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Abstract
The risk of hepatocellular carcinoma (HCC) develop-
ment increases as hepatitis virus C (HCV)-related liver 
diseases progress, especially in patients with active 
inflammation. Insight into hepatic carcinogenesis have 
emerged from recent detailed analyses of transform-
ing growth factor-β and c-Jun-N-terminal kinase sig-
naling processes directed by multiple phosphorylated 
(phospho)-isoforms of a Smad3 mediator. In the 
course of HCV-related chronic liver diseases, chronic 
inflammation and host genetic/epigenetic alterations 
additively shift the hepatocytic Smad3 phospho-isoform 
signaling from tumor suppression to carcinogenesis, 
increasing the risk of HCC. Chronic inflammation rep-
resents an early carcinogenic step that provides a non-
mutagenic tumor-promoting stimulus. After undergoing 
successful antiviral therapy, patients with chronic hepa-
titis C could experience a lower risk of HCC as Smad3 
phospho-isoform signaling reverses from potential 
carcinogenesis to tumor suppression. Even after HCV 
clearance, however, patients with cirrhosis could still 
develop HCC because of sustained, intense carcino-
genic Smad3 phospho-isoform signaling that is possibly 
caused by genetic or epigenetic alterations. Smad3 

phospho-isoforms should assist with evaluating the ef-
fectiveness of interventions aimed at reducing human 
HCC.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: The risk of hepatocellular carcinoma (HCC) 
development increases in patients persistently infected 
with hepatitis viruses, especially in patients with active 
viral replication and inflammation. Our model suggests 
that the chronic inflammatory state and the hepatitis 
viruses themselves act in concert with genetic or epi-
genetic alterations to worsen human liver diseases by 
promoting hepatic carcinogenesis. The affected hepato-
cytes are subject to such interactions until their descen-
dants acquire other genetic or epigenetic alterations. 
Even after the withdrawal of promoters such as chronic 
inflammation and hepatitis viruses, the hepatocytes 
could retain proliferative phenotypes, enabling some 
pre-neoplastic hepatocytes to develop into HCC.
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INTRODUCTION
Chronic hepatitis C virus (HCV) infection is charac-
terized by intrahepatic lipid accumulation (steatosis), 
variable degrees of  progressive fibrosis, and long-term 
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progression to cirrhosis and hepatocellular carcinoma 
(HCC)[1,2]. This progression is attributed to the continu-
ous activation of  the immune response, with increased 
production of  pro-inflammatory cytokines[3]. Although 
the causal relationship between chronic inflammation and 
hepatic carcinogenesis is widely accepted, the molecular 
and cellular mechanisms explaining this relationship re-
main unknown. Moreover, the polyprotein encoded by 
the HCV genome contributes to hepatic carcinogenesis. 
Over-expression of  the HCV core protein induces HCC 
in transgenic mice, and the nonstructural NS5A protein 
has trans-activating properties that might alter patterns 
of  host gene expression to favor neoplastic transforma-
tion[4-8]. In addition, a full-length, infectious clone of  
HCV cDNA stably replicating in hepatocytes has been 
shown to stimulate hepatocytic growth and survival in 
vitro and to accelerate tumor formation in vivo[9]. 

  Hepatic carcinogenesis is a multistep process involv-
ing multiple cellular signaling pathways. Transforming 
growth factor (TGF)-β signaling has important roles in 
this process. HCV infection is associated with significant 
increases in TGF-β in serum and liver samples[10]. Dys-
regulated, persistent TGF-β actions are thought to lead 
to pathological states. TGF-β is a potent growth inhibitor 
of  hepatocytes, and is also considered the most potent 
pro-fibrogenic cytokine; TGF-β accelerates liver fibrosis 
by triggering the proliferation and transformation of  he-
patic stellate cells (HSCs) in HCV-infected patients[11-14]. A 
series of  studies have shown that c-Jun N-terminal kinase 
(JNK) signaling communicates closely with TGF-β sig-
naling to regulate hepatic carcinogenesis[15-18]. A consen-
sus emerging from these studies is that the JNK pathway 
could antagonize TGF-β induced growth inhibition and 
favor the pro-invasive function of  TGF-β[19]. Positive and 
negative regulation occurs between the two pathways. 

