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Fig. 4. A: Intracellular localization of Nfr2 in the liver of mice
subjected to iron overloading for 0 or 3 months. The nuclear fraction
was isolated from liver tissues and subjected to Western blotting with
antibody to Nrf2 or lamin B (control). Levels of antioxidant mRNA
in the liver of mice subjected to iron overloading. B: Levels of
transcription factor nRNA were determined in nontransgenic control
mice (open bars) or in transgenic mice (closed bars) with 3-month
administration of iron (Fe+) or without it (Fe—). Mice were sacrificed
at 6 months and liver tissues were subjected to determination. The
data represent means+SE, n=5 in each group. *P <0.05. nTg,
nontransgenic control mice; Tg, transgenic mice; AP-1, activator
protein-1; NF-kB1, nuclear factor-kappa B1; Bachl, BTB and CNC
homology 1.

oxidative stress and steatosis [Moriya et al., 1998, 2001].
Some of the key antioxidant enzymes, HO-1 and NQO-1,
were not augmented sufficiently by iron overloading,
while other antioxidant enzymes such as catalase and
GST were augmented more strongly in the iron-over-
loaded core gene transgenic mice than in the iron-
overloaded control or noniron-overloaded core gene
transgenic mice.

The accumulation of iron observed in the liver of
the core gene transgenic mice fed with normal chow
corroborates well the observation in chronic hepatitis C
patients [Farinati et al., 1995; Chapoutot et al., 2000;
Kato et al., 2001]. Recently, it has been reported that the
expression level of hepcidin, which regulates iron
metabolism by inhibiting iron absorption from the
intestine and utilization from the reticuloendothelial
system [Muckenthaler, 2008], is decreased in the liver
of mice that are transgenic for the entire HCV genome
[Nishina et al,, 2008] or hepatitis C patients [Fujita
et al., 2007], and is implicated in iron accumulation.
ROS overproduction in the liver of the entire HCV
genome transgenic mice is suggested to be responsible
for the decrease in the hepcidin level [Nishina et al.,
2008]. In the current study, however, the level of
hepcidin mRNA was significantly higher in the liver of
the core gene transgenic mice than that of the control
mice despite the augmentation of oxidative stress. In the
current model, hepcidin seems to be instructive in the
regulation of iron homeostasis and cannot be a cause of
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hepatitis-C-associated iron accumulation. The reason
for this dissociation between the two HCV mouse models
is unclear, but the difference in the transgene construct
may account for it: the core gene only or the full coding
sequence [Moriya et al., 1998; Nishina et al., 2008].

It is interesting that the induction of HO-1 by iron
overloading was compromised by the presence of the
core protein, while the HO-1 mRNA level was higher in
the core gene transgenic mice than in the control mice
before iron treatment. This was also observed in the case
of another antioxidant, NQO-1 [Nioi and Hayes, 2004],
although its induction by iron in the control mice was
not as marked as that of HO-1. HO-1 is an inducible
cytoprotective enzyme that catalyzes the initial and
rate-limiting reaction in heme catabolism and cleaves
pro-oxidant heme to form biliverdin with the release of
carbon monoxide. Biliverdin is converted to bilirubin in
mammals, both of which have been known to have very
strong antioxidant activities [Stocker et al., 1987]. Thus,
HO-1 is an antioxidant defense enzyme that converts
potentially toxic heme into antioxidants. In addition,
HO-1hasbeen also suggested to be a central antioxidant
under the condition of glutathione depletion [Oguro
et al., 1998]. Therefore, HO-1 is an essential protective
endogenous mechanism against oxidative stress, partic-
ularly, in the case of iron overload, although it is hard
to compare the abilities of antioxidants quantitatively
[Srisook et al., 2005; Farombi and Surh, 2006]. There-
fore, it is probable that the attenuation of HO-1 and
NQO-1 would hamper the antioxidant system and lead
to a robust production of oxidative stress in HCV
infection. There have been some contradicting reports
on the interaction between HCV and HO-1. Abdalla
et al. [2004] reported that the HCV core protein down-
regulated HO-1 expression, while Ghaziani et al. [2006]
insist that HCV proteins including the core up-regulates
HO-1 expression. HO-1 has recently been shown to
suppress the propagation of HCV replicons [Zhu et al.,
2008] and might be an essential molecule in the
pathogenesis of HCV infection.

