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Abstract Perturbation of transforming growth factor
(TGF)-B signaling in hepatocytes persistently infected with
hepatitis viruses promotes both fibrogenesis and carcino-
genesis (fibro-carcinogenesis). Insights into hepatocytic
fibro-carcinogenesis have emerged from recent detailed
analyses of context-dependent and cell type—specific TGF-
B signaling processes directed by multiple phosphorylated
forms (phospho-isoforms) of Smad mediators. In the course
of hepatitis virus—related chronic liver diseases, chronic
inflammation, ongoing viral infection, and host genetic/
epigenetic alterations additively shift hepatocytic Smad
phospho-isoform signaling from tumor suppression to
fibro-carcinogenesis, accelerating liver fibrosis and
increasing risk of hepatocellular carcinoma (HCC). After
successful antiviral therapy, patients with chronic hepatitis
can experience less risk of HCC occurrence by reversing
Smad phospho-isoform signaling from fibro-carcinogenesis
to tumor suppression. However, patients with cirrhosis can
still develop HCC owing to sustained, intense fibro-car-
cinogenic signaling. Recent progress in understanding
Smad phospho-isoform signaling should permit use of
Smad phosphorylation as a tool predicting the likelihood of
liver disease progression, and as a biomarker for assessing
the effectiveness of interventions aimed at reducing fibrosis
and cancer risk.
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Abbreviations
CDK Cyclin-dependent kinase

ECM Extracellular matrix

HBV Hepatitis B virus

HCV Hepatitis C virus

HCC Hepatocellular carcinoma

HSC Hepatic stellate cells

JNK c-Jun N-terminal kinase

MH Mad-homology

MFB Myofibroblast

PAI Plasminogen activator inhibitor
PDGF Platelet-derived growth factor
pSmadC C-terminally phosphorylated Smad
pSmadL Linker phosphorylated Smad
pSmadL/C Dually phosphorylated Smad
SMA Smooth muscle actin

TGF Transforming growth factor
TPRI TGF-p type I receptor

TNF Tumor necrosis factor
Introduction

Hepatocellular carcinomas (HCCs), which are the most
frequent primary liver cancers, represent the fifth
most common malignant disease in men and the eighth
most common in women worldwide [1]. Overall inci-
dence of HCC continues to rise, especially in Western
Europe and the US [1]. During the past 20 years, striking
advances have enhanced our understanding of HCC.
More than 85 % of HCC cases are related to infections
with hepatitis B virus (HBV) and hepatitis C virus (HCV)
[2]. Lifetime relative risk for HCC is 15-20 among HB
surface antigen (sAg)-positive individuals, compared with
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the HBsAg-negative population [3]. HCV infection is
associated with a 15- to 20-fold increase in risk for HCC
compared with HCV-negative subjects in cross-sectional
and case—control studies [4].

If hepatitis viruses are not cleared in the acute phase of
infection, the liver may develop chronic hepatitis, in which
chronic liver damage causes fibrosis, characterized by
extracellular matrix (ECM) protein accumulation [5]. Such
ECM deposition distorts hepatic architecture by forming a
fibrous scar. Ultimately, nodules of regenerating hepato-
cytes become enclosed by scar tissue, an event defining
cirrhosis. As human livers persistently infected by hepatitis
viruses progress from chronic hepatitis to cirrhosis, HCC
occurrence increases [5]. Chronic inflammation, hepatitis
viruses, and host genetic/epigenetic alterations additively
promote the fibrogenic process and increase risk of HCC
occurrence in individuals with HBV or HCV infection [6].
Approaches to understanding how human HCC develops in
chronic liver diseases should therefore focus on hepatitis
virus infection—dependent molecular mechanisms shared in
common between fibrosis and carcinogenesis (fibro-carci-
nogenesis) [7].

Conversely, treatment that eliminates hepatitis viruses
allows regression of liver fibrosis and decreases risk for HCC
occurrence [1]. Patients with mild liver fibrosis have a sig-
nificant likelihood of histologically evident decreases in
fibrosis and inflammation after a sustained virological
response (SVR) against HCV infection in response to inter-
feron (IFN) treatment [8]. Furthermore, these patients have
marked reductions in HCC occurrence [9]. Such prevention
appears to be most effective when therapy is given before
development of cirrhosis. In chronic hepatitis, HCC occur-
rence clearly depends on continued presence of hepatitis
viruses and chronic inflammation. In contrast, patients with
cirrhosis have relatively low but real risks of HCC occurrence
and hepatic decompensation despite SVR [10, 11].