  Recently, the majority of  investigations into TGF-β 
have concerned downstream regulatory events, particu-
larly the components of  TGF-β signaling[20]. Here, we 
outline how TGF-β signaling is regulated by the JNK 
pathway. We consider how influences such as chronic 
inflammation, HCV, and somatic mutations additively 
promote tumor formation. Finally, we discuss the re-
versibility of  TGF-β signaling profiles between tumor 
suppression and carcinogenesis in human HCV-related 
chronic liver diseases.

JNK PATHWAY INDUCES HEPATIC 
REGENERATION AND CARCINOGENESIS
The JNK pathway participates in physiological cell 
growth and in malignant transformation. JNK activates 
activator protein (AP)-1, which promotes the expression 
of  cyclin D and initiates the G0-G1 transition in the cell 
cycle[21]. Upon partial hepatectomy, the pharmacologic 
inhibition of  JNK blocks c-Jun phosphorylation, AP-1 
activation, and cyclin D1 expression, with the effect of  
delaying regeneration[22]. Consistently, Jnk1-/- mice show 
decreased liver regeneration following partial hepatec-

tomy, and these mice have increased p21WAF1, which is 
a cell-cycle inhibitor, and reduced expression of  c-Myc, 
which is a negative regulator of  p21WAF1. A deficiency in 
p21WAF1 was found to reverse the regeneration defect in 
Jnk1-/-livers, indicating that JNK1 promotes hepatocyte 
proliferation by inhibiting p21WAF1[23,24]. The most compel-
ling evidence for a role of  JNK in cancer initiation comes 
from studies of  HCC development in animal and human 
models. JNK1-null mice exhibit impaired liver carcino-
genesis with reduced tumor masses, sizes, and numbers 
caused by increased expression of  p21WAF1 and reduced 
expression of  c-Myc[23]. JNK1 is essential for mediating 
the development of  HCC that accompanies a loss of  
hepatic nuclear factor-ĸB activity in mice[25-27]. JNK1 is 
activated in a high percentage of  human HCC cases[23,28], 
and higher JNK1 activation is associated with a poorer 
patient prognosis and the over-expression of  several he-
patic progenitor cell markers, such as CD133[29].

ONCOPROTEINS ENCODED BY THE 
HCV GENOME PROMOTE HEPATIC 
CARCINOGENESIS THROUGH THE JNK 
PATHWAY
HCV, a single-stranded RNA virus that could not inte-
grate into the host genome, has a predominantly cytoplas-
mic life cycle. All of  the potentially pro-oncogenic events 
are likely to be restricted to the cytoplasm, suggesting in-
direct mechanisms of  hepatic carcinogenesis[6]. The HCV 
genome has a long open reading frame that encodes a 
polyprotein precursor. This polyprotein is cleaved by 
host and viral proteases to generate 4 structural proteins 
(C, E1, E2, and P7) and 6 nonstructural proteins (xlink, 
NS3, NS4A, NS4B, NS5A, and NS5B)[6,8,30]. Although the 
immune response to the virus and the consequent non-
specific chronic inflammation is central to the develop-
ment of  HCC, the HCV core protein has been shown to 
induce HCC in transgenic mice and is suggested to play 
a role in HCC development in cases of  chronic hepatitis 
C[5,6]. Exactly how the core protein acts in the develop-
ment of  HCC remains unclear[5]. However, the HCV 
core protein has been shown to promote oxidative stress, 
steatosis, and apoptosis, all of  which might promote car-
cinogenesis. The HCV core protein induces activation 
of  the JNK pathway through a regulatory mechanism in-
volving vascular endothelial growth factor[31]. Cells over-
expressing the HCV core protein have decreased p21WAF1 
protein half-life and increased c-Myc promoter in tissue 
culture and in HCV core-expressing transgenic mice[4]. In 
addition, NS5A acts as a positive regulator of  the JNK 
signaling pathway by interacting with tumor necrosis fac-
tor receptor associated factor (TRAF), which might play 
a key role in HCV pathogenesis[4]. In an HCV infection 
model, Lin et al[32] demonstrated that HCV directly in-
duced TGF-β release from hepatocytes in a manner that 
is dependent on the abundance of  reactive oxygen spe-
cies (ROS) and JNK. 
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CHRONIC INFLAMMATION INDUCED BY 
HCV INFECTION PROMOTES HEPATIC 
CARCINOGENESIS THROUGH THE JNK 
PATHWAY
A positive correlation between the amounts of  pro-in-
flammatory cytokines, the intensity of  necroinflammatory 
activity, and the degree of  liver fibrosis has been report-
ed[33]. Injury-induced apoptosis and necrosis of  hepato-
cytes activate Kupffer cells (KCs). In activated KCs, the 
transcription of  pro-inflammatory cytokines is induced, 
most notably tumor necrosis factor (TNF)-α and TGF-β.