The mechanism underlying the compromise of iron-
induced HO-1 gene augmentation by the core protein
is unclear. HO-1 gene has a regulatory element that is
controlled by a transcription factor Nrf2 stress [Srisook
et al., 2005; Farombi and Surh, 2006]. Therefore, if the
subcellular distribution of Nrf2 was altered, that is,
nuclear transport were disturbed, it would explain this
compromised phenomenon. However, this was not the
case in the present experiment. The fact that the GST
gene, the expression of which was augmented substan-
tially by the iron overloading, also has a binding site
for Nrf2 also negates the involvement of Nfr2 in the
compromise by the core protein of iron-induced HO-1
gene augmentation. It has been suggested that complex
intracellular signaling cascades mediate the expression
of HO-1 in response to external stimuli. Transcription
factors, other than Nrf2, such as AP-1 and NF-xB
[Ferrandiz and Devesa, 2008] and Bachl, an HO-1
repressor [Shan et al., 2004], may be responsible for the
HO-1 gene expression, but these factors did not explain
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the current attenuation of HO-1 by the core protein
under iron stimulation. Identification of the mechanism
may lead to the development of new therapeutic devices
with the relief of the core-induced compromise of
the iron-induced augmentation of HO-1, which may
strengthen the antioxidant system and suppress HCV
replication.
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Abstract

Persistent infection with hepatitis C virus (HCV) is a major risk
toward development of hepatocellular carcinoma. A num-
ber of transgenic mouse lines carrying the cDNA of HCV ge-
nome have been established and evaluated in the study of
HCV pathogenesis. Among those, the studies using trans-
genic mouse lines that carry the HCV genome containing the
core gene indicate the direct involvement of HCV in patho-
genicity, including that in oncogenesis. Oxidative stress
overproduction and intracellular signaling augmentation
are shown to be the key events in HCV-associated hepato-
carcinogenesis. Besides the data in hepatitis C patients, con-
necting liver fibrosis progression and the disturbance in lip-
id and glucose metabolisms, these mouse models also show
a close relationship between HCV and metabolic alterations
including hepatic steatosis and insulin resistance. Further-
more, the persistent activation of peroxisome proliferator-
activated receptor-a has recently been found, yielding dra-
matic changes in the lipid metabolism and oxidative stress
overproduction in cooperation with the mitochondrial dys-
function. These results would provide a clue for further un-
derstanding of the role of lipid metabolism in pathogene-
sis of hepatitis C including liver injury and hepatocarcino-
genesis. Copyright © 2010 S. Karger AG, Basel

Introduction

Hepatitis C virus (HCV) infection frequently evolves
into a persistent state, leading to the development of
chronic hepatitis, cirrhosis, and, eventually, hepatocellu-
lar carcinoma (HCC). Recently, there have been increas-
ing lines of evidence to indicate metabolic disturbances
in HCV infection, which would influence the pathogen-
esis of chronic hepatitis C. The discovery of HCV in 1989
enabled the comparison between chronic hepatitis C and
the other chronic hepatitis, resulting in repeated reports
that steatosis is significantly associated with chronic hep-
atitis C [1, 2]. Steatosis in HCV infection is reproduced in
animal models [3] or cultured cells [4], strengthening a
pathologic role of HCV in it. Furthermore, patients in-
fected with HCV have abnormalities in serum lipids,
such as hypocholesterolemia or abnormal levels of apoli-
poproteinsin serum [5, 6]; they are corrected in sustained
virological responders to antiviral treatment [6]. Thus,
the association between HCV infection and disturbance
in lipid metabolism has become increasingly strong both
in patients and experimental systems including animals.
Finally, patients with chronic hepatitis C accompanied
by severe steatosis develop hepatic fibrosis more rapidly
[7]. Thus, abnormal lipid metabolism in HCV infection
would be deeply involved in the pathogenesis of hepati-
tis C.
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HCV and Hepatocarcinogenesis

The mechanism underlying hepatocarcinogenesis in
HCV infection is not fully understood yet, despite the fact
that nearly 80% of patients with HCC in Japan are persis-
tently infected with HCV [8]. HCV infection is also com-
mon in patients with HCC in other countries, albeit to a
lesser extent. These lines of evidence prompted us to seek
for determining the role of HCV in hepatocarcinogene-
sis. Inflammation induced by HCV should be considered,
of course, in a study on the hepatocarcinogenesis in hep-
atitis viral infection: necrosis of hepatocytes due to
chronic inflammation followed by regeneration enhanc-
es genetic aberrations in host cells, the accumulation of
which culminates in HCC. This theory presupposes an
indirect involvement of hepatitis viruses in HCC via he-
patic 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 HCC in patients
with autoimmune hepatitis in which severe inflamma-
tion in the liver persists indefinitely, even after the devel-
opment of cirrhosis. These backgrounds and reasonings
lead to a possible activity of viral proteins for inducing
neoplasia. This possibility has been evaluated by intro-
ducing genes of HCV into hepatocytes in culture with
little success. One of the difficulties in using cultured
cells is the carcinogenic capacity of HCV, if any, which
would be weak and would take a long time to manifest
itself. Actually, it takes 30-40 years for HCC to develop
in individuals infected with HCV. On the basis of these
viewpoints, we started to investigate carcinogenesis in
chronic hepatitis C, in vivo, by transgenic mouse tech-
nology.