Development of HCC is a complex, multistep process
involving alterations of hepatocytes and their physiological
control mechanisms. These changes involve both activation
of carcinogenic pathways and inactivation of tumor sup-
pressive pathways [12]. Transforming growth factor
(TGF)-B inhibits growth of mature hepatocytes and pro-
motes apoptosis, acting as a tumor suppressor [13]. Several
components of the TGF-f signaling pathway are lost or
inactivated in various epithelial neoplasms [14]. However,
only a fraction of liver tumors exhibit inactivating muta-
tions [15, 16], so other mechanisms perturbing hepatocytic
TGF-p signaling appear critical in human hepatocarcino-
genesis [17]. On the other hand, TGF-f as well as pro-
inflammatory cytokines such as tumor necrosis factor
(TNF)-o0 and interleukin-6 can synergistically promote
fibrogenesis by stimulating ECM deposition in activated
mesenchymal cells [18]. Although cytostatic signaling of
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TGF-p in mature hepatocytes has been studied extensively,
fibro-carcinogenic signaling shared between activated
mesenchymal cells and chronically injured hepatocytes has
received less attention [7].

In this review, we provide an overview of current
knowledge concerning human hepatocytic TGF-f3 signal
shifting between tumor suppression and fibro-carcinogen-
esis before and after treatment against hepatitis virus,
stressing potential synergy among hepatitis viruses, chronic
inflammation, and host genetic/epigenetic alterations in
development of pre-neoplastic hepatocytes that eventually
develop into HCC.

Context-dependent and cell type-specific TGF-§
signaling directed by Smad phospho-isoforms

The canonical TGF-f3 pathway involves Smad2 and Smad3
signaling through direct serine phosphorylation of COOH
termini by TGF-B type I receptors (TBRI) upon TGF-§
binding (Fig. la, left) [19]. TPRI-mediated phosphoryla-
tion of Smad2 and Smad3 induces their association with a
shared partner, Smad4, followed by translocation into the
nucleus where these complexes activate transcription of
specific genes. Smad proteins contain a conserved Mad-
homology (MH)1 domain that binds DNA, and a conserved
MH?2 domain that binds receptors, the partner Smad4, and
transcription coactivators [20].

More divergent linker regions separate the two domains.
The linker domain undergoes regulatory phosphorylation
by mitogen-activated protein kinase (MAPK) pathways
including extracellular signal-regulated kinase, c-Jun
N-terminal kinase (JNK), p38 MAPK, and cyclin-depen-
dent kinase (CDK) as well as glycogen synthase kinase 3-8
(Fig. 1a, middle) [21-37].

Antibodies (Abs) reactive with structurally related
phosphorylated peptides are valuable tools for determining
phosphorylation sites in vivo, and for investigating their
distinct signals via phosphorylated domains [38, 39].
Domain-specific phospho-Smad2/3 Abs have allowed us to
determine that TPRI and JNK/CDK4 differentially phos-
phorylate Smad2/3 to create 3 phosphorylated forms
(phospho-isoforms): COOH-terminally phosphorylated
Smad2/3 (pSmad2C and pSmad3C; Fig. la, left), linker-
phosphorylated Smad2/3 (pSmad2L. and pSmad3L;
Fig. 1a, middle), and dually phosphorylated Smad2/3
(pSmad2L/C and pSmad3L/C; Fig. la, right) [40]. Except
for pSmad2L., which shows cytoplasmic localization, the
various phospho-isoforms are localized to cell nuclei.
Immunohistochemical and immunofluorescence analyses
using specific Abs in human tissues can examine clinical
significance of context-dependent and cell type—specific
signaling directed by Smad phospho-isoforms, by
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Fig. 1 Multiple Smad phospho-isoform-mediated signaling. a Three
Smad phospho-isoform types: pSmad2C and pSmad3C; pSmad2L and
pSmad3L; and pSmad2L/C and pSmad3L/C. Catalytically active
TPBRI phosphorylates COOH-tail serine residues of Smad2 and
Smad3, while cytoplasmic JNK and nuclear CDK4 alternatively
phosphorylate Smad?2/3 at specific sites in the middle linker regions.
TPBRI and INK/CDK4 differentially phosphorylate Smad2/3 to create
three phosphorylated forms (phospho-isoforms): COOH-terminally
phosphorylated Smad2/3 (pSmad2C and pSmad3C); linker phosphor-
ylated Smad2/3 (pSmad2L and pSmad3L); and dually phosphorylated
Smad2/3 (pSmad2L/C and pSmad3L/C). Except for cytoplasmic

comparing tissue and cellular localization of these phos-
phoisoforms between various pathologic specimens [37].
Non-canonical Smad signaling through linker

phosphorylation

TGF-f also elicits signaling responses through non-Smad
pathways that are important effector mechanisms for JNK

Non-canonical
Smad pathway

c-Myc: pSmad3L or pSmad3L/C
PAI-1: pSmad3L + pSmad2L/C
Collagen1: pSmad2L/C + pSmad3L/C

Non-Smad
pathway

Sphingosine
kinase 1

localization of pSmad2L, the various phosphoisoforms preferentially
localize to cell nuclei. b Non-canonical Smad signaling through linker
phosphorylation. Canonical Smad signaling activates transcription of
cytostatic genes via the TBRI/pSmad3C pathway (i.e., p21"V*F! and
plSINK4B), while JNK activates transcription of other genes via the
non-Smad pathway (i.e., sphingosine kinase 1). Despite distinctive
signaling pathways, the TPRI pathway shares several target genes
(i.e., c-Myc, PAI-1, and collagen 1) with the JNK pathway through
Smad linker phosphorylation. Thus, Smad signaling via linker
phosphorylation is an important component of the non-canonical
Smad pathway

in response to pro-inflammatory cytokines (Fig. 1b) [41,
42]. Imbalance may occur between signaling through non-
Smad and Smad pathways during fibro-carcinogenesis. In
particular, JNK activated by TGF-f induces expression of
sphingosine kinase 1 in a Smad-independent manner [31,
43].

Numerous reports have suggested that tumorigenic
effects of TGF-B involve a pathologic switch of TGF-3
signaling from the canonical Smad pathway to a potentially
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tumorigenic non-Smad pathway [41, 42]. In cancer cells,
however, Smad signaling itself drives pro-tumorigenic
gene expression [44, 45] and tumor-initiating stem cell
behavior [46]. Linker phosphorylation can explain these
long-standing paradoxes concerning Smad signaling, since
such phosphorylation occurs apart from the canonical
Smad signaling, instead promoting cell growth, invasion,
and fibrosis via JNK and CDK pathways [23, 27, 28, 32,
47]. TGF-B can activate the Smad pathway via linker
phosphorylation [28], as well as the non-Smad pathway,
usually in parallel [7]. Through linker phosphorylation
governed by JNK, Smad signaling can be controlled by and
functions in conjunction with the alternative non-Smad
pathway [41, 42]. Collectively, Smad signaling through
linker phosphorylation should be recognized as a major
non-canonical Smad pathway [37].

Smad phospho-isoform signaling in hepatocytes
after acute liver injury: mitogenic pSmad3L signaling
followed by cytostatic pSmad3C signaling

Loss of parenchyma after acute liver injury rapidly induces
a wave of hepatocytic proliferation that restores total mass
of the liver to normal [48]. Several converging lines of
evidence have established that pro-inflammatory cytokines
are important components of the mitogenic pathways
leading to regeneration [49]. The phosphorylation pattern
of Smad3 in regenerative hepatocytes after acute liver
injury suggests important participation of Smad3 phospho-
isoforms in hepatocytic growth regulation. In actively
growing hepatocytes, intracellular phosphorylation at
Smad3L is increased (Fig. 2a, upper middle panel) [50-
52]. Translocated to the nucleus, TNF-a—induced pSmad3L
stimulates c-Myc transcription [53], which increases pro-
liferation of hepatocytes and opposes the cytostatic action
of the pSmad3C pathway [7]. Accordingly, pSmad3C is
undetectable in regenerative hepatocytic nuclei; escape
from TGF-B-induced cytostasis is crucial in a subset of
progenitor cells devoted to ensuring epithelial renewal
[14]. Thus, mitogenic pSmad3L signaling can permit liver
regeneration in response to mitogenic pro-inflammatory
cytokines, even though elevated TGF-f concentrations
after acute liver injury might otherwise have a cytostatic
influence [54, 55].

Liver regeneration is tightly controlled by a delicate
balance between hepatocytic growth and inhibition [48].
Anti-mitotic effects of TGF- contribute to the termination
of hepatocyte proliferation observed following the wave of
DNA synthesis in the regenerating liver [7, 48]. Return of
TGF-B sensitivity at later stages may limit hepatocyte
proliferation and terminate liver regeneration [54, 55].
After TNF-oo and pSmad3L decrease, hepatocytic
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proliferation ceases, as decreases in pSmad3L can increase
sensitivity to phosphorylation at Smad3C by TBRI (Fig. 2a,
upper right panel) [7]. TGF-B-dependent pSmad3C appears
to limit the proliferative response of regenerating hepato-
cytes through inhibition of the G1 to S phase cell-cycle
transition [14].

Smad phospho-isoform signaling in hepatic stellate cells
after acute liver injury: involvement of pSmad2L/C
and pSmad3L/C pathways

After acute liver damage, hepatic stellate cells (HSCs)
acquire an activated phenotype associated with gradual loss
in retinoid content, which enhances cell proliferation and
invasion as well as increases synthesis of ECM compo-
nents, particularly various collagens [5]. How does cyto-
static TGF- signaling in HSCs take on collagen-producing
features within inflammatory microenvironments during
acute liver injury? To answer this question, we focused on
alternative Smad phospho-isoform pathways—specifically,
localization of pSmad2L/C and pSmad3L/C in chemically
injured rat livers [47]. These phospho-isoforms are
involved in collagen synthesis and transmit a proliferative,
invasive TGF-f signal in mesenchymal cells [29]. Nuclear
localization of pSmad2L/C and pSmad3L/C is observed in
activated HSCs (Fig. 2a, lower right panel) [47]. Because
TNF-o and platelet-derived growth factor (PDGF) activate
CDK4 via the JNK pathway in HSCs, TNF-o and PDGF
can convert cytostatic TGF-J signal to collagen-producing
character in activated HSCs under influence of inflamma-
tory microenvironments [7, 47, 56, 57]. Together,
pSmad2L/C and pSmad3L/C signaling can mobilize HSCs
from the space of Disse to sites of damage, where these
activated HSCs contribute to tissue repair by producing
large amounts of collagens.

Smad phospho-isoform signaling shared

between the chronically injured hepatocytes

and myofibroblasts during chronic liver injury:
involvement of carcinogenic (mitogenic) pSmad3L
and fibrogenic pSmad2L/C pathways

Current evidence suggests that regulation of ECM accumu-
lation in acute and chronic liver diseases involves different
mechanisms, even though HSCs are the principal effectors in
both cases [5]. As a result of chronic liver damage, HSCs
undergo progressive activation to become myofibroblast
(MFB)-like cells. During transdifferentiation in culture,
pSmad3C-mediated signal decreases, while the pSmad3L
pathway predominates [32]. These in vitro observations fully
agree with the finding of pSmad3L as opposed to pSmad3C



J Gastroenterol (2014) 49:971-981 975
Fig. 2 Fibro-carcinogenic a Regenera*ﬁve hepafocyfe
Smad signaling shared between
the chronically injured TBRI
hepatocytes and MFBs in TNF-o
chronic liver diseases. TGF-B @
a Differential Smad phospho-
isoform signaling between - p —
hepatocytes and HSCs in acute |—-— -
liver injury. Upper panel After pSmad3L pSmad3C
acute liver injury, TGF-f-
diated pSmad3C signali . . .
ine (T pomact HENANG Quiescence Regeneration Cytostasis
erminates hepatocytic
proliferation induced by TNF-
a-mediated mitogenic Activated HSC
pSmad3L pathway. Lower panel
After acute liver injury, TGF-3 TBRI TBRI
and TNF-o synergistically — — TNF-a @ B
enhances collagen synthesis by Smad2/3 TGF-B
activated HSCs via pSmad2L/C — @
and pSmad3L/C pathways. P
b During progression of chronic P ==
liver diseases, chronically pSmad2/3C ~Smad2/3L/C
injured hepatocytes (upper
panel) persistently affected by uiescence Cytostasis Tissue repair
TGF-p together with TNF-o Q y P
begin to exhibit the same
oncogenic (mitogenic) . .
pSmad3L and fibrogenic b Chronically injured hepatocyte
pSmad2L/C signaling as MFBs
(lower panel) TBR|
Smad2/3 TNF-a @ TGF-B @
# #
— —G
pSmad3L nSmad2L/C
Quiescence Carcinogenesis Fibrogenesis
MFB
TBRI
Smad2/3 TNF-a @ TGF-B @
# #
e —
pSmad3L nSmad2L/C
Quiescence Proliferation Fibrogenesis

in nuclei of a-smooth muscle actin (SMA)-immunoreactive
MFBs in portal tracts of chronically HCV-infected liver
specimens (Fig. 2b, lower middle panel) [50]. The presence
of a-SMA is associated with transdifferentiation of HSC into
scar-forming MFB, an event considered pivotal in the fibr-
ogenic response [58].

Similarly to MFBs, hepatocytes in HCV-infected liver
exhibit phosphorylation of Smad3L, particularly in cells
adjacent to inflamed portal tracts (Fig. 2b, upper middle

panel) [50]. Thus, hepatocytes become regulated by the
same pSmad3L pathway as MFBs. Extent of phosphory-
lation at Smad3L is lesser in hepatocytes distant from
portal tracts, in sharp contrast to pSmad3C, which is pre-
dominantly located in hepatocytic nuclei distant from
portal tracts [50]. TNF-a is released from infiltrating Ku-
pffer cells in portal tracts to activate JNK [59]. Together
with in vitro data, these findings suggest that TNF-o—
dependent JNK can convert Smad3 to pSmad3L in both
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A proliferative effect mediated via the JNK/pSmad3L.  genetic controls [14]. The TGF-B/pSmad3C pathway is
pathway antagonizes TGF-f signaling via the growth-  required for maintenance of genomic stability, induction

inhibitory pSmad3C pathway in mature hepatocytes  of replicative senescence, and suppression of telomerase
(Fig. 2a, upper panels) [7]. Some tumor-promoting effects  [61-63]. Selection for genetic instability occurs in clones
of pSmad3L involve its ability to indirectly protect  of aberrant cells able to produce tumors, since genetic
hepatocytes from apoptosis [60]. Pre-neoplastic hepato-  instability greatly accelerates accumulation of further
cytes and HCC show reduced anti-mitogenic responses to  genetic and epigenetic changes required for tumor pro-
TGF-B [15, 16, 50]. Escaping the cytostatic action of  gression [64].
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<« Fig. 3 Smad phospho-isoform signal shifting between tumor sup-
pression and fibro-carcinogenesis in hepatitis virus-related chronic
liver diseases. a During hepatitis virus-related chronic liver diseases,
chronic inflammation, hepatitis viruses, and host genetic/epigenetic
alterations additively shift hepatocytic Smad phospho-isoforms from
tumor-suppressive pSmad3C to carcinogenic pSmad3L and fibrogenic
pSmad2L/C, accelerating liver fibrosis and increasing risk of HCC.
Both chronic inflammation and hepatitis viruses represent an early
fibro-carcinogenic step providing nonmutagenic tumor-promoting
stimuli. HCV indirectly promotes liver diseases through chronic
inflammation in chronic hepatitis C. In contrast, HBV in itself
dominantly triggers the pSmad3L pathway in chronic hepatitis B, thus
playing a role beyond mere stimulation of the host immune response.
In both HBV- and HCV-related liver cirrhosis, mitogenic genetic or
epigenetic alterations can drive multistep fibro-carcinogenesis.
b After successful therapies against hepatitis viruses, patients with
chronic hepatitis can experience less risk of HCC occurrence by
reversing Smad phospho-isoform signaling from carcinogenic
pSmad3L and fibrogenic pSmad2L/C to tumor-suppressive pSmad3C,
whereas patients with cirrhosis can still develop HCC owing to
maintenance of strong fibro-carcinogenic signaling. If patients with
chronic hepatitis C can eliminate HCV before hepatocytes have
acquired oncogenic potential, HCV clearance interferes with fibrosis
and reduces HCC incidence (blue arrow). However, HCC develops in
patients with cirrhosis, where an inflammation-independent process of
fibro-carcinogenesis, possibly caused by genetic or epigenetic alter-
ation, may have already begun before HCV clearance (red arrow).
¢ Signaling via pSmad3L initially depends on the presence of chronic
inflammation and hepatitis viruses: cessation of chronic inflammation
and hepatitis viral infection restores hepatocytic tumor-suppressive
pSmad3C signaling, as occurs in normal hepatocytes at the expense of
carcinogenic pSmad3L signaling. d Patients with cirrhosis are no
longer dependent on inflammation and hepatitis viruses for hepato-
carcinogenesis. Pre-neoplastic hepatocytes constitutively carry out
carcinogenic pSmad3L signaling, possibly as a result of genetic or
epigenetic alterations, despite reduced inflammation after elimination
of hepatitis viruses

In contrast to the differing distribution of pSmad3L and
pSmad3C, Smad2 is phosphorylated at both linker and
C-terminal regions in hepatocytic nuclei in hepatitis virus—
infected liver specimens [65]. On the other hand, findings
in transgenic mice overexpressing plasminogen activator
inhibitor (PAI)-1 as well as PAI-1-knockout mice support a
critical role in vivo for PAI-1 in experimental fibrotic
diseases [66]. Moreover, introduction of PAI-1 small
interfering RNA attenuates deposition of ECM and
hydroxyproline content in experimental hepatic fibrosis
[67]. Plasma TGF-f3, TNF-a, and PAI-1 concentrations are
usually elevated in patients with chronic liver diseases [68—
71]. Since pSmad2L/C in the presence of pSmad3L trans-
mits a fibrogenic signal by stimulating PAI-1 transcription
[32], we investigated the pSmad2L/C pathway in human
chronic liver disease. The results in chronic hepatitis
specimens indicate nuclear localization of pSmad2L/C in
PAI-1-immunoreactive MFBs and hepatocytes [65]. Vari-
ous reports demonstrate transcriptional induction of the
PAI-1 gene by TGF-B and TNF-a [29, 30]. Taken together,
TGF-f and TNF-a can mediate pSmad3L and pSmad2L/C
signaling that induces PAI-1 expression and promotes

ECM deposition in both hepatocytes and MFBs, acceler-
ating liver fibrosis (Fig. 1b; Fig. 2b, upper and lower right
panels). As a consequence, the chronically injured hepa-
tocytes exhibit the pro-fibrogenic TGF-B signaling, but
have lost the capacity to respond to TGF-$ with growth
arrest and apoptosis.

During hepatitis virus-related chronic liver diseases,
chronic inflammation, hepatitis viruses, and host
genetic/epigenetic alterations additively shift
hepatocytic Smad phospho-isoform signaling

from tumor suppression to fibro-carcinogenesis,
thereby accelerating liver fibrosis and increasing risk
of HCC

We finally illustrate Smad phospho-isoform signaling
during human hepatic fibro-carcinogenesis, which provides
substantial mechanistic insight. HBV-and HCV-encoded
proteins alter cellular phenotypes that are recognized as
hallmarks of cancer [72]. These changes promote mitogen-
independent proliferation and resistance to growth inhibi-
tion and apoptosis. A strong correlation between chronic
HBV infection and HCC occurrence is apparent from
epidemiologic evidence [73] and also the finding of inte-
grated HBV-DNA sequences in virtually all HBV-related
HCC [74]. The HBV genome carries the HBx gene, which
has been implicated in HBV-mediated hepatocarcinogen-
esis [75]. Several studies indicate that the HBx protein
alone has no transforming activity, but its overexpression
in a certain genetic background induces tumor formation.
Persistent expression of HBx oncoprotein in transgenic
mice induces HCC by sensitizing them to chemical carci-
nogenesis [76]. Moreover, HCV core gene transgenic mice
develop steatohepatitis and then HCC [77].

Another major factor in HCC development is the host
immune system [12]. During inflammation, pro-inflam-
matory cytokines are key factors mediating immune
responses [78]. Chronic inflammation plays a multi-faceted
role in carcinogenesis [79]. Possible mechanisms by which
inflammation can contribute to carcinogenesis include
induction of genomic instability and alterations in epige-
netic events causing enhanced proliferation of affected
hepatocytes and their resistance to apoptosis. These results
suggest that hepatitis viral components together with
chronic inflammation can cooperate to create a malignant
HCC phenotype.

Two of our papers describe how carcinogenic pSmad3L
signaling is similar but yet different between HBV- and
HCV-related chronic liver diseases [50, 51]. In early stages
of chronic hepatitis, hepatitis viruses and chronic inflam-
mation are independently associated with pSmad3L-medi-
ated signals initiating HCC development (Fig. 3a).
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Positivity of hepatocytic nuclei for pSmad3L in chronic
hepatitis B specimens increases with amount of HBV-
DNA, but not with intensity of inflammation [51]. Thus,
HBYV directly triggers the pSmad3L carcinogenic pathway
in early chronic hepatitis B, playing a role beyond mere
stimulation of the host immune response. In chronic hep-
atitis C, however, positivity of hepatocytic nuclei for
pSmad3L in chronic hepatitis C specimens shows a sig-
nificant relationship with necroinflammatory activity but
not with plasma HCV-RNA concentration in chronic hep-
atitis C patients [50]. Moreover, no consistent evidence
indicates that HCV load or quasispecies affects risk of
HCC [1]. Taken together, the various lines of evidence
suggest that HCV contributes indirectly to development of
HCC through chronic inflammation in chronic hepatitis C.
In damaged hepatocytes and MFBs in inflammatory
microenvironments, TGF-f3 can act together with TNF-o to
induce fibrogenic signaling via the pSmad2L/C pathway
(Fig. 2b, upper and lower right panels). In contrast to
typical reciprocal changes in pSmad3L and pSmad3C [50,
51], damaged hepatocytes show a simultaneous increase in
both COOH-terminal and linker phosphorylation of Smad2
as liver fibrosis progress [65]. During progression of
chronic liver diseases, chronic inflammation and hepatitis
viruses additively shift hepatocytic Smad signaling from
tumor suppressive pSmad3C to carcinogenic pSmad3L and
fibrogenic pSmad2L/C pathways, accelerating liver fibrosis
and increasing risk of HCC (Fig. 3a). Thus, Smad phos-
phoisoforms act as important orchestrators of the chronic
inflammation—fibrosis—HCC sequence [7].

After successful therapies against hepatitis viruses,
patients with chronic hepatitis are at less risk of HCC
because Smad phospho-isoform signaling reverses
from fibro-carcinogenesis to tumor suppression,

while patients with cirrhosis retain high risk of HCC
owing to continued, intense fibro-carcinogenic signaling

Improved understanding of Smad phospho-isoform sig-
naling during human fibro-carcinogenesis suggests better
ways to prevent HCC development, exemplifying labora-
tory-driven translational research. Proving reversibility of
human fibro-carcinogenesis is critical, and may point to
new therapeutic strategies that attempt mimicry or pro-
motion of this process. A key therapeutic aim in chronic
liver disorders is restoration of the lost tumor-suppressive
function observed in normal hepatocytes, at the expense of
effects promoting hepatic fibro-carcinogenesis.

Patients with mild liver fibrosis are likely to show his-
tologically evident decreases in fibrosis and inflammation
after HCV clearance in response to effective antiviral
treatment [8]. Such patients experience far less HCC
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occurrence [9]. Once patients with chronic hepatitis C
achieve HCV clearance, Smad phospho-isoform signaling
can reverse from fibro-carcinogenesis to tumor suppression
(Fig. 3b). Effectiveness of tumor-suppressive TGF-p/
pSmad3C signaling appears related to decreases in Smad3
phosphorylation at the linker region, allowing C-tail
phosphorylation of Smad3 to approach the normal state
after HCV clearance, as pro-inflammatory cytokine-medi-
ated pSmad3L decreases in hepatocytic nuclei (Fig. 3c)
[65]. On the other hand, blocking either linker or C-tail
phosphorylation of Smad2 abrogates TGF-B— and TNF-o—
mediated fibrogenic signaling in hepatocytes [30, 47].
Accordingly, C-tail as well as linker phosphorylation of
Smad2 decreases in hepatocytic nuclei after HCV clear-
ance [65]. Thus, our current work offers proof-of-principle
that carcinogenic pSmad3L and fibrogenic pSmad2L/C
signaling in human chronic liver diseases initially depends
on persistent presence of hepatitis viruses and inflamma-
tion, gradually shifting to tumor-suppressive pSmad3C
signaling when inflammation has abated.

During later stages of the carcinogenic process, livers
with either HBV- or HCV-related cirrhosis exhibit consti-
tutively high fibro-carcinogenic signaling [50, 51]. In cir-
rhosis from either etiology, strong pSmad3L positivity is
observed throughout hepatic lobules. Similarly, pSmad2L/
C-mediated signaling constitutively induces ECM deposi-
tion in pre-neoplastic hepatocytes and HCC by up-regu-
lating PAI-1 transcription [16]. No potentially preventive
effects of anti-HCV therapies are able to reduce liver
fibrosis and development of HCC once HCV-related cir-
rhosis is established [10, 11]. Consistent with this obser-
vation, hepatocytes maintaining high carcinogenic
pSmad3L and fibrogenic pSmad2L/C signaling cannot
return to tumor-suppressive pSmad3C signaling, even after
HCV clearance (Fig. 3d) [65]. Since genetic or epigenetic
alterations of major oncogenic pathway components may
lead to sustained linker phosphorylation of Smad2/3 [28,
80, 81], pSmad3L and pSmad2L/C can constitutively
transmit fibro-carcinogenic signals even after chronic
inflammation resolves.

A key question concerning effectiveness of antiviral
therapy for preventing liver fibrosis progression and HCC
development is whether it still has value once pre-neo-
plastic hepatocytes have appeared. Molecular analyses of
paired liver biopsy specimens enable us to predict fibrosis
progression and HCC risk after HCV clearance. Specimens
from HCV-related chronic liver diseases can be divided
into 2 subgroups based on phospho-Smad2/3 profiles. One
group carries risk of hepatic decompensation and HCC
after HCV clearance, while the other avoids fibrosis pro-
gression and HCC occurrence. This explains the observa-
tion that some patients with HCV-related liver disease
respond effectively to antiviral therapy by reversing
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TGF-B/Smad signaling from fibro-carcinogenesis to tumor
suppression, while others do not. Irrespective of SVR
achievement, patients with advanced liver fibrosis who
maintain strong pSmad3L and pSmad2L/C signaling in
hepatocytic nuclei after HCV clearance require continued
close follow-up, since fibrosis progression and HCC risk
are not avoided.

Conclusion and perspectives

Risk of HCC development increases in proportion to the
degree of liver fibrosis in patients persistently infected with
hepatitis virus, especially in those with active viral repli-
cation and inflammation. Our model suggests that chronic
inflammatory state and hepatitis viruses themselves act in
concert with genetic or epigenetic alterations to worsen
human liver diseases by promoting hepatic fibro-carcino-
genesis. Affected hepatocytes are subject to such interac-
tions until their descendants acquire other genetic or
epigenetic alterations. Then, even after withdrawal of
promoters such as chronic inflammation and hepatitis
viruses, hepatocytes can retain proliferative phenotypes
enabling some pre-neoplastic hepatocytes to develop into
HCC. Recent progress in understanding Smad phospho-
isoform signaling will permit use of Smad phosphorylation
as a prognostic indicator concerning progression of human
liver diseases, and also as a biomarker for assessing
effectiveness of interventions aimed at reducing fibrosis
and cancer risk.

Active HBV replication at onset of cirrhosis is an
important factor contributing to further liver disease pro-
gression. Approval of oral anti-viral agents against HBV
has greatly improved prognosis of the patients with liver
cirrhosis, as demonstrated in several clinical trials involv-
ing therapies with lamivudine, adefovir dipivoxil, or ente-
cavir. These oral antiviral agents are effective in restoring
liver function and improving survival in patients with cir-
rhosis, especially when therapy is initiated early [82-84].
However, convincing effects preventing HCC development
have yet to be demonstrated [85-87]. One possible expla-
nation is that genetic events in some hepatocytes in
cirrhotic nodules may have occurred before initiation of
anti-viral therapy [88]. We are carrying out several trials to
determine how anti-HBV therapy for patients with HBV-
related cirrhosis affects liver fibrosis and HCC incidence.
The trials will answer important questions regarding dif-
ferential participation of Smad phospho-isoforms in
regression of fibrosis and hepatocarcinogenesis after suc-
cessful anti-viral therapy.
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