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Fig. 7. Chronic hepatitis' B- patients. with. hepatocytes positive. for
pSmad3L and negative for pPSmad3C increased risk of HCC development. (A}
HCC: accurred subsequently among: patients whose hepatocytes in chronic
hepatitis B specimens were strongly positive for pSmad3L. Incidence of HCC
was significantly higher in patients: with abundant Smad3L phosphorylation
(scores 3 to 4, solid line) in hepatocytic nuclei versus those: with sparse
Smad3L phosphorylation (scores 0 to 2, dotted line). (B) HCC did not occur
subsequently: among patients whose . hepatocytes .in chronic hepatitis B
specimens were strongly: positive for pSmad3C. HCC occuned only in
patients with sparse Smad3C phosphorylation (scores. 0 to 2, solid line) in
hepatocytic nuclei, while no patients with abundant Smad3C phosphoryla-
tion (scores 3 to 4, dotted line) have developed HCC, Cumulative rates of
HCC occurrence from chronic hepatitis B were compared between cases with
high: and:. fow. phosphorylation: of Smad3L and. Smad3C (Kaplan-Meier
analysis and log-rank test). (C) HBx protein shifted hepatic TGF- signaling
fromthe tumor-suppressive: pSmad3C . pathway to the oncogenic JNK-de-
pendent pSmad3L: pathway: in eary stages of chronic hepatitis B. Normal
hepatocytes exhibited- TGF-3-dependent. Smad3. phosphorylation: at the
C-terminal region, which is related to: growth inhibition by up-regulation of
p21WAL: HBx' protein activates JNK; promoting the oncogenic pSmad3L
signaling, which fosters cell growth by up-regulating. c-Myc, in a mean time
reducing tumor-suppressive pSmad3C-mediated signaling.
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The general biomedical approach to HCC is shifting
away from population risk assessment and empirical
treatment of patients to predictive personalized medi-
cine based on molecular classification and targeted
therapy.? Better knowledge of the risk factors associ-
ated with the occurrence of HCC can improve the
effectiveness of surveillance programs. Our approach
has identified pSmad3L and pSmad3C as prognostic
markers that may prove to be clinically useful. Such
predictive markers could allow us to select patients
with chronic hepatitis B who have a high or low risk of
developing HCC. Although the latter group could be
followed up on an annual basis, the patients with a high
risk require targeted surveillance measures to allow
early diagnosis of HCC.

Phosphorylation of many transcription factors is con-
trolled by the dynamic interplay between kinases and
phosphatases. In this regard, we studied the kinetics of
both linker and C-terminal phosphorylation of Smad3 in
parental and HBx-expressing hepatocytes in response to
TGF-B (unpublished observation). In parental hepato-
cytes, the levels of linker and C-terminal phosphorylation
peaked at 30 minutes after the start of exposure to TGF-3
and then gradually declined. However, HBx-expressing
hepatocytes showed constitutive phosphorylation at
Smad3L during continuous exposure to TGF-B. Several
lines of evidence have identified small C-terminal domain
phosphatase (SCP1-3) and protein phosphatase magne-
sium 1A (PPM1A) as the linker and C-terminal phospha-
tases, respectively.’7:3® Accordingly, SCP1-3 and PPM1A
may reverse domain-specific phosphorylation in normal
hepatocyes. In contrast, HBx-expressing hepatocytes may
not show induction or activation of SCP1-3. Alterna-
tively, linker phosphorylation in HBx-expressing hepato-
cytes might be resistant to SCP1-3.

Many researchers have been seeking key transcription
factors regulating tumor-suppressive pathways thatare al-
tered in cancer. Our current model of JNK/pSmad3L
signaling during HBV-related chronic liver disease sug-
gests that specific inhibitors of the JNK/pSmad3L path-
way might inhibit the progression of HCC. With respect
to molecular targeting therapy for human HCC,
pSmad3L and pSmad3C should be assessed as biomarkers
to evaluate the benefit from specific inhibition of the
JNK/pSmad3L pathway.

Acknowledgment:  We thank Dr. Rik Derynck (Uni-
versity of California at San Francisco) and Dr. Seishi Mu-
rakami (Kanazawa University) for providing us with
complementary DNAs encoding human Smad3 and
HBx. We also thank Chiaki Kitano for assistance to con-
struct ecotropic retrovirus and Natsuko Ohira for assis-
tance with immunoblotting.