Transgenic Mouse Lines Carrying the HCV Genome

As described above, the HCV proteins have been char-
acterized chiefly using in vitro translation or cultured
cells. Little is known, however, about the role of HCV or
its proteins in the pathogenesis of hepatitis and subse-
quent liver diseases, cirrhosis and HCC. One of the major
issues regarding the pathogenesis of HCV-associated liv-
er lesion is whether the HCV proteins have direct effects
on pathological phenotypes. Although several strategies
‘have been used to characterize the hepatitis C viral pro-
teins, the relationship between the protein expression
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and disease phenotype has not been clarified. For this
purpose, several lines of mice have been established
which were transgenic for the HCV ¢cDNA. They include
the ones carrying the entire coding region of HCV ge-
nome [9], the core region only [3, 10], the envelope region
only [11], the core and envelope regions [12] and the core
to non-structural (NS)2 regions [13]. Although detection
of mRNA from the NS regions of the HCV cDNA has
been reported [9], the detection of HCV NS proteins in
the transgenic mouse liver has not been successful. The
reason for this failure in detecting NS proteins is unclear,
but the expression of the NS enzymes may be harmful to
mouse development and may allow the establishment of
only low-expression mice.

In terms of expression system, two different ways have
been applied: transient and constitutive expression sys-
tems. One transgenic mouse line has been reported which
expresses the HCV genes using a transient expression
system. Wakita et al. [13] utilized the Cre/loxP system, by
which a gene under silent can be switched on by the in-
troduction of Cre recombinase. They established a trans-
genic mouse line that had the core, envelopes and NS2
genes of HCV in a silent state. After the injection of the
recombinant adenovirus that had Cre recombinase in the
mice, the HCV genes expressed transiently. These mice
developed acute hepatitis, which was blocked by the
administration of anti-CD4 and CD8 antibodies. This
mouse system would provide a good animal model for
acute hepatitis C and be useful for the study of immuno-
logical aspects of hepatitis. The possibility, however, that
the greatly overexpressed HCV proteins had caused the
death of hepatocytes and provoked the immune response
thereafter still remains.

We have engineered transgenic mouse lines carrying
the HCV genome were by introducing the genes from the
cDNA of the HCV genome of genotype 1b [3, 14]. Estab-
lished are four different kinds of transgenic mouse lines,
which carry the core gene, envelope genes, the entire NS
genes, or NS5A gene, respectively, under the same tran-
scriptional regulatory element (fig. 1). Among these
mouse lines, only the transgenic mice carrying the core
gene developed HCC in two independent lineages [14].
The envelope gene transgenic mice do not develop HCC,
despite high expression levels of both E1 and E2 proteins
(11, 15], and the transgenic mice carrying the entire NS
or NS5A gene have developed no HCC.

The core gene 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. Ear-
ly in life, these mice develop hepatic steatosis, which is
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one of the histologic characteristics of chronic hepatitis
C, along with lymphoid follicle formation and bile duct
damages [1]. Thus, the core gene transgenic mouse mod-
el well reproduces the feature of chronic hepatitis C. Of
note, any pictures of significant inflammation are not ob-
served 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
transgenic mouse lines, which harbor the entire HCV ge-
nome or structural genes including the core gene [9, 10,
12]. These outcomes indicate that the core protein per se
of HCV has an oncogenic potential when expressed in
vivo.

Enhancement of Oxidative Stress and Intracellular
Signaling in HCV-Associated Hepatocarcinogenesis

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 localization
of the core protein in hepatocytes; while the core protein
predominantly exists in the cytoplasm associated with
lipid droplets, it is also present in the mitochondria and
nuclei [14]. On the basis of this finding, the pathways re-
lated to these two organelles, the mitochondria and nu-
clei, 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 ox-

26 Oncology 2010;78(suppl 1):24-30

idative stress is increased in our transgenic mouse model
in the absence of inflammation in the liver. This reflects
a state of an overproduction of reactive oxygen species
(ROS) in the liver, or predisposition to it, which is staged
by the HCV core protein without any intervening inflam-
mation [16, 17]. The overproduction of oxidative stress
results in the generation of deletions in the mitochon-
drial 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 trans-
genic mice. These results suggest that HCV core protein
not only induces overproduction of ROS but also attenu-
ates some of antioxidant system, 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 cannot be scavenged
anymore by a physiological antagonistic system. This
suggests that the inflammation in chronic HCV infec-
tion would have a characteristic different in its quality
from those of other types of hepatitis, such as autoim-
mune hepatitis. The basis for the overproduction of
oxidative stress may be ascribed to the mitochondrial
dysfunction [16, 18]. The dysfunction of the electron
transfer system of the mitochondrion is suggested in as-
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sociation with the presence of the HCV core protein [18,
19].