  The binding of  TNF-α to TNF receptor 1 leads to 
the rapid formation of  complex I, comprising TNFR 
associated death domain, receptor interacting protein 1 
(RIP1), TRAF2, cellular inhibitor of  apoptosis (cIAP)-1, 
cIAP2, and a dimeric ubiquitin (Ub)-conjugating enzyme 
composed of  Ubc13. The cIAP-mediated K63 ubiqui-
tination of  RIP1 recruits and activates TGF-β activated 
kinase 1 (TAK1)[34,35]. TAK1 activates JNK through 
mitogen-activated kinase kinase 4/7[36]. Complex Ⅰ also 
contributes to ROS production through reduced nico-
tinamide adenine dinucleotide phosphate oxidase 1 and 
Rac1. ROS accumulation promotes the prolonged activa-
tion of  JNK by inactivating JNK phosphatases[37,38].

The inflammatory response triggered by HCV in-
fection precedes tumor development and part of  the 
normal host defenses. In most cases, HCV subverts host 
immunity and establishes persistent infections associ-
ated with chronic inflammation[39]. Chronic inflammation 
drives a maladaptive reparative reaction and stimulates 
liver cell death and regeneration, which is associated with 
the eventual development of  dysplastic nodules and can-
cer[40,41]. Accordingly, HCV-related liver disease progres-
sion is promoted by the synergistic action of  HCV and 
chronic inflammation, with chronic inflammation appear-
ing to play the predominant role.

JNK DEPENDENT SMAD3 SIGNALING 
THROUGH LINKER PHOSPHORYLATION
The receptor-associated activation of  Smads, which in-
clude Smad2 and the very similar protein Smad3, is an 
important intracellular mediator of  TGF-β signaling. 
Previous studies have shown mutual interactions between 
the TGF-β-related JNK and Smad pathways[15,42-44]. The 
JNK pathway could antagonize TGF-β-induced growth 
inhibition, allowing for the acquisition of  an invasive phe-
notype[45]. The nuclear function of  Smad complexes could 
be regulated by JNK1, which promotes binding to DNA 
and supports diverse gene responses to TGF-β, leading to 
an invasive phenotype[46]. TGF-β also induces the activa-
tion of  non-Smad signaling pathways involving TAK1 
and JNK[36]. 

  In addition to the modulation of  transcriptional 
responses, linker phosphorylation of  cytoplasmic Smad 
proteins is critical for the integration of  JNK signaling 
with the TGF-β pathway. Linker phosphorylation of  

Smad3 permits translocation into the nucleus and al-
lows for further consequences of  JNK signaling[47-51]. 
Thus, JNK signaling modulates or competes for a Smad-
mediated signaling pathway. JNK simultaneously activates 
linker-phosphorylated Smad and nuclear transcription 
factors binding the Smad complex, and these changes 
typically occur in parallel. Accordingly, the linker-phos-
phorylated Smad pathway is difficult to assess in isolation. 
To address this problem, we produced domain-specific 
antibodies (Abs) that are able to distinguish between the 
phosphorylated linker region and the C-terminal region 
of  Smad3[52]. These Abs allowed us to determine the 
phosphorylation sites of  Smad3 and the cellular location 
of  Smad3 in liver tissue, providing better understanding 
of  phospho-Smad3 signaling regulation in hepatocytes 
(Figure 1).