— 294 —



1216

MURATA ET AL.

HEPATOLOGY, April 2009

Table 5. Varlables with Independent Predictive Value for HCC in Univarlate and Multivarlate Analyses

Univariate Analysis Multivariate Analysis
No. of Patients Hazard Ratio Hazard Ratio
Characteristics n with HCC (%) {95% Cl) P Value {95% CI) P Value

pSmad3L positivity*

Low {1 and 2) 32 1(3) 1.00 1.00

High (3 and 4) 28 6(21) 3.8(1.4-10.6) 0.01 14.8 (1.8-118.5) 0.01
pSmad3C positivity*

High (3 and 4) 30 0(0) 1.00 1.00

Low (1 and 2) 30 7(23) 2.8 (0.001-7.0) 0.03 16.4 (1.0-125.0) 0.04
Fibrotic staget

Low (F1 and F2) 39 4(10) 1.00 1.00

High (F3) 21 3(14) 1.9 (0.7-5.4) 0.24 3.9 (0.4-38.6) 0.24
Inflammatory activity!

Low (AQ and A1) 23 1(4) 1.00 1.00

High (A2 and A3) 37 6(16) 1.8(0.7-4.8) 0.27 0.2 (0.02-1.1) 0.06
HBV DNA (copies /mL)

<105 42 3(7) 1.00 1.00

>10° 18 4(22) 1.9 (1.0-3.5) 0.05 2.5(0.9-6.9) 0.08
HBeAg

Negative 42 4(10) 1.00 1.00

Positive 18 3(17) 2.1(0.5-9.5) 0.32 9.9 (1.1-89.3) 0.03

Abbreviations: Cl, confidence inteval; HBeAg, hepatitis B e antigen; HBV, hepatitis B virus; HCC, hepatocellular carcinoma; pSmad3C, C-terminally phosphorylated
Smad3; pSmad3t, linker-phosphorylated Smad3.

*Hepatocytic Smad3 phosphorylation in chronic hepatitis B specimens is scored as follows: 0, no phosphorylation; 1, <25% Smad3 phosphorylation; 2, 25% to
6§0% Smad3 phosphorylation; 3, 50% to 75% Smad3 phosphorylation; 4, >75% Smad3 phosphorylation.

Necroinflammatory activity and fibrotic stage are determined histologically according to Desmet’s classification.
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In addition to the link with development of hepatocel-
Iular carcinoma (HCC), hepatitis C virus (HCV) infec-
tion is associated with several hepatic and extrahepatic
manifestations. A role of hepatic steatosis in the patho-
genesis of chronic hepatitis C has been shown, implying
hepatitis C as a metabolic disease. Furthermore, recent
epidemiological studies have suggested a linkage
between insulin resistance and chronic HCV infection.
In addition to the data indicating the presence of lipid
metabolism disturbance and insulin resistance in the
cohort of chronic hepatitis' C patients, we found evi-
dence showing the association between these two condi-
tions and HCV infection using mice transgenic for the
HCV core gene. These mice develop HCC late in life
after the phase of hepatic steatosis and insulin resis-
tance. The nonappearance: of both steatosis and HCC
in HCV core gene transgenic mice that are null for the
proteasome- activator 28y implies ‘a close relationship
between lipid metabolism disturbance and'hepatocar-
cinogenesis. Also, the core protein is shown to bind with
retinoid X receptor (RXR)-a, resulting in the upregula-
tion of some lipid metabolism enzymes; including cel-
lular retinol binding protein II and acyl-CoA oxidase.
In addition, the persistent activation of peroxisome pro-
liferator activated receptor (PPAR)-o has recently been
found 'in  the liver of HCV. core gene: transgenic
mice, yielding dramatic changes in lipid metabolism and
hepatocyte proliferation, including HCC development.
These results would provide a clue for further under-
standing of the role of lipid metabolism in pathogenesis
of "HCV  infection, = including. liver: injury ' and
hepatocarcinogenesis.
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Introduction

Worldwide, approximately 170 million people are per-
sistently infected with hepatitis C virus (HCV), which
induces a spectrum of chronic liver diseases from chronic
hepatitis to cirthosis and, eventually, to hepatocellular
carcinoma (HCC).! HCV has been given increasing
attention because of its wide and deep penetration in
the community, tied with a very high incidence of HCC
in ‘persistent HCV. infection. Once liver cirrhosis is
established in: hosts persistently infected with. HCV,
HCC develops at a yearly rate of approximately 7%,’
resulting in the development of HCC in nearly 90% of
HCV-associated cirrhotic patients in 15 years. In addi-
tion, the outstanding features in the mode of hepatocar-
cinogenesis in HCV infection, i.e., development of HCC
in'a multicentric fashion and at a very high incidence,
are not common in other malignancies except for
hereditary cancers such'as familial polyposis of the
colon. Knowledge of the mechanism undetlying HCC
development in persistent HCV infection, therefore, is
imminently required for the prevention of HCC.

In addition to the link with development of HCC,
HCYV infection is associated with several hepatic and
extrahepatic manifestations.” A role of hepatic steatosis
in the pathogenesis of chronic hepatitis C has been
shown, implicating hepatitis C as a metabolic disease.*
Moreover; recent epidemiological studies have sug-
gested a linkage between insulin resistance and chronic
HCV infection.” In addition to the epidemiological data
indicating the presence of lipid metabolism disturbance
and insulin resistance in the cohort of chronic hepatitis
C patients, detailed analyses on the relationship between
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metabolic disorders and chronic hepatitis C have
revealed evidence showing a close association between
the progression of liver fibrosis and metabolic abnor-
malities in HCV infection.® However, it is unclear yet
whether a causative relationship exists between these
medical conditions. Moreover, it is unclear whether
such metabolic disorders contribute to hepatocarcino-
genesis in HCV infection.

Possible roles of HCYV in hepatocarcinogenesis

The mechanism underlying hepatocarcinogenesis in
HCYV infection is not yet fully understood, despite the
fact that nearly 80% of patients with HCC in Japan are
persistently infected with HCV.""® HCV infection is
also commion in patients with HCC in other countries,
albeit to a lesser extent. These lines of evidence
prompted us to seek to determine the role of HCV in
hepatocarcinogenesis. Inflammation induced by HCV
should be considered, of course, in a study on the hepa-
tocarcinogenesis in hepatitis viral infection: necrosis of
hepatocytes caused by chronic inflammation followed
by regeneration enhances genetic aberrations in host
cells, the accumulation of which culminates in' HCC.
This theory presupposes an indirect involvement of
hepatitis viruses in HCC via hepatic inflammation.
However, this context leaves us with a serious question:
can inflammation alone result in the development of
HCC in such a high incidence (90% in 15 years) or
multicentric nature in HCV infection?

The other role of HCV would have to be weighed
against an extremely rare occurrence of HCCin patients
with autoimmune hepatitis in which severe inflamma-
tion in' the liver persists indefinitely, even after the
development of cirrhosis. This background and reason-
ing lead to a possible activity of viral proteins for induc-
ing neoplasia. This possibility has been evaluated by
introducing genes of HCV into hepatocytes in culture
with little success. One of the difficulties in using cul-
tured cells is the carcinogenic capacity of HCV, if any,
which would be weak and would take a long time to
manifest. Actually, it takes 3040 years for HCC to
develop in individuals infected with HCV. On the basis
of these points of view, we started to investigate carci-
nogenesis in chronic hepatitis C, in vivo, by transgenic
mouse technology.

HCY core protein has an in vivo oncogenic activity as
revealed by animal studies

Transgenic mouse lines carrying the HCV genome were
engineered by introducing the genes from the cDNA of
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Fig. 1. Transgenic mouse lines carrying the hepatitis C virus
(HCV) genome. Three different kinds of transgenic mouse
lines, carrying the core gene, envelope genes, or nonstructural
genes of HCV, respectively, were established under the
control of the same regulatory elements. Among these mouse
strains, only the transgenic mice carrying the HCV core gene
develop hepatocellular carcinoma (HCC) after an early phase
with hepatic steatosis in two independent lineages. The mice
transgenic for the envelope genes or nonstructural genes do
not develop HCC. HCC, hepatocellular carcinoma; env, enve-
lope genes; NS, nonstructural genes

the HCV genome of genotype 1b.°'° Established are
three different kinds of fransgenic mouse-lines, which
carry the core gene, envelope genes, or nonstructural
genes, respectively, under the same transcriptional reg-
ulatory. element. Among these mouse: lines; only the
transgenic mice carrying the core gene developed HCC
in two independent lineages.® The envelope gene trans-
genic mice do not develop HCC, despite high expres-
sion levels of both El1 and E2 proteins,'> and the
transgenic mice carrying the entire nonstructural genes
have developed no HCC (Fig. 1).

