬁc inhibitors of the
JNK/pSmad3L pathway could suppress progression of
both liver ﬁbrosis and cancer. In molecularly targeted
therapy for human ﬁbrosis and cancer, pSmad3L and
pSmad3C could be assessed as biomarkers to evaluate
the likely beneﬁt from speciﬁc inhibition of the JNK/
pSmad3L pathway.

HEPATOLOGY, Vol. 46, No. 1, 2007

Fig. 5. Chronic inﬂammation associated with HCV infection shifted
hepatocytic TGF-␤ signaling from tumor-suppression to ﬁbrogenesis,
accelerating liver ﬁbrosis and increasing higher risk for HCC.As HCVinfected livers progressed from chronic hepatitis through cirrhosis to HCC,
pSmad3L/PAI-1 gradually increased while pSmad3C/p21WAF1 decreased
in hepatocytes, leading to loss of epithelial homeostasis and acquisition
of an invasive, mesenchymal phenotype. Pro-inﬂammatory cytokines
such as IL-1␤ and TNF-␣ signaling might act in concert with signaling
mediated by TGF-␤ to activate the JNK/pSmad3L pathway and accelerate nuclear transport of pSmad3L from the cytoplasm. This could reduce
accessibility of unphosphorylated Smad3 to membrane-anchored T␤RI,
preventing Smad3C phosphorylation, pSmad3C-mediated p21WAF1 transcription, and consequently the antiproliferative effect of TGF-␤ on the
hepatocytes.

References
1. Poynard T, Yuen MF, Ratziu V, Lai CL. Viral hepatitis C. Lancet 2003;
362:2095-2100.
2. Pinzani M, Rombouts K, Colagrande S. Fibrosis in chronic liver diseases:
diagnosis and management. J Hepatol 2005;42:S22-S36.
3. Friedman SL. Mechanisms of disease: mechanisms of hepatic ﬁbrosis and
therapeutic implications. Nat Clin Pract Gastroenterol Hepatol 2004;1:
98-105.
4. Omata M, Yoshida H. Prevention and treatment of hepatocellular carcinoma. Liver Transpl 2004;10:111-114.
5. Koike K, Miyoshi H. Oxidative stress and hepatitis C viral infection.
Hepatol Res 2006;34:65-73.
6. Moses HL, Yang EY, Pietenpol JA. TGF-␤ stimulation and inhibition of
cell proliferation: new mechanistic insights. Cell 1990;63:245-247.
7. Zavadil J, Bottinger EP. TGF-␤ and epithelial-to-mesenchymal transitions. Oncogene 2005;24:5764-5774.
8. de Caestecker MP, Piek E, Roberts AB. Role of transforming growth
factor-␤ signaling in cancer. J Natl Cancer Inst 2000;92:1388-1402.
9. Kolb M, Margetts PJ, Anthony DC, Pitossi F, Gauldie J. Transient expression of IL-1beta induces acute lung injury and chronic repair leading to
pulmonary ﬁbrosis. J Clin Invest 2001;107:1529-1536.

MATSUZAKI ET AL.