Other pathways in hepatocarcinogenesis would be the
alteration of the expression of cellular genes and modula-
tion of intracellular signaling pathways. For example, tu-
mor necrosis factor (TNF)-a and interleukin-18 have
been found transcriptionallyactivated [20]. The mitogen-
activated protein kinase (MAPK) cascade is also activat-
ed 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 prior to HCC development,
only the JNK route is activated. In the downstream of the
JNK activation, transcription factor activating protein
(AP)-1 activation is markedly enhanced [20, 21]. At far
downstream, both the mRNA and protein levels of cyclin
D1 and cyclin-dependent kinase (CDK)4 are increased.
Thus, the HCV core protein modulates the intracellular
signaling pathways and gives advantage for cell prolifera-
tion to hepatocytes.

Hepatitis C as a Metabolic Disease

Steatosis is frequently observed in chronic hepatitis C
patients, and significantly associated with increased fi-
brosis and progression rate of fibrosis of the liver [22]. A
comprehensive analysis of gene expression in the liver of
core gene transgenic mice, in which steatosis develops
from early in life, revealed that a number of genes related
to lipid metabolism are significantly up- or downregu-
lated.

The composition of fatty acids that are accumulated in
the liver of core gene transgenic mice is different from
that in fatty liver due to simple obesity. Carbon-18 mono-
unsaturated 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 C patients
and simple fatty liver patients due to obesity [17]. The
mechanism of steatogenesis in hepatitis C was investi-
gated using this mouse model. There are, at least, three
pathways for the development of steatosis. One is the fre-
quent presence of insulin resistance in hepatitis C pa-
tients as well as in the core gene transgenic mice, which
occurs through the inhibition of tyrosine phosphoryla-
tion of insulin receptor substrate (IRS)-1 [23]. Insulin re-
sistance increases the peripheral release and hepatic up-
take of fatty acids, resulting in an accumulation of lipid
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in the liver. The second pathway is the suppression of
the activity of microsomal triglyceride transfer protein
(MTP) by HCV core protein [24]. This inhibits the secre-
tion of very-low-density protein (VLDL) from the liver,
yielding an increase of triglycerides in the liver. The last
one involves by the sterol regulatory element-binding
protein (SREBP)-1c, which regulates the production of
triglycerides and phospholipids. In HCV core gene trans-
genic mice, SREBP-1c is activated, while neither SREBP-2
nor SREBP-1a is upregulated [25].

Steatosis, HCV and PA28y

Interestingly, we found recently that a protein inter-
acting with the core protein, proteasome activator
(PA)28y, is indispensable for the core protein to exert its
function for the development of steatosis, insulin resis-
tance and HCC [3, 25]. Steatosis is defined as an accumu-
lation of lipid droplets, a majority of which are triglycer-
ides. Biosynthesis of triglycerides is mainly regulated by
SREBP-Ic. Transcription of SREBP-Ic is controlled by a
heterodimer of nuclear hormone receptors, liver X recep-
tor (LXR)-a and retinoid X receptor (RXR)-a.. Indeed, it
has been reported that many genes regulated by SREBPs
were induced during the early stage of HCV infection in
the livers of chimpanzees. Our study has demonstrated
that the core protein enhances the binding activity of the
LXR-a-RXR-a complex to the srebp-1c promoter in a
PA28vy-dependent manner, resulting in upregulation of
SREBP-Ic and its regulating genes [25]. The activation
may be mediated by the direct interaction between the
core protein and RXR-a [26] or by suppression of a core-
pressor such as Sp110b, a negative regulator of RAR-a, by
sequestering it in the cytoplasm via interaction with the
cytoplasmic core protein [27]. Another mechanism is
thought to be suppression of lipid secretion. Reduced se-
rum levels of cholesterol and apolipoprotein B have been
reported in patients with severe hepatitis C and the core
gene transgenic mice [5]. As stated before, the MTP regu-
lates the assembly and secretion of VLDLs consisting of
apolipoprotein B, cholesterol and triglycerides. In the
core gene transgenic mice, MTP-specific activity is sig-
nificantly decreased. Therefore, the downregulation of
MTP may be involved in the development of the steatosis
cooperating with upregulation of SREBP-Ic, although
the precise role of HCV core protein is still unclear. Re-
cently, it has been reported that the assembly and bud-
ding of HCV occur around the accumulated lipid drop-
lets within the endoplasmic reticulum [28]. Furthermore,
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increases in saturated and monounsaturated fatty acids
enhance HCV RNA replication. These data suggest that
regulation of lipid metabolism by the core protein plays
crucial roles in the HCV life cycle. Obesity and hepatic
steatosis often result in insulin resistance. However, 1- to
2-month-old core gene transgenic mice, which do not ex-
hibit apparent steatosis and obesity, already exhibit insu-
lin resistance due to a decrease in insulin sensitivity in the
liver [23]. Moreover, the core gene transgenic mice have
been shown to exhibit overt diabetes when fed a high-fat
diet, while control mice do not. Binding of insulin to the
insulin receptor triggers tyrosine phosphorylation of the
IRS proteins, leading to the following signal transduc-
tions to increase glucose uptake and inhibit the net pro-
duction of glucose in the liver. An inflammatory cyto-
kine, TNF-q, is known to impair the insulin-signaling
pathway via inhibition of tyrosine phosphorylation of
IRSs. In fact, the overproduction of TNF-a has been re-
ported to reduce the phosphorylation of IRS-1 and Akt in
the core gene transgenic mice despite the absence of he-
patic. In the latter study, moreover, hyperinsulinemia was
cured by depletion of TNF-a, suggesting that upregula-
tion of TNF-a contributes to the core protein-induced
insulin resistance [23]. Our previous study has indicated
that the core protein-induced overexpression of TNF-ais
also dependent on the presence of PA28vy [25].