SMAD3 PHOSPHO-ISOFORM SIGNALING: 
TUMOR SUPPRESSIVE TGF-b 
TYPE Ⅰ RECEPTOR (TbRⅠ)/PSMAD3C 
VS CARCINOGENIC JNK/PSMAD3L 
PATHWAYS
Cell proliferation is limited by extracellular signals that 
maintain tissue homeostasis. TGF-β signaling is a potent 
supplier of  such signals. TGF-β catalytically activates 
TβRI, which phosphorylates the C-terminal serine resi-
dues of  Smad3. C-terminal phosphorylated Smad3 (pS-
mad3C) accumulates in the nucleus and participates in 
the induction of  p21WAF1, which inhibits cyclin-dependent 
kinase (CDK) and represses the expression of  c-Myc[53] 

(Figure 2A).
Liver regeneration induced by necrogenic doses of  

carbon tetrachloride (CCL4) is a well-studied model of  
cell cycle control and signal transduction because of  the 
robust kinetic profile of  hepatocyte necrosis and pro-
liferation following CCL4-induced liver injury[54]. Pro-
inflammatory cytokines, such as TNF-α, are important 
components of  the mitogenic pathways leading to 
regeneration after an acute liver injury[39]. During liver 
regeneration, hepatocytes acquire temporary resistance 
to growth inhibition mediated by TGF-β, allowing the 
cells to proliferate in response to pro-inflammatory cyto-
kines[43]. Because TGF-β is also increased in the damaged 
liver, other mechanisms appear to play critical roles in 
hepatocytic growth regulation. The phosphorylation pat-
tern of  Smad3 in regenerative hepatocytes after an acute 
liver injury suggests an important participation of  Smad3 
phospho-isoform signaling in this regulation. After CCL4 
poisoning, linker-phosphorylated Smad3 (pSmad3L) mol-
ecules were located in the nuclei of  regenerating hepato-
cytes within 8 h[52]. After a liver injury, pro-inflammatory 
cytokines activate JNK to induce the phosphorylation 
of  Smad3L[50]. pSmad3L undergoes translocation to the 
nucleus to stimulate c-Myc transcription (Figure 2B), 
which increases the proliferation of  hepatocytes and 
opposes the cytostatic TGF-β signaling. As pSmad3L 
eventually diminishes, pSmad3C dramatically increases in 
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Figure 1  Two distinct hepatocytic Smad3 phospho-isoforms in chronic hepatitis C. Liver specimens with moderate fibrosis and inflammation from a patient 
with chronic hepatitis C were immunostained using domain-specific antibodies (Abs) that are able to distinguish between the phosphorylated linker region and the 
C-terminal region of Smad3. Each section was counterstained with hematoxylin (blue). The brown color indicates specific Ab reactivity. The distribution of pSmad3C 
and pSmad3L showed a sharp contrast in the liver specimens. Whereas the hepatocytes adjacent to the collagen fibers of the portal tract showed nuclear localization 
of pSmad3L (upper column), pSmad3C was predominantly located in the hepatocytic nuclei distant from the portal tract (lower column).
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Figure 2  Smad3 phospho-isoform signaling: Tumor suppressive TβRI/pSmad3C pathway vs carcinogenic JNK/pSmad3L pathway. A: In normal hepatocytes, 
transforming growth factor (TGF)-β activates the TGF-β type Ⅰ receptor (TβRⅠ), leading to the direct phosphorylation of the C-terminal region of Smad3. The C-ter-
minal phosphorylated Smad3 (pSmad3C) moves to the nucleus and transmits cytostatic signals by up-regulating p21WAF1. The TβRI/pSmad3C pathway is crucial for 
homeostasis and is a tumor suppressor; B: In hepatocytes affected by mitogenic stimuli, pro-inflammatory cytokines activate c-Jun N-terminal kinase (JNK), drastically 
altering the Smad3 signaling to induce the phosphorylation of Smad3 at its linker region. The linker-phosphorylated Smad3 (pSmad3L) undergoes translocation to the 
nucleus to stimulate c-Myc transcription, resulting in a proliferative state. During hepatitis C virus-related chronic liver disease progression, the JNK/pSmad3L pathway 
is constitutively activated and promotes carcinogenesis. 
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the nuclei of  hepatocytes at 36 h after a chemical insult, 
a time when proliferation stops[52]. The cytostatic TβRI/
pSmad3C signaling contributes to the termination of  he-
patocyte proliferation.