57

10. Heldin, C-H, Miyazono, K, ten Dijke, P. TGF-␤ signaling from cell membrane to nucleus through SMAD proteins. Nature 1997;390:465-471.
11. Wrana JL. Crossing Smads. Sci STKE 2000;23:RE1.
12. Derynck R, Zhang YE. Smad-dependent and Smad-independent pathways in TGF-␤ family signalling. Nature 2003;425:577-584.
13. Saika S, Kono-Saika S, Ohnishi Y, Sato M, Muragaki Y, Ooshima A, et al.
Smad3 signaling is required for epithelial-mesenchymal transition of lens
epithelium after injury. Am J Pathol 2004;164:651-663.
14. Furukawa F, Matsuzaki K, Mori S, Tahashi Y, Yoshida K, Sugano Y, et al.
p38 MAPK mediates ﬁbrogenic signal through Smad3 phosphorylation in
rat myoﬁbroblasts. HEPATOLOGY 2003;38:879-889.
15. Mori S, Matsuzaki K, Yoshida K, Furukawa F, Tahashi Y, Yamagata H, et al.
TGF-␤ and HGF transmit the signals through JNK-dependent Smad2/3
phosphorylation at the linker regions. Oncogene 2004;23:7416-7429.
16. Matsuzaki K. Smad3 phosphoisoform-mediated signaling during sporadic
human colorectal carcinogenesis. Histol Histopathol 2006;21:645-662.
17. Yoshida K, Matsuzaki K, Mori S, Tahashi Y, Yamagata H, Furukawa F, et al.
Transforming growth factor-␤ and platelet-derived growth factor signal via
c-Jun N-terminal kinase-dependent Smad2/3 phosphorylation in rat hepatic
stellate cells after acute liver injury. Am J Pathol 2005;166:1029-1039.
18. Desmet VJ, Gerber M, Hoofnagle JH, Manns M, Scheuer PJ. Classiﬁcation of chronic hepatitis: diagnosis, grading and staging. HEPATOLOGY
1994;19:1513-1520.
19. International Working Party. Terminology of nodular hepatocellular lesions. HEPATOLOGY 1995;22:983-993.
20. Sobin LH, Wittekind Ch, eds. International Union Against Cancer
(UICC). In: TNM classiﬁcation of malignant tumours. 5th ed. New York:
Wiley-Liss, 1997:74-77.
21. Weinstein IB, Orenstein JM, Gebert R, Kaighn ME, Stadler UC. Growth
and structural properties of epithelial cell cultures established from normal
rat liver and chemically induced hepatomas. Cancer Res 1975;35:253-263.
22. Yamagata H, Matsuzaki K, Mori S, Yoshida K, Tahashi Y, Furukawa F, et al.
Acceleration of Smad2 and Smad3 phosphorylation via c-Jun NH(2)-terminal
kinase during human colorectal carcinogenesis. Cancer Res. 2005;65:157-165.
23. Matsuzaki K, Date M, Furukawa F, Tahashi Y, Matsushita M, Sugano Y,
et al. Regulatory mechanisms for TGF-␤ as autocrine inhibitor in human
hepatocellular carcinoma: implications for roles of Smads in its growth.
HEPATOLOGY 2000;32:218-227.
24. Moustakas A, Kardassis D. Regulation of the human p21/WAF1/Cip1
promoter in hepatic cells by functional interactions between Sp1 and Smad
family members. Proc Natl Acad Sci U S A 1998;95:6733-6738.
25. Eitzman DT, McCoy RD, Zheng X, Fay WP, Shen T, Ginsburg D, et al.
Bleomycin-induced pulmonary ﬁbrosis in transgenic mice that either lack
or overexpress the murine plasminogen activator inhibitor-1 gene. J Clin
Invest 1996;97:232-237.
26. Dinarello CA. Blocking IL-1 in systemic inﬂammation. J Exp Med 2005;
201:1355-1359.
27. Tilg H, Wilmer A, Vogel W, Herold M, Nolchen B, Judmaier G, et al.
Serum levels of cytokines in chronic liver diseases. Gastroenterology 1992;
103:264-274.
28. McGuinness PH, Painter D, Davies S, McCaughan GW. Increases in
intrahepatic CD68 positive cells, MAC387 positive cells, and proinﬂammatory cytokines (particularly interleukin 18) in chronic hepatitis C infection. Gut 2000;46:260-269.
29. Sugioka Y, Watanabe T, Inagaki Y, Kushida M, Niioka M, Endo H, et al.
c-Jun NH2-terminal kinase pathway is involved in constitutive matrix
metalloproteinase-1 expression in a hepatocellular carcinoma-derived cell
line. Int J Cancer 2004;109:867-874.
30. Coussens LM, Werb Z. Inﬂammation and cancer. Nature 2002;420:860-867.