In relation to lipid metabolism, the core protein has
also been found to interact with RXR-a [26]. RXR-a is
one of the nuclear receptors which forms a homodimer
or heterodimers with other nuclear receptors including
peroxisome proliferator-activated receptor (PPAR)-a,
and plays a pivotal role in the regulation of the expression
of genes relating to lipid metabolism, cell differentiation
and proliferation. In fact, the core protein of HCV acti-
vates genes that have an RXR-a-responsive element as
well as those with a PPAR-a-responsive element, in both
mice and cultured cells [26]. Based on these results, we,
then, examined the expression and function of PPAR-«
in the liver of core gene transgenic mice.

PPAR-a Activation and ‘Fatty Acid Spiral’ in
HCV-Associated Hepatocarcinogenesis

PPAR-a is one of PPAR genes, and plays a central role,
as a heterodimer with RXR-a, in regulating fatty acid
transport and catabolism. It is also known as a molecular
target for lipid-lowering fibrate drugs. On the other hand,
a prolonged administration of PPAR-a agonists causes
HCC inrodents. Currently, there islittle evidence that the

28 Oncology 2010;78(suppl 1):24-30

low-aftinity fibrate ligands are associated with human
cancers, but it is possible that chronic activation of high-
affinity ligands could be carcinogenic in humans.

The level of PPAR-a protein was increased in the liver
of core gene transgenic mice as early as 9 months. PPAR-
a protein is accumulated with age in the nuclei of hepa-
tocytes together with cyclin DI protein. However, the lev-
el of PPAR-a mRNA was not increased at any age. By the
pulse-chase experiment, the stability of nuclear PPAR-a
turned out to be increased in the presence of the core pro-
tein. In line with the increase of PPAR-o protein, target
genes of PPAR-a were activated in the liver of core gene
transgenic mice; these genes include cyclin D1, CDK4,
acy-CoA oxidase, and peroxisome thiolase [29]. However,
in general, the activation of PPAR-a leads to improve-
ment but not aggravation of steatosis. Then, what is a
function of PPAR-« activation that is observed in the core
gene transgenic mice?

To clarify the role of PPAR-« activation in pathogen-
esis of steatosis and HCC, we made mating of core gene
transgenic mouse with PPAR-a knockout (KO) mouse,
and studied the phenotype. PPAR-a KO mice have re-
duced expressions of target genes of PPAR-a, and have
mild steatosis in the liver as expected. It was unantici-
pated, however, that steatosis was absent in PPAR-a-null
or -heterozygous core gene transgenic mice but present in
PPAR-a-intact core gene transgenic mice at the age of 9
or 24 months [29]. 8-Hydroxydeoxyguanosine and per-
oxylipids, both of which are markers for oxidative stress,
were decreased in PPAR-a KO core gene transgenic mice.
Mitochondrial dysfunction in the core gene transgenic
mice, which contributes to an overproduction of oxida-
tive stress, was also improved in PPAR-a KO core gene
transgenic mice.