In human liver specimens with chronic hepatitis C, 
the distribution of  pSmad3L and pSmad3C showed a 
sharp contrast (Figure 1). Whereas the hepatocytes ad-
jacent to the collagen fibers of  the portal tract showed 
nuclear localization of  pSmad3L, pSmad3C was pre-
dominantly located in the hepatocytic nuclei distant from 
the portal tract. During the transdifferentiation of  HSCs 
to myofibroblasts (MFBs) phenotype, the pSmad3C-
mediated signal decreases, and the pSmad3L pathway 
predominates[16]. The MFBs in the portal tracts of  chron-
ically HCV-infected liver specimens also exhibit the pS-
mad3L pathway. These observations indicate that HCV-
infected hepatocytes exhibit the same pSmad3L signaling 
as MFBs, accelerating liver disease progression[50,51].

During carcinogenesis, the physiological balance be-
tween proliferation and differentiation in normal hepato-
cyte homeostasis is lost. The cytostatic TGF-β signaling 
appears to maintain such balance in the early stages of  
carcinogenesis[55]. Some reports showed a low frequency 
of  mutations of  TβRⅡ and other TGF-β pathway genes 
in HCC, which are frequently found to be mutationally 
inactivated in other gastrointestinal cancers[56-60]. When 
Tgfbr2 was deleted in hepatic tissue, the p53 knockout 
mice showed inhibition of  hepatocarcinogenesis[61]. Fur-
thermore, in HCC cell lines, the knockdown of  TβRⅡ or 
Smad4 attenuated the nuclear accumulation of  pSmad3L 
and caused growth inhibition[62]. These reports indicate 
that carcinogenic TGF-β signaling is likely mediated in 
part by linker phosphorylation of  Smad3. This is dem-
onstrated by the fact that a high level of  linker Smad3 
phosphorylation was observed in HCC specimens and 
in human HCC cell lines[63-65]. We previously showed that 
HBV- and HCV-induced HCC subsequently develops in 
patients whose liver specimens show abundant Smad3L 
and limited Smad3C phosphorylation in hepatocytic nu-
clei; however, the HBV- and HCV-induced HCC does not 
develop in patients whose liver specimens show abundant 
pSmad3C but limited pSmad3L[63,64]. Taken together, dur-
ing the progression of  HCV-related chronic liver diseases, 
pre-neoplastic hepatocytes lose the tumor suppressive 
TβRI/pSmad3C signaling pathway to constitutively acti-
vate the carcinogenic JNK/pSmad3L signaling pathway.

AS HCV INFECTIONS OF THE LIVER 
PROGRESSES FROM CHRONIC 
HEPATITIS THROUGH CIRRHOSIS 
TO HCC, HEPATOCYTIC SMAD3 
PHOSPHO-ISOFORM SIGNALING SHIFTS 
FROM TUMOR SUPPRESSION TO 
CARCINOGENESIS
To clarify the relationship between Smad3 phospho-iso-

form signaling and liver disease progression, we studied 
patients with HCV-related chronic liver disease and HCC. 
We immunostained serial liver sections using anti-pS-
mad3L and anti-pSmad3C Abs, paired with staining for 
p21WAF1 and c-Myc[63,66]. The immunostaining of  a normal 
liver with an Ab specific to pSmad3C shows slight phos-
phorylation of  Smad3C throughout the liver and scant 
phosphorylation of  Smad3L. In cirrhotic and HCC liv-
ers, pSmad3C is less abundant than in chronic hepatitis C, 
and pSmad3L gradually increases during liver disease pro-
gression. As chronic hepatitis C progresses through cir-
rhosis to HCC, c-Myc staining increases, whereas p21WAF1 
staining decreases in the hepatocytic nuclei. Moreover, 
double-immunofluorescence studies on the liver speci-
mens representing HCV-related chronic liver diseases 
confirm that pSmad3L co-localizes with c-Myc, and 
pSmad3C co-localizes with p21WAF1. These observations 
indicate that hepatocytic Smad3 phospho-isoform signal-
ing shifts from tumor suppressive pSmad3C/p21WAF1 sig-
naling to carcinogenic pSmad3L/c-Myc signaling during 
chronic liver disease progression.

