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Abstract

Epidemiological and clinical data point to a close as-
sociation between chronic hepatitis B virus infection
or chronic hepatitis C virus infection and development
of hepatocellular carcinoma (HCC). HCC develops over
several decades and is associated with fibrosis. This
sequence suggests that persistent viral infection and
chronic inflammation can synergistically induce liver
fibrosis and hepatocarcinogenesis. The transforming
growth factor-p (TGF-B) signaling pathway plays a piv-
otal role in diverse cellular processes and contributes
to hepatic fibro-carcinogenesis under inflammatory
microenvironments during chronic liver diseases. The
biological activities of TGF-B are initiated by the binding
of the ligand to TGF-p receptors, which phosphorylate
Smad proteins. TGF-p type I receptor activates Smad3
to create COOH-terminally phosphorylated Smad3
(pSmad3C), while pro-inflammatory cytokine-activated
kinases phosphorylates Smad3 to create the linker
phosphorylated Smad3 (pSmad3L). During chronic liver
disease progression, virus components, together with
pro-inflammatory cytokines and somatic mutations,
convert the Smad3 signal from tumor-suppressive pS-
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mad3C to fibro-carcinogenic pSmad3L pathways, accel-
erating liver fibrosis and increasing the risk of HCC. The
understanding of Smad3 phosphorylation profiles may
provide new opportunities for effective chemopreven-
tion and personalized therapy for patients with hepatitis
virus-related HCC in the future.

© 2014 Baishideng Publishing Group Inc. All rights reserved.
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Core tip: Chronic hepatitis B and C infections are major
causes of cirrhosis and hepatocellular carcinoma (HCC).
Most patients with persistent viral infection remain as-
ymptomatic, while some patients have poor prognosis
and develop HCC. Therefore, identifying persons at
high-HCC risk among chronic hepatitis patients is cru-
cial for preventing HCC. Analyses of domain-specific
phosphorylation of Smad3 in liver specimens can be
helpful to understand the stages of diseases and might
represent a marker to predict HCC development.

Murata M, Yoshida K, Yamaguchi T, Matsuzaki K. Linker phos-
phorylation of Smad3 promotes fibro-carcinogenesis in chronic
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INTRODUCTION

The incidence of hepatocellular carcinoma (HCC) is
increasing, and it is expected that the rates of the HCC
development will continue to rise for the foreseeable
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future. Epidemiological evidence clearly indicates that
approximately 80% of HCC depend on chronically hepa-
titis B virus (HBV) or hepatitis C virus (HCV) infection,
worldwide. The remaining 20% of patients are com-
plicated, with their liver cancer being caused by various
factors such as excessive alcohol intake, fatty liver, he-
mochromatosis and metabolic syndrome!". In the natural
progress of the viral hepatitis, there is persistence of a
long latency of HBV and HCV infection; however, most
of the patients with HBV and HCV are asymptomatic
or have slight symptoms without progression[z"ﬂ. In the
livers of some patients, the progress of various stages
with active inflammation and fibrosis, and eventually cit-
rhosis, is seen. Cirrhosis precedes liver-related complica-
tions, including HCC. It usually takes 20 years or morte to
lead to cirrhosis from viral infection. Subsequently, HCC
often develops over another 10 yearsm. Therefore, the
liver carcinogenic process related to HBV or HCV infec-
tion tends to be insidious, most likely requiring multiple
sequential genetic alterations and complex interactions
between the virus, the host and the environment.

In the last few decades, research has provided signifi-
cant insights into the transforming growth factor (TGF)-3
signal transduction network, which regulates many bio-
logical processes. In a normal system, TGF-f3 inhibits
the physiological activity of epithelial cell growth, having
a tumor suppressive function. At later stages, however,
TGF-B can promote cancer progressionﬁ’ﬂ. As normal
epithelial cells progress toward cancer cells, the oncogenic
potential of TGF- in malignant cells rises, accompanied
by selective reduction of tumor-suppressive activity'”.
In chronic hepatitis, the cytostatic effect of TGF-f§ for
hepatocytes attenuates as liver disease progresses from
cirrhosis to HCC under persistent inflammatory microen-
vironments'”, Under pro-inflammatory cytokines, includ-
ing tumor necrosis factor-o. (TNF-a) and interleukin-f3
(IL-B), TGF-B promotes extracellular matrix (ECM) ac-
cumulation, while the cell proliferative pro-inflammatory
cytokine signal has a contradictory relationship with
cytostatic signal through TGF—B[&Q
actions, hepatic TGF-f signaling with pro-inflammatory

|, By these regulatory

cytokines can promote fibro-carcinogenesis.