Finally, PPAR-a KO core gene transgenic mice did not
develop HCC at the age of 24 months, while about one-
third of PPAR-a-intact core gene transgenic mice did. It
should be noted that core gene transgenic mice that are
heterozygous for PPAR-a gene did not develop HCC ei-
ther [29]. When clofibrate, a peroxisome proliferator, was
administered for 24 months to PPAR-a-heterozygous
mice, either with or without the core gene, HCC devel-
oped in a higher rate in the core-gene (+) mice with a
greater PPAR-« activation. It should be noted that steato-
sis was present only in core-gene (+) PPAR-a-heterozy-
gous mice. In summary, steatosis and HCC developed
in PPAR-a-intact but not in PPAR-a-heterozygous or
PPAR-a-null core gene transgenic mice, indicating that
not the presence but the persistent activation of PPAR-«
would be important in hepatocarcinogenesis by HCV
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Fig. 2. HCV core protein causes ‘fatty acid spiral’. In HCV infec-
tion, the core protein induces steatosis via several pathways, lead-
ing to ‘fatty acid spiral’ in the presence of the mitochondrial com-
plex-1 dysfunction and PPAR-« activation, both of which are also
caused by the core protein. These intracellular alterations would
contribute to hepatocarcinogenesis 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 modulat-
ing intracellular metabolism and signaling. HCV = Hepatitis C
virus; HCC = hepatocellular carcinoma; JNK = c-Jun N-terminal
kinase; AP-1 = activating protein-1; RXRa = retinoid X receptor-
o; PPARa = peroxisome proliferator activated receptor-a; AOX =
acyl-CoA oxidase; CYP = cytochrome P450; MTP = microsomal
triglyceride transfer protein; FAT = fatty acid translocase; FATP =
fatty acid transport protein.

core protein. In general, PPAR-a acts to ameliorate ste-
atosis, but with the presence of mitochondrial dysfunc-
tion, which is also provoked by the core protein, the core-
activated PPAR-a may exacerbate steatosis. A 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 as-
sociated with human cancers.

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 infec-
tion. However, in HCV infection, the core protein induc-
es steatosis through the above-mentioned pathways, lead-
ing to the ‘fatty acid spiral’ in the presence of the mito-
chondrial electron transfer system dysfunction [18, 19]
and PPAR-« activation, both of which are caused by the
core protein. These intracellular alterations would con-
tribute to hepatocarcinogenesis by inducing oxidative
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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 hepa-
tocarcinogenesis by modulating intracellular metabo-
lism and signaling.

Conclusion

The results of our studies on transgenic mice have in-
dicated a carcinogenic potential of the HCV core protein
in vivo; thus, HCV would be directly involved in hepato-
carcinogenesis. In research studies of carcinogenesis, the
theory by Kinzler and Vogelstein [30] has gained a wide
popularity. They have proposed that the development of
colorectal cancer is induced by the accumulation of a
complete set of cellular gene mutations. They have de-
duced 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 [30]. Their theory has
been extended to the carcinogenesis of other cancers as
well, called ‘Vogelstein-type’ carcinogenesis.

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 the hepatocarcino-
genesis in HCV infection. We do allow multistages in the
induction of all cancers; it would be mandatory for hepa-
tocarcinogenesis that many mutations accumulate in he-
patocytes. Some of these steps, however, may be skipped
in the development of HCC in HCV infection to which
the core protein would contribute. The overall effects
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 considering such a ‘non-Vogelstein-type’ process
for the induction of HCC, a plausible explanation may be
given for many unusual events happening in HCV carri-
ers. Now it does not seem so difficult as before to deter-
mine why HCC develops in persistent HCV infection at
an outstandingly high incidence. Our theory may also
give an account of the non-metastatic and multicentric de
novo occurrence characteristics of HCC, which would be
the result of persistent HCV infection.

Disclosure Statement

The authors declare that they have no financial conflict of in-
terest.

Oncology 2010;78(suppl 1):24-30 29

—149—



[}

w

'

w

(=

~

@

o

10

References

Bach N, Thung SN, Schaffner F: The histo-
logical features of chronic hepatitis C and au-
toimmune chronic hepatitis: a comparative
analysis. Hepatology 1992;15:572-577.
Lefkowitch JH, Schiff ER, Davis GL, Perrillo
RP, Lindsay K, Bodenheimer HC Jr, et al:
Pathological diagnosis of chronic hepatitis
C: a multicenter comparative study with
chronic hepatitis B. Gastroenterology 1993;
104:595-603.

Moriya K, Yotsuyanagi H, Shintani Y, Fujie
H, Ishibashi K, Matsuura Y, et al: Hepatitis C
virus core protein induces hepatic steatosis
in transgenic mice. ] Gen Virol 1997;78:
1527-1531;

Barba G, Harper F, Harada T, Kohara M,
Goulinet S, Matsuura Y, et al: Hepatitis C vi-
rus core protein shows a cytoplasmic local-
ization and associates tocellular lipid storage
droplets. Proc Natl Acad Sci USA 1997;94:
1200-1205.

Moriya K, Shintani Y, Fujie H, Miyoshi H,
Tsutsumi T, Yotsuyanagi H, et al: Serum lip-
id profile of patients with genotype 1b hepa-
titis C viral infection in Japan. Hepatol Res
2003;25:369-374.

Naeem M, Bacon BR, Mistry B, Britton RS,
Di Bisceglie AM: Changes in serum lipopro-
tein profile during interferon therapy in
chronic hepatitis C. Am | Gastroenterol
2001;96:2468-2472.

Lonardo A, Adinolfi LE, Loria P, Carulli N,
Ruggiero G, Day CP: Steatosis and hepatitis
C virus: mechanisms and significance for
hepatic and extrahepatic disease. Gastroen-
terology 2004;126:586-597.

Saito I, Miyamura T, Ohbayashi A, Harada
H, Katayama T, Kikuchi S, et al: Hepatitis C
virus infection is associated with the devel-
opment of hepatocellular carcinoma. Proc
Natl Acad Sci USA 1990;87:6547-6549.
Lerat H, Honda M, Beard MR, Loesch K, Sun
J, Yang Y, et al: Steatosis and liver cancer in
transgenic mice expressing the structural
and nonstructural proteins of hepatitis C vi-
rus. Gastroenterology 2002;122:352-365.
Machida K, Cheng KT, Lai CK, Jeng KS, Sung
VM, Lai MM: Hepatitis C virus triggers mi-
tochondrial permeability transition with
production of reactive oxygen species, lead-
ing to DNA damage and STAT3 activation. ]
Virol 2006;80:7199-7207.

11

12

14

17

18

Koike K, Moriya K, Ishibashi K, Matsuura Y,
Suzuki T, Saito], etal: Expression of hepatitis
Cvirusenvelope proteins in transgenic mice.
] Gen Virol 1995;76:3031-3038.

Naas T, Ghorbani M, Alvarez-Maya 1, Lap-
ner M, Kothary R, De Repentigny Y, et al:
Characterization of liver histopathology in a
transgenic mouse model expressing geno-
type la hepatitis C virus core and envelope
proteins 1 and 2. ] Gen Virol 2005;86:2185-
2196.

Wakita T, Taya C, Katsume A, Kato J, Yo-
nekawa H, Kanegae Y, et al: Efficient condi-
tional transgene expression in hepatitis C
virus cDNA transgenic mice mediated by the
Cre/loxP system. ] Biol Chem 1998;273:
9001-9006.

Moriya K, Fujie H, Shintani Y, Yotsuyanagi
H, Tsutsumi T, Matsuura Y, et al: Hepatitis C
virus core protein induces hepatocellular
carcinoma in transgenic mice. Nat Med
1998:4:1065-1068.

Koike K, Moriya K, Yotsuyanagi H, Shintani
Y, Fujie H, Ishibashi K, et al: Sialadenitis re-
sembling Sjogren’s syndrome in mice trans-
genic for hepatitis C virus envelope genes.
Proc Natl Acad Sci USA 1997;94:233-236.
Moriya K, Nakagawa K, Santa T, Shintani Y,
Fujie H, Miyoshi H, et al: Oxidative stress
in the absence of inflammation in a mouse
model for hepatitis C virus-associated hepa-
tocellular carcinogenesis. Cancer Res 2001;
61:4365-4370.

Moriya K, Todoroki T, Tsutsumi T, Fujie H,
Shintani Y, Miyoshi H, et al: Increase in the
concentration of carbon-18 monounsaturat-
ed fatty acids in the liver with hepatitis C:
analysis in transgenic mice and humans.
Biophys Biochem Res Commun 2001;281:
1207-1212.

Okuda M, Li K, Beard MR, Showalter LA,
Scholle F, Lemon $M, Weinman SA: Mito-
chondrial injury, oxidative stress, and anti-
oxidant gene expression are induced by hep-
atitis C virus core protein. Gastroenterology
2002;122:366-375.

Tsutsumi T, Matsuda M, Aizaki H, Moriya K,
Miyoshi H, Fujie H, Shintani Y, Yotsuyanagi
H, Miyamura T, Suzuki T, Koike K: Pro-
teomics analysis of mitochondrial proteins
reveals overexpression of a mitochondrial
protein chaperone, prohibitin, in cells ex-
pressing hepatitis C virus core protein. Hep-
atology 2009;50:378-386.

Tsutsumi T, Suzuki T, Moriya K, Yotsuya-
nagi H, Shintani Y, Fujie H, et al: Intrahe-
patic cytokine expression and AP-1 activa-
tion in mice transgenic for hepatitis C virus
core protein. Virology 2002;304:415-424.