We previously reported that positivity of  hepatocytic 
nuclei for pSmad3L in chronic hepatitis C specimens 
showed no significant relationship with the plasma HCV-
RNA level in chronic hepatitis C patients[63]; in chronic 
hepatitis B patients, the positivity of  hepatocytic nuclei 
for pSmad3L increased in proportion to the amount 
of  HBV-DNA[64]. The hepatocytic phosphorylation of  
Smad3L in chronic hepatitis C increased in proportion to 
necroinflammatory activity[63], and there was no correla-
tion between pSmad3L and necroinflammatory activity 
in chronic hepatitis B patients[64]. These results suggested 
that HCV contributed indirectly to the development of  
HCC through chronic inflammation. In the early stages 
of  chronic hepatitis, HBV played a more important 
role than HCV in hepatocarcinogenesis. Because HCC 
gradually develops in transgenic mice expressing the core 
protein or the HCV full-length polyprotein[67,68], hepatitis 
viruses themselves, together with the host immune re-
sponse, might promote human hepatocarcinogenesis via 
the JNK/pSmad3L pathway during the late stages of  the 
carcinogenic process in HCV-related chronic liver disease.

Because the TβRI/pSmad3C pathway is required for 
the maintenance of  genomic stability, the induction of  
replicative senescence, and the suppression of  telom-
erase[69-71], escaping the tumor suppressive TβRI/pS-
mad3C pathway is a critical step for progression to full 
malignancy in cancers; this step must overcome multiple 
fail-safe genetic controls[72]. The chronic inflammation 
associated with HCV infection appears to be the primary 
initial requirement for the carcinogenic JNK/pSmad3L 
pathway in earlier stages of  chronic hepatitis C. Ge-
nomic alterations appear to develop randomly, beginning 
in pre-neoplastic hepatocytes, and their development 
escalates in dysplastic hepatocytes and HCCs. Synergy 
between chronic inflammation and persistent HCV in-
fection leads to the accumulation of  events necessary 
for the malignant transformation of  hepatocytes. HCV 
promotes genetic instability by several mechanisms that 
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compromise the ability of  the hepatocytes to mediate 
DNA repair[8]. HCV upregulates DNA methyltransfer-
ases, which decrease the expression of  genes involved in 
DNA repair[73]. HCV core proteins compromise several 
p53 functions, including nucleotide excision repair and 
transcription-coupled repair[74,75]. HCV also blocks DNA 
repair through the ataxia telangiectasia mutated DNA 
repair pathway[76]. HCV core proteins suppress the CDK 
inhibitors through promoter methylation, resulting in the 
inactivation of  the retinoblastoma tumor suppressor pro-
tein[77]. JNK signaling might be capable of  affecting the 
epigenetic landscape of  the genome, which could render 
hepatocytes more susceptible to carcinogens and DNA-
damaging influences, such as oxidative stress. Increased 
cell proliferation occurring in the presence of  oxidative 
stress leads to the accumulation of  DNA damage that is 
thought to compromise gene and chromosome stability 
and forms the genomic basis for the malignant transfor-
mation of  hepatocytes. Hepatocytes with high expression 
levels of  histone methyltransferases, especially EZH2, 
resulting from increased JNK activation or activity might 
be able to bypass the cellular senescence or apoptotic 
program, leading to malignant transformation[78]. Fur-
thermore, the accumulation of  damaged DNA and cell 
senescence could give rise to tumor promoting chronic 
inflammation[39]. Chronic inflammation and HCV addi-
tively shift hepatocytic Smad3 phospho-isoform signaling 
from tumor suppression to carcinogenesis, increasing the 
risk of  hepatocytic transformation during HCV-related 
chronic liver diseases, and lead to further carcinogenic 
transformation of  hepatocytes in later stages in coopera-
tion with additional host genetic/epigenetic alterations 
(Figure 3A).

AFTER SUCCESSFUL ANTIVIRAL 
THERAPY, PATIENTS WITH CHRONIC 
HEPATITIS C HAVE A LOWER RISK OF 
HCC BECAUSE HEPATOCYTIC SMAD3 
PHOSPHO-ISOFORM SIGNALING HAS 
SHIFTED FROM CARCINOGENESIS TO 
TUMOR SUPPRESSION, ALTHOUGH 
PATIENTS WITH CIRRHOSIS REMAIN AT 
SERIOUS RISK
Linker phosphorylation of  Smad3 indirectly inhibits 
Smad3 C-terminal phosphorylation and subsequently 
suppresses pSmad3C signaling[15,17]. Smad3 mutants that 
lack linker phosphorylation sites and JNK inhibitors 
could restore the tumor suppressive TβRI/pSmad3C sig-
naling in Ras-transformed epithelial cells, HBx expressing 
hepatocytes, and N-diethylnitrosamine-treated rat liv-
ers[17,19,64]. The TβRI/pSmad3C and JNK/pSmad3L sig-
nals oppose each other, and the balance could shift from 
tumor suppression to carcinogenesis.

We recently studied paired liver samples obtained from 
patients with chronic hepatitis C before antiviral therapy 
and after a sustained virological response (SVR) against 
HCV infection in response to antiviral therapy. Patients 
with SVR frequently show histologically evident decreas-
es in fibrosis and inflammation[79]. Furthermore, these 
patients rarely develop HCC[80]. Immunohistochemical 
analyses confirmed that carcinogenic JNK/pSmad3L 
signaling gradually shifts to tumor suppressive TβRI/pS-
mad3C signaling after a SVR[66] (Figure 3B). Based on 
these observations, the chronic inflammation caused by 
persistent HCV infection is hypothesized to represent 
an early carcinogenic step that provides a nonmutagenic 
tumor-promoting stimulus. In contrast to patients with 
chronic hepatitis C, patients with cirrhosis have relatively 
low, although significant, risk of  HCC and do not show 
reductions in decompensated liver diseases despite HCV 
clearance[81,82]. We studied the liver samples obtained from 
patients with cirrhosis who are at risk for the develop-
ment of  HCC despite a SVR. Reflecting these clinical ob-
servations, the hepatocytes maintaining high carcinogenic 
JNK/pSmad3L signaling could not return to tumor sup-
pressive TβRI/pSmad3C-signaling even after HCV clear-
ance[66]. Because the majority of  these patients display 
decreased inflammatory activity, their disease progression 
appears to have become independent of  chronic inflam-
mation. These patients appear to have evolved beyond 
dependence on inflammation and are unable to reverse 
carcinogenic JNK/pSmad3L signaling because the he-
patocytes have acquired genetic or epigenetic alterations 
(Figure 3B). Understanding the molecular mechanisms 
of  inflammation-independent carcinogenesis requires 
further genetic and epigenetic analyses in patients who 
develop HCC despite HCV clearance. 

CONCLUSION
To date, reliable predictive markers that could accurately 
estimate the risk of  chronic hepatitis C disease progres-
sion are unavailable. The identification of  robust molecu-
lar predictive markers for HCC that could supplement 
conventional pathological staging systems is needed. Our 
approach identified pSmad3L as a potentially clinically 
useful prognostic marker for HCC.

Despite some success with our approaches using hu-
man liver tissue samples, several technical hurdles must be 
overcome before pSmad3L could become a reliable HCC 
risk indicator. First, patient characteristics often show 
a bias when samples are retrospectively collected from 
a tissue archive that was not intended for the particular 
study at the time of  acquisition. Large-scale validation in 
a prospective multicenter study with the integration of  
long-term outcome data is needed. Second, confirming 
the accuracy of  the variables reported in our recent study 
concerning pSmad3L positivity requires quantitative anal-
yses. We recently developed a sandwich enzyme-linked 
immunosorbent assay (ELISA) to quantitatively evaluate 
the extent of  phosphorylation of  Smad3L. A preliminary 
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study using this system showed that the sandwich ELISA 
closely correlated with immunohistochemical scores in 
liver tissue that is chronically infected with HCV (unpub-
lished observation). We hope that, in the future, many 
investigators will use our sandwich ELISA system as a 
rapid, specific, and quantitative method for the detection 
of  the phosphorylation of  Smad3L in various human tis-
sues. Such predictive markers should allow us to identify 
groups of  HCV patients at high or low risk for develop-

ing HCC, especially patients that have achieved a SVR. 
Such profiles are likely to permit the evaluation of  the 
effectiveness of  interventions aimed at reducing human 
cancer risks.
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