The core geme transgenic mice express the core
protein of an expected size, and the level of the core
protein in the liver is similar to that in chronic hepatitis
C patients. Early in: life, these mice develop hepatic
steatosis, which is one of the histological characteristics
of chronic hepatitis C, along with lymphoid follicle for-
mation and bile duct damage.” Thus, the core gene
transgenic mouse model reproduces well the features
of chronic hepatitis C. Of note, no pictures of signifi-
cant inflammation are observed in the liver of this
animal model.. Late in ' life, these: transgenic mice
develop HCC. Notably, the development of steatosis
and HCC has been reproduced by other HCV trans-
genic mouse lines, which harbor the entire HCV
genome or structural genes including the core gene."*
These outcomes indicate that the core protein, per
se, of HCV has an oncogenic potential when expressed
in vivo.
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Oxidative stress overproduction and intracellular
signaling pathway activation are the major pathways in
the core-induced liver pathology

It is difficult to elucidate the mechanism underlying the
development of HCC, even for our simple model in
which only the core protein is expressed in otherwise
normal liver. There is a notable feature in the localiza-
tion of the core protein in hepatocytes; while the core
protein predominantly exists in the cytoplasm associ-
ated with lipid droplets, it is also present in the mito-
chondria and nuclei.’™"” On the basis of this finding, the
pathways related to these two organelles, the mitochon-
dria and nuclei, were thoroughly investigated.

One effect of the core protein is an increased produc-
tion of oxidative stress in the liver. We would like to
draw particular attention to the fact that the production
of oxidative stress is increased in our transgenic mouse
model in the absence of inflammation in the liver.
This finding reflects a state of overproduction of reac-
tive oxygen species (ROS) in the liver,” or predisposi-
tion to it, which is staged by the HCV core protein
without any intervening inflammation.”*® The over-
production of oxidative stress results'in the generation
of deletions in mitochondrial and nuclear DNA, an
indicator of genetic damage. In addition, analysis of
antioxidant system revealed that some antioxidative
molecules are not increased despite the overproduction
of ROS in the liver of core gene transgenic mice:
hemeoxygenase-1 and glutathione peroxidase are not
augmented whereas catalase and. glutathione S-
transferase levels are increased and enhanced by iron
overloading (Moriya et al., manuscript in preparation).
These results suggest that HCV core protein not only
induces overproduction of ROS' but also- attenuates
some of the antioxidant systems, which may explain the
mechanism underlying the production of a strong oxida-
tive stress in HCV infection compared to other forms
of hepatitis.

In the absence of inflammation, thus, the core protein
induces ‘oxidative: stress overproduction, which may,
at least in part, contribute to hepatocarcinogenesis in
HCV infection. If inflammation were added to the liver
with the HCV core protein, the production of oxidative
stress would be escalated to an extent that can no longer
be scavenged by a physiological antagonistic system.
This idea suggests that the inflammation in chronic
HCV infection would have a characteristic difference in
its:quality from those of other types of hepatitis, such

as autoimmune hepatitis. The basis for the overpro-

duction of oxidative stress  may be ascribed to the
mitochondrial dysfunction.'*”” The dysfunction of the
electron transfer system of the mitochondrion is sug-
gested in‘association with the presence of the HCV core
protein.”!

Other pathways in hepatocarcinogenesis would be
the alteration of the expression of cellular genes and
modulation of intracellular signaling pathways.
For example, tumor necrosis factor (ITNF)-o and
interleukin-13 have been found to be transcriptionally
activated.” The mitogen-activated protein Kkinase
(MAPK) cascade is also activated in the liver of the
core gene transgenic mouse model. The MAPK
pathway, which consists of three routes, c-Jun N-
terminal kinase (JNK), p38, and extracellular signal-
regulated kinase (ERK), is involved in numerous
cellular events including cell proliferation. In the liver
of the core gene transgenic mouse model before HCC
development, only the JNK route is activated. Down-
stream of JNK activation, transcription factor activat-
ing protein (AP)-1 activation is markedly enhanced.””
At far downstream, both the mRNA and protein levels
of cyclin D1 and CDK4 are increased. Thus, the HCV
core protein modulates the intracellular signaling path-
ways and gives an advantage for cell proliferation to
the hepatocytes. Interestingly, we found recently that
a protein interacting with the core protein, proteasome
activator 28y (PA28y), is indispensable for the core
protein to exert its function for the development of
steatosis; insulin resistance, and HCC.2*

Lipid metabolism and HCV infection

Steatosis is frequently observed in chronic hepatitis C
patients and is significantly associated with increased
fibrosis and progression rate of fibrosis of the liver.® A
comprehensive analysis of gene expression in the liver
of core:gene transgenic mice, in: which steatosis devel-
ops from early in life, revealed that a number of genes
related to lipid metabolism are significantly upregulated
or downregulated (Table 1).

The composition of fatty acids that are accumulated

in the liver of core gene transgenic mice is different

from that in fatty liver resulting from simple obesity.
Carbon-18 monounsaturated fatty acids (C18:1) such as
oleic or vaccenic acids are significantly increased; this is
also the case in the comparison of liver tissues from
hepatitis € patients and patients with simple fatty liver
due to obesity”® The mechanism of steatogenesis in
hepatitis C was investigated using this mouse model.
There are at least three pathways for the development
of steatosis. One is the frequent presence of insulin
resistance in hepatitis C patients as well as in the core
gene transgenic mice, which occurs through the inhibi-
tion of tyrosine phosphorylation of insulin: receptor
substrate (IRS)-1.” Insulin resistance increases the
peripheral release and hepatic uptake of fatty acids,
resulting in an accumulation of lipid in:the liver. The
second pathway is the suppression-of the activity of
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Table 1. Cellular genes differentially expressed in hepatitis C virus (HCV) core transgenic mouse liver

Upregulated

Downregulated

NPC1
Catalase

Lipid metabolism

Very long chain acyl-CoA dehydrogenase

Carboxylesterase selenoprotein P
Carbonic anhydrase

Adipose differentiation-related protein

Bilirubin/phenol family UDP
glucuronosyltransferase

Int-6
GCNSL1

Transcription and
cell proliferation

H. sapiens 8.2k-Da differentiation factor

USF1
Initiation factor elF-4Al
Human elongation factor-1-delta

Stearoyl-CoA desaturase

Sterol-carrier protein X

Alpha-enolase carnitine acetyltransferase

Gal beta 1,4(3) GlcNAc alpha 2,3-
sialyltransferase

Very long chain acyl-CoA synthetase

Liver transferrin

4-Hydroxyphenylpyruvate dioxygenase

LAF1 transketolase

s-Adenosylmethionine synthetase

Apolipoprotein A-1I

Human guanine nucleotide regulatory protein

Alpha-fetoprotein

Retinol binding protein

Suil
Inflammation Alpha-1 protease inhibitor 3 Alpha-2-macroglobulin
Hemopexin LMW prekininogen
Complement component C3
AHSG(alpha 2 HS-glycoprotein) homologue
Others Microvascular endothelial differentiation gene 1 Vitronectin
Diazepam-binding inhibitor Epithelin:1 and 2
Argininosuccinate synthetase Murinoglobulin

Skeletal muscle alpha-tropomyosin
Ampd3 gene
DNA-binding protein

microsomal triglyceride ' transfer  protein  (MTP) by
HCV core protein®; this inhibits the secretion of very
low density protein (VLDL) from the liver, yielding an
increase “of triglycerides in: the liver. The last pathway
involves * sterol  regulatory : element-binding protein
(SREBP)-1¢, which regulates the production of triglyc-
erides and phospholipids. In HCV core gene transgenic
mice, SREBP-1¢ is activated, whereas neither SREBP 2
nor SREBP-1a is upregulated.”

In relation to lipid metabolism, the core protein has
also been found to interact with retinoid X receptor
(RXR)-0.2® RXR-0, is one of the nuclear receptors,
which forms a homodimer or heterodimers with other
nuclear - receptors, including . PPAR ‘(peroxisome
proliferator-activated receptor)-o., and plays a pivotal
role in the regulation of the expression of genes relating
to lipid metabolism, cell differentiation, and prolifera-
tion. In fact; the core protein of HCV activates genes
that have an RXR-osresponsive element as well as
those with a PPAR-o-responsive element, both in mice
and in cultured cells.”® Based on these results; we, then,
examined the expression and function of PPAR-o in the
liver of core gene transgenic mice.

PPAR-o activation in HCV-assaciated
hepatocarcinogenesis

PPAR-0; one of the: PPAR genes, plays a central role
as a heterodimer with RXR-o in regulating fatty acid

~transport and catabolism. It is also known as a molecu-

lar target for lipid-lowering fibrate drugs.” On the other
hand, prolonged administration of PPAR-o agonists
causes HCC in rodents. Currently, there is little evi-
dence that the low-affinity fibrate ligands are associated
with human cancers, but it is possible that chronic acti-
vation of high-affinity ligands could be carcinogenic in
humans.”

The level of PPAR-o protein was increased in: the
liver of core gene transgenic mice as early as 9 months
of age. PPAR-o, protein is accumulated with age in the
nuclei of hepatocytes together with cyclin D1 protein.
However,the level of PPAR-a mRNA wasnotincreased
at any age. By pulse-chase experiment, the stability of
nuclear PPAR-o was increased in the presence of the
core protein: In: line with the increase of PPAR-o
protein, target genes of PPAR-o were activated in the
liver of core gene transgenic mice; these genes include
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cyclin D1, cyclin-dependent kinase (CDK)-4, acy-CoA
oxidase, and peroxisome thiolase.* However, in general,
the activation of PPAR-o leads to improvement but not
aggravation of steatosis. Then, what is the function of
PPAR-a activation that is observed in the core gene
transgenic mice?

To clarify the role of PPAR-o activation in pathogen-
esis of steatosis and HCC, we mated a core gene trans-
genic mouse with a PPAR-a knockout (KO) mouse and
studied the phenotype. PPAR-o. KO mice have reduced
expression of target genes of PPAR-o, and have mild
steatosis in the liver, as expected.” It was unanticipated,
however, that steatosis was absent in PPAR-o-null or
-heterozygous core gene transgenic mice but present in
PPAR-o-intact core gene transgenic mice at the age of
9 or 24 months.” 8-Hydroxy deoxyguanosine (8-OHdG)
and peroxylipids, both of which are markers for oxida-
tive stress, were decreased in PPAR-a KO core gene
transgenic mice. Mitochondrial dysfunction in the core
gene transgenic mice, which contribuites to overproduc-
tion of oxidative stress,’ was also improved in PPAR-o
KO core gene transgenic mice.

Finally, PPAR-o. KO core gene transgenic mice did
not develop HCC at the age of 24 months, whereas
about one-third of PPAR-qa-intact core gene transgenic
mice did. It should be noted that core gene transgenic
mice that are heterozygous for the PPAR-o gene also
did not develop HCC.” When clofibrate, a peroxisome
proliferator; was administered for 24 months to PPAR-
o-heterozygous mice, either with or: without the core
gene, HCC developed in a higher rate in the core gene
(+) mice with greater PPAR-o activation. It should be
noted that steatosis was present only in core gene (+)
PPAR-o-heterozygous mice. In summary, steatosis and
HCC developed in PPAR-o-intact but not in PPAR-o-
heterozygous or PPAR-o-null. core - gene : transgenic
mice, indicating that not the presence but the persistent
activation of PPAR-o. would be important in hepatocar-
cinogenesis by HCV core protein. In general, PPAR-a
acts to ameliorate steatosis, but with the presence: of
mitochondrial dysfunction, which is also provoked by
the core protein, the core-activated PPAR-o may exac-
erbate steatosis. Persistent activation of PPAR-a. with
“strong” ligands such as the core protein of HCV could
be carcinogenic in humans, although the low-affinity
fibrate: ligands are not likely associated with human
cancers:

HCY core protein causes “fatty acid spiral”

Figure 2 illustrates our current hypothesis for the role
of lipid metabolism in HCV-associated hepatocarcino-
genesis. Immune-mediated inflammation should also
play a pivotal role in hepatocarcinogenesis in HCV

Steatosis
Fatty acid
nuli
_oxi nsuli
?):i L tive resistanke
streqs yore protei
Dmplex 1 Cell-growth
function ‘ signals

AOX, cvmmf
Oxidative

Fig. 2. “Fatty acid spiral” by HCV core protein. In HCV
infection, the core protein induces steatosis via several path-
ways, leading to “fatty acid: spiral” in the presence of the
mitochondrial complex 1 dysfunction and PPAR- activation,
both of which are: also: caused by the core protein. These
intracellular alterations would contribute to hepatocarcino-
genesis by inducing oxidative stress overproduction and cell-
growth signal activation. In such a sense, the core protein of
HCV is not a classical type oncoprotein, but rather seems to
contribute to hepatocarcinogenesis by modulating intracellu-
lar metabolism and signaling. HCV, hepatitis C virus; HCC,
hepatocellular carcinoma; ROS, reactive oxygen species; JNK,
c-Jun N-terminal kinase; ERK; extracellular signal-regulated
kinase; AP-I, activating  protein-1;  RXR-¢; retinoid- X
receptor-o; PPAR-, peroxisome proliferator activated recep-
tor-a;; AOX, acyl-CoA oxidase; CYP, cytochrome P450; MTP,
microsomal  triglyceride - transfer: protein; FAT, fatty acid
translocase; fatty acid transport protein

infection. However, in HCV infection, the core protein
induces steatosis through the aforementioned pathways,
leading to “fatty acid spiral” in the presence of the
mitochondrial complex 1 dysfunction and PPAR-o
activation, both of which are caused by the core protein.
These intracellular alterations. would contribute - to
hepatocarcinogenesis by inducing oxidative stress over-
production and cell-growth signal activation. In such a
sense, the core protein of HEV is not a classical-type
oncoprotein, but rather seems to contribute to hepato-
carcinogenesis by modulating intracellular metabolism
and signaling,

The HCV protein may allow some steps in multistep
hepatocarcinogenesis to be skipped

The results of our studies on transgenic mice have indi-
cated a carcinogenic potential of the HCV core protein
in vivo; thus, HCV would be directly involved in hepa-
tocarcinogenesis. In research studies of carcinogenesis,
the theory outlined by Kinzler and Vogelstein® has
gained wide popularity. They have proposed that the
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Fig. 3. Mechanism of HCV-associated hepatocarcinogenesis.
Multiple steps are required in the induction of all cancers; it
would be mandatory for hepatocarcinogenesis that genetic
mutations accumulate in hepatocytes. However, in HCV
infection, some of these steps may be skipped in the develop-
ment of HCC in the presence of the core protein. The overall
effects achieved by the expression of the core protein would
be the induction of HCC, even in the absence of a complete
set of genetic aberrations required for carcinogenesis. By con-
sidering such a “non-Vogelstein-type” process for the induc-
tion of HCC, a plausible explanation may be given for many
unusual events happening in HCV carriers

development of colorectal cancer ' is- induced by the
accumulation of a complete set of cellular gene muta-
tions. They have deduced that mutations in the APC
gene: for inactivation, those in: K-ras for: activation,
and those in the p53:gene for inactivation accumulate,
which cooperate toward the development of colorectal
cancer.” Their theory has been extended to the carci-
nogenesis of other cancers as well, called “Vogelstein-
type” carcinogenesis (Fig. 3).

On the basis of the results we obtained for the induc-
tion of HCC by the HCV core protein, we would: like
to introduce a different mechanism for hepatocarcino-
genesis in HCV infection. We' do-allow multistages in
the induction of all cancers; it would be mandatory for
hepatocarcinogenesis that many mutations accumulate
in hepatocytes: Some of these steps, however, may be
skipped in the development of HCC in HCV infection
to.which the core protein would contribute (see Fig. 3).
The overall effect achieved by the expression of the
viral protein would be the induction of HCC, even'in
the absence of a complete set of genetic aberrations
required for carcinogenesis.

By considéring such a “non-Vogelstein-type” process
for the induction of HCC; a plausible explanation may
be given for many unusual events happening in HCV
carriers. Now it does not seem so difficult as before to
determine why HCC develops in persistent HCV infec-
tion at an outstandingly high incidence. Our theory may
also give an account of the nonmetastatic and multicen-
tric de novo occurrence characteristics of HCC, which
would be the result of persistent HCV infection.
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