Oncology 2010;78(suppl 1):24-30

=80

24

25

26

28

29

30

Tsutsumi T, Suzuki T, Moriya K, Shintani Y,
Fujie H, Miyoshi H, et al: Hepatitis C virus
core protein activates ERK and p38 MAPKin
cooperation with ethanol in transgenic mice.
Hepatology 2003;38:820-828.

Powell EE, Jonsson JR, Clouston AD: Steato-
sis: co-factor in other liver diseases. Hepatol-
ogy 2005;42:5-13.

Shintani Y, Fujie H, Miyoshi H, Tsutsumi T,
Kimura S, Moriya K, et al: Hepatitis C virus
and diabetes: direct involvement of the virus
in the development of insulin resistance.
Gastroenterology 2004;126:840-848.
Perlemuter G, Sabile A, Letteron P, Vona G,
Topilco A, Koike K, et al: Hepatitis C virus
core protein inhibits microsomal triglycer-
ide transfer protein activity and very low
density lipoprotein secretion: a model of vi-
ral-related steatosis. FASEB ] 2002;16:185-
194.

Moriishi K, Mochizuki R, Moriya K, Miya-
moto H, Mori Y, Abe T, et al: Critical role of
PA28y in hepatitis C virus-associated steato-
genesis and hepatocarcinogenesis. Proc Natl
Acad Sci USA 2007;104:1661-1666.
Tsutsumi T, Suzuki T, Shimoike T, Moriya K,
Yotsuyanagi H, Matsuura Y, et al: Interaction
of hepatitis C virus core protein with reti-
noid X Receptor alpha modulates its tran-
scriptional activity. Hepatology 2002;35:
937-946.

Watashi K, Hijikata M, Tagawa A, Doi T,
Marusawa H, Shimotohno K: Modulation of
retinoid signaling by acytoplasmic viral pro-
tein via sequestration of Sp110b, a potent
transcriptional corepressor of retinoic acid
receptor, from the nucleus. Mol Cell Biol
2003;23:7498-7509.

Miyanari Y, Atsuzawa K, Usuda N, Watashi
K, Hishiki T, Zayas M, et al: The lipid droplet
is an important organelle for hepatitis C vi-
rus production. Nat Cell Biol 2007;9:1089-
1097.

Tanaka N, Moriya K, Kiyosawa K, Koike K,
Gonzalez F], Aoyama T: PPAR-« is essential
for severe hepatic steatosis and hepatocellu-
lar carcinoma induced by HCV core protein.
] Clin Invest 2008;118:683-694.

Kinzler KW, Vogelstein B: Lessons from he-
reditary colorectal cancer. Cell 1996;87:159-
170.

Koike/Tsutsumi/Yotsuyanagi/Moriya



Hepatology Research 2010; 40: 69-82

Review Article

doi: 10.1111/j.1872-034X.2009.00593.x

Animal models for hepatitis C and related liver disease
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Persistent infection with hepatitis C virus (HCV) is a major risk
toward development of hepatocellular carcinoma (HCC). The
elucidation of pathogenesis of HCV-associated liver disease is
hampered by the absence of appropriate animal models:
there has been no animal model for HCV infection/
pathogenesis except for the chimpanzee. In contrast, a
number of transgenic mouse lines carrying the cDNA of the
HCV genome have been established and evaluated in the
study of HCV pathogenesis. The studies using transgenic
mouse models, in which the HCV proteins such as the core
protein are expressed, indicate the direct pathogenicity of
HCV, including oncogenic activities. HCV transgenic mouse
models also show a close relationship between HCV and
some hepatic and extrahepatic manifestations such as
hepatic steatosis, insulin resistance or Sjogren’s syndrome. A
crucial role of hepatic steatosis and insulin resistance in the
pathogenesis of liver disease in HCV infection has been

demonstrated, implying hepatitis C to be a metabolic disease.
Besides the data connecting liver fibrosis progression and the
disturbance in lipid and glucose metabolisms in hepatitis C
patients, a series of evidence was found showing the associa-
tion between these two conditions and HCV infection, chiefly
using transgenic mouse carrying the HCV genome. Further-
more, the persistent activation of peroxisome proliferator-
activated receptor (PPAR)-o has recently been found, yielding
dramatic changes in the lipid metabolism and oxidative stress
overproduction in cooperation with the mitochondrial dys-
function. These results would provide a clue for further under-
standing of the role of lipid metabolism in pathogenesis of
hepatitis C including liver injury and hepatocarcinogenesis.

Key words: core protein, hepatitis C, hepatocellular
carcinoma, insulin resistance, steatosis, transgenic