The TGF-f signal is transmitted mainly by a transcrip-
tion factor called Smad. Smads proteins are comprise Mad-
homology (MH) 1 and MH2 domains, and a linker between
them". Activated type I receptors (IBRI) phosphorylate
the C-terminus of Smad2 and Smad3 directly to form
pSmad2C and pSmad3C!"". Mitogenic signals are gener-
ated by the phosphorylation of their linker regions instead
of C-terminal phosphorylationm’m]. After formation of
hetero-oligomers with Smad4, a common partner, Smad2
and Smad3 translocate from the cytoplasm to the nucleus,
leading to regulated transcription of target genesm

Mechanisms linking fibrosis and HCC remain largely
unsettled. Considering that the roles of phospho-Smads
are greatly influenced by differential phosphorylation, a
better understanding of mechanisms of phospho-Smads
signaling should help to design approaches to diagnosis,
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prevention and treatment of hepatitis virus-related hep-
ato-carcinogenesis. In this review, we summarize Smad3
phosphorylation profiles and consider how Smad3 affects
human fibro-carcinogenesis at the molecular level.

TGF-3 AND JNK SIGNALING
INVOLVEMENT IN CHRONIC LIVER

DISEASE PROGRESSION

TGF-B appears highly important in hepatic fibro-carci-
nogenesis in patients with chronic liver diseases. TGF-f3
participates in many cell functions, such as tissue and

organ development, cell proliferation, differentiation, cell
survival, and the control of the apoptosis[zm. TGFE-B, the
most potent hepatic pro-fibrogenic cytokine, is deeply
involved in chronic liver diseases, especially liver cirrhosis
and HCC™, and is produced mostly by activated mesen-
chymal cells during chronic liver damage™. TGF-p plays
an important role in epithelial-mesenchymal transition
during ﬁbrogenesism. HCC usually occurs in cirrhotic
livers where more TGF-f existed in comparison with
healthy livers, which suggests that TGF-§ has a role in
pro—oncogenesism. TGF-B regulates a large number of
genetic expressions in conjunction with carcinogenesism].

Another important factor influencing HCC devel-
opment in chronic HBV or HCV infection is c-Jun-N-
terminal kinase (JNK) activitym’zﬂ. JNK is a mitogen-
activated protein kinase (MAPK) family member that is
activated by diverse stimuli, including cytokines such as
IL-1p and TNF-a. These cytokines are transcriptionally
activated in the injured liver. Upon activation, JNK induc-
es multiple biological events through several transcription
factors and transcription-independent control of effector
molecules™.

Smads mediate the intracellular TGF-f signal as
transcription factors. Eight kinds of Smads are known
in mammals, and they are classified as signal-specific
Smad2/3, common type Smad4 and inhibitory type
Smad7 by their functions”™. An SXS motif in the
C-terminus of Smad3 is phosphorylated by TBRI upon
TGF-B binding, leading to activation of Smad3 signal-
ing (Figure 1A On the other hand, signal-specific
Smad2/3 at the linker lesion is phosphorylated directly
by extracellular signal-regulated kinase (ERK), which is
representative of the downstream molecules of the Ras
cascade, such as JNK, p38 MAPK, cyclin-dependent ki-
nase (CDK), glycogen synthase kinase 3-3, Ca”"-calmod-
ulin-dependent protein kinase II, and G protein-coupled
receptor kinase-2 (Figure 1B)!"*"7" ¥ As a substitute for
pro-inflammatory cytokines and TGF-§3, TGF-f activat-
ed kinase (TAK) 1 plays an important role in the signal
reaction in the cell through the non-Smad cascade. TAK1
mediates activation of JNK and p38 MAPK signaling iz
mitogen-activated kinase (MKK) 4/7 and MKK3/ 6,
In addition, JNK and p38 MAPK interfere with TGF-f3
signal by pro-inflammatory cytokines through their regu-

lation of many physiological functions®™,
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Figure 1 Reversibility of phospho-Smad3 signaling between tumor suppression and fibro-carcinogenesis. A: Additional treatment of transforming growth
factor-B (TGF-B) activates TGF-f3 receptor type I (TBRI), further leading to direct phosphorylation of Smad3C, which inhibits normally hepatocytic growth by upregu-
lating p21"**" transcription; B: Mitogens drastically alter phospho-Smad3 signaling via the c-Jun N-terminal kinase (JNK) pathway, increasing nuclear fibro-carcino-
genic pSmad3L activity while shutting down TGF-B-dependent cytostatic pSmad3C. Although the TGF-f3 signal weakly phosphorylates Smad3L in normal hepatocytes
(dotted line), hepatitis viral components, including HBx, pro-inflammatory cytokines including tumor necrosis factor-o. (TNF-a), and somatic mutations such as Ras,
additively transmit a fibro-carcinogenic signal through the JNK-dependent pSmad3L pathway to participate in hepatocytic growth and ECM deposition, possibly by
stimulating transcription of c-Myc and PAI-1 genes. Linker phosphorylation of Smad3 indirectly prevents COOH-tail phosphorylation, pSmad3C-mediated p21"**'
transcription and cytostatic function; C: Either various JNK inhibitors or a Smad3 mutation causing lack of JNK phosphorylation sites in the linker region can eliminate
fibro-carcinogenic pSmad3L signaling, restoring or maintaining the tumor-suppressive pSmad3C signaling characteristic of mature hepatocytes.

ANTAGONISTIC SMAD3 PHOSPHO- signal transmission, including its ability to form a com-
plex with Smad4, the local existence in the cell, binding
ISOFORM SIGNALING: TUMOR- to target gene promoter and the resolution, are controlled

by phosphorylarionmj. Activation of TPRI with TGF-3
SUPPRESSIVE (CYTOSTATIC) PSMAD3C binding and Ras-related kinase, including JNK and CDK,
VS ARCINOGENIC (MITOGENIC) differentially phosphorylate Smad3 to form pSmad3C

and the pSmad3L. These two domain-specific phos-
PSMAD3L phorylation forms have different actions. Phosphoryla-
Recent reports suggested that each step of the Smad3 tion of Smad3C activates a cytostatic signal, while phos-
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phorylation at the linker region upregulates the mitogenic
signal. Notably, as pSmad3L is produced during fibro-
carcinogenesis, leading to structure changes, phosphory-
lation of Smad3C is inhibited by pro-fibrogenic and pro-
tumorigenic non-Smad pathwaysm
In normal epithelial cells, TGF-f regulates the

growth and proliferation of cells. In particular, after pS-
mad3C shifts into the nucleus, cell proliferation stops by
activation of p75INK4B and p27WF gene transcription or
suppression of the ~-Myr gene, resulting in apoptosis with
inhibition of Bcl-2 expression (Figure 1A) —

Traditionally, the cytostatic effects of TGF-f3 have
been thought to oppose mitogenic signaling in normal
cells, while in cancer cells, potent mitogenic actions of
certain oncogenes can overwhelm the anti-mitogenic
capacity of TGF-f signaling. Virus components, includ-
ing the HBx protein; inflammatory cytokines such as IL-
1B and TNF-q; growth factors acting through a tyrosine
kinase type receptor, including hepatocyte growth factor
and platelet-derived growth factor (PDGF); and Ras mu-
tations additively upregulate phosphorylation of Smad3L
by activated JNK"***| After pSmad3L. moves into the
nucleus, nuclear pSmad3L induces the growth of hepa-
tocytes and ECM deposition by upregulating c-Myc and
PAI-1 transcription. Importantly, phosphorylation of
Smad3 at the linker region inhibits C-terminal phosphos-
ylation induced by TPRI"'****I When Smad3L. phos-
phorylation is promoted by the activation of mitogenic
signaling, phosphorylation of pSmad3C is suppressed in-
directly, possibly by the cytostatic system (Figure 1B)!"™,

A principal finding is the shift between JNK/pS-
mad3L and TRBI/pSmad3C signaling, representing a
delicate balance between carcinogenesis and tumor-sup-
pression (Figure 1C). Specifically blocking phosphoryla-
tion of Smad3 at the linker legion using Smad3 mutants
lacking linker phosphorylation sites or inhibition of JNK
activity, can recover to the pathway going through the
tumor-suppressive pSmad3C pathway' ", Therefore,
we suggest that the cytostatic TBRI/ pSmad3C signal has
a contradictory relationship with the mitogenic JNK/pS-
mad3L signal.

MODULATION OF SMAD3 SIGNALING
FAVORS CARCINOGENESIS

TGF-B activates cytostatic and apoptotic processes to
maintain homeostasis in normal epithelial cells. In the
human intestine, apoptosis induced by the TGF-B/pS-

mad3C pathway, which is essential for normal homeo-

stasis, acts to inhibit human colorectal cancer cell prolif-
eration. Similarly, hepatocytes show a balance between
proliferation and differentiation during liver regeneration.
Proliferation of normal hepatocytes to compensate for
partial hepatectomy or diffuse liver injury is constructed
by the interaction of polypeptide cytokines and growth
factots.

In quiescent hepatocytes, Smad3C phosphorylation
via the activin type [ receptor (ActRI) persistsm. During
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acute liver damage, mitogenic pSmad3L signaling induced
by TNF-a becomes more dominant than pSmad3C
signaling. As decreases in TNF-o and pSmad3L allow
increased sensitivity to phosphorylation at Smad3C by
TPBRI, hepatocytic proliferation ceases. Such a competi-
tive mode of hepatocytic Smad3 signaling is a protective
reaction, which may prevent malignant transformation
from normal cells. In this manner, hepatocytes with non-
proliferative pSmad3C signaling may be destined to un-
dergo apoptotic cell death™,

On the other hand, constitutive pSmad3L (Set-213)/
c-Myc signaling accelerates cancer developmentm]. He-
patocytes keep their cell proliferative potential by Smad3
linker phosphorylation and inhibition of anti-apoptotic
action by Smad3C, which make an environment in which
mutant genes atre easily accumulated. This step mainly
contributes to progression of hepatocarcinogenesis.

FIBRO-CARCINOGENESIS IN HUMAN
CHRONIC LIVER DISEASES: RECIPROCAL
CHANGES IN PSMAD3L AND PSMAD3C
PATHWAYS

Around 80% to 90% of HCCs arise as a complication
of long-standing symptomatic cirrhosis™. Cirrhosis is
seen in 20% to 30% of patients with persistent HCV
infection, several decades after viral infection. As fibrosis

progresses, the risks of the HCC increase, in particular,
HCC develops at an annual rate of 1% to 7% in HCV-
infected patients with cirrhosis”", and 0.02% to 3.7% in
HBV-infected patients with cirthosis™”. These epide-
miological findings indicate that hepato-carcinogenesis
in chronic viral hepatitis is a sequential step from chronic
liver injury, through cirrhosis to HCC, with fibrosis being
pivotal at the pre-neoplastic stage.

During progression of liver injury, hepatic stellate
cells (HSCs) undergo a complex transformation or acti-
vation process, losing lipid droplets, retaining retinoids
and changing into myofibroblast (MFB)-like cells, which
progress ECM accumulation”™. This step is the begin-
ning of fibrosis. If this process is repeated, the liver shifts
to irreversible cirrhosis. Activation of HSCs promotes
fibrogenesis and control intracellular signaling networks
by proliferative PDGF*** and fibrogenic TGEF-p cyto-
kines”". Moreovert, our # vivo model indicated that the
pSmad3C-mediated signal decreased, while the pSmad3L
pathway predominated during transdifferentiation in
culture™. In chronic hepatitis C, a-smooth muscle actin
(SMA)-positive MEB in the portal area is strongly af-
fected by the pSmad3L signal rather than the pSmad3C
signalw. Increase of @-SMA in HSC creates scar-
forming MFB, leading to liver fibrosis"™. Similar to MFB,
pSmad3L is predominantly located in hepatocytic nuclei
in portal tracts, in sharp contrast to pSmad3C™. Kupffer
cells in the portal tract produce and release TGF-§ and
a variety of pro-inflammatory cytokines, which provoke
JNK activation™ ", According to these findings, JNK ac-
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tivated pro-inflammatory cytokines are able to transform
Smad3 into pSmad3L in both hepatocytes and MFB dur-
ing the course of chronic hepatitis.

Our studies compared pSmad3L with pSmad3C dis-
tribution in biopsy specimens from patients chronically
infected with HBV or HCV. These results demonstrated
reciprocal changes in pSmad3L and pSmad3C pathways
during hepato-carcinogenesis, with pSmad3L being seen
predominantly in hepatocytes with progress of liver
disease (Figure 2)"* In contrast, pSmad3C staining de-
creased in hepatocytes during fibrosis progtression (Figure
2" Furthermore, the JNK/pSmad3I.-mediated path-
way in hepatocytes and activated HSC involves hepatic fi-
brosis during a long cancerous process. This is a principal
mechanism in the development of liver fibrosis toward
HCC in both HBV- and HCV-related liver diseases.

PROMOTION OF HEPATO-
CARCINOGENESIS BY CHRONIC

VIRAL INFECTION TOGETHER WITH
INFLAMMATION IN THE HUMAN LIVER

A number of pathogenic mechanisms have been pro-
posed for HCC associated with chronic inflammatory
diseases, including chronic viral hepatitis B and C, alco-

holic hepatitis, non-alcoholic fatty liver disease, autoim-
mune hepatitis, primary biliary cirrhosis, hemochroma-
tosis, Wilson’s disease and others. Although cell division
is very rare in normal hepatocytes, in viral chronic liver
disease, the hepatocyte turnover rate is significantly
accelerated under repeated hepatocytic necrosis and
regeneration. Cell proliferation fundamentally does not
have a function to transform cells, but cell proliferation
1s necessary in the process of liver carcinogenesism. By
accelerating hepatocyte turnover, the chronic inflam-
matory liver is exposed to the risk of cell progression
into a fully malignant phenotype, acting as a potent
tumor promoter. Moreover, stepwise accumulation of
mutations in cancer-related genes and molecular altera-
tions participate in human carcinogenesis[&]. Eventually,
somatic mutations in hepatocytes stimulate hepatocytic
growth, and HCC occurs as a result of malignant cell
transformation.

In comparison with other influences, chronic infec-
tion with HBV or HCV represents the most important
risk factor for the development of HCC. Hepato-carci-
nogenesis in HBV and HCV infection has been studied
extensively with necrosis and chronic inflammation, fol-
lowed by fibrosis and cell proliferation, playing a role.
Nevertheless, HCC only occurs in a small proportion of
HBV and HCV carriers. The hepato-carcinogenic pro-
cess involves the interplay between hepatitis viruses and
host inflammatory responses; thus, both factors may con-
tribute to the final malignant outcome, either individually

or synergistically[“m.
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CHRONIC INFLAMMATION AND
HEPATITIS VIRUS ALTER THE
HEPATOCYTIC TGF- SIGNALING

Hepatitis viruses and inflammation influence the fibro-
carcinogenic TGF-§ pathway, which leads to develop-
ment of HCC. We investigated the correlation between
hepatocytic pSmad3L positivity and plasma HBV DNA
concentration in chronic hepatitis B patients, because
HBYV itself can upregulate phosphorylation of hepatocyt-
ic Smad31.", pSmad3L is predominantly located in the
nuclei of hepatocytes adjoining inflammatory cells in the
portal tracts™!, Furthermore, Smad31. phosphorylation
showed strong correlation with inflammatory activityw.

At the onset of HCC, chronic inflammation, cell
death and persistence of viral infection in liver cells,
play a central role. Hepatocytes with abundant pSmad3L
and little pSmad3C can survive during the progress of
chronic hepatitis, resulting in the accumulation of vari-
ous mutations in sequences. These mutations are associ-
ated with genes in the Ras pathwaylég], which activate
phosphorylation of Smad3L constantly in pre-neoplastic
hepatocytes, resulting in the eventual development of
overt HCC'™, These observations are consistent with the
general hypothesis of the additive promotion of hepato-
carcinogenesis by persistent hepatitis virus infection and
chronic inflammation.

SMAD3 PHOSPHORYLATION FOR
PREDICTING RISK OF HCC

Identification of high-risk patients among virus hepatitis
carriers is of great importance. Well-planned treatment
allocation and effective screening for HCC in chronic
hepatitis patients are essential. Several factors have been
identified as associated with higher risk of development
of HCC, including male gender, advanced agem, viro-
logical factors”") and disease factors, including alanine
aminotransferase concentrations and the presence of
cirrhosis”*"™.

Our retrospective study using pSmad3L and pS-
mad3C in human liver have provide physiopathogenic in-
sights. In the chronic hepatitis B patients, HCC develops
from the group with high pSmad3L but low pSmad3C in
their hepatocytes. By contrast, HCC does not occur from
the group with high pSmad3C but little pSmad3L in their
hepatocytes'™. A similar tendency is observed in human
HCV-related hepato—carcinogenesisM. Striking differ-
ences in cumulative HCC incidence have been observed
between the two groups during 12 years of follow-up.
These findings clarify the position of pSmad3C as a
tumor suppressor, while pSmad3L is a tumor promoter
during human hepato-carcinogenesis. In addition, accord-
ing to the results of multivariate analysis, high pSmad3L
and low pSmad3C in hepatocytes were each independent
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Figure 2 Hepatic fibro-carcinogenesis: reciprocal change in linker phosphorylated and COOH-terminally phosphorylated Smad3 pathways. The linker phos-
phorylated Smad3 (pSmad3L)/c-Myc pathway shows increasing prominence in hepatocytes, as hepatitis C virus (HCV)-infected liver progresses from chronic hepa-
titis, through cirrhosis to hepatocellular carcinoma (HCC). In contrast to the intense staining for pSmad3L and c-Myc, the COOH-terminally phosphorylated Smad3
(pSmad3C)/p21™"" pathway staining decreases in hepatocytes as liver disease progresses toward HCC.
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Figure 3 Contribution to fibro-carcinogenesis by tumor-promoting agents. Together, persistent hepatitis virus infection and chronic inflammation shift hepato-
cytic phospho-Smad3 signaling from the tumor-suppressive transforming growth factor-3 (TGF-B) receptor type I (TBR I )/COOH-terminally phosphorylated Smad3
(pPSmad3C) mode to the fibro-carcinogenic c-Jun N-terminal kinase (JNK)/linker phosphorylated Smad3 (pSmad3L) mode characteristic of median forebrain bundle,
accelerating liver fibrosis while increasing risk of hepatocellular carcinoma (HCC). In the liver, persistent hepatitis virus infection and chronic inflammation contribute to
fibro-carcinogenesis. In proportion to the severity of fibrosis, mitogenic genetic or epigenetic alterations can drive fibro-carcinogenesis via the pSmad3L pathway. Es-
caping the cytostatic action of pSmad3C is a critical step for progression to full malignancy in cancers, which must overcome multiple fail-safe genetic controls. HBV:

Hepatitis B virus; HCV: Hepatitis C virus.

risk factors for liver carcinogenesis™™. These observations
suggested that the Smad3 phosphorylation profile has an
excellent discriminating ability to triage chronic hepatitis
patients for the most appropriate treatment.

CONCLUSION

Over the last decade, our understanding of the mecha-
nism of hepato-carcinogenesis has deepened. HCC as-
sociated with chronic with HBV and HCV infections
remains associated with poor prognosis. Nonetheless,

our studies clearly demonstrated that as the stage of
viral chronic liver disease progresses, fibrogenic and on-
cogenic pSmad3L signaling gradually increases in pre-
neoplastic hepatocytes persistently affected by TGF-f3,
together with pro-inflammatory cytokines, leading to liver
fibrosis and initiating HCC (Figure 3). The model focus-
ing on phospho-Smad signaling that we proposed may be
understood as a crucial molecular mechanism by which
most HCC develops in the context of severe fibrosis'”.
Thus, understanding of Smad phospho-isoform signaling
is important to understand the mechanisms underlying
hepato-carcinogenesis.

In our recent studies, HCV clearance at an early stage
by anti-viral therapy restored hepatocytic TGF-f3 signal-
ing from fibro-carcinogenesis toward the tumor-sup-
pression””. Moreover, low pSmad3C and high pSmad3L.
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positivity were significantly predictive of human HCC
development™*, We concluded that pSmad3L. and pS-
mad3C can serve as useful markers to determine whether
antiviral therapy will be effective against viral related
HCC. Using an individual’s phospho-Smad3 markers, cli-
nicians may be able to achieve more effective chemopre-
vention and individualized therapy for HBV- and HCV-
infected patients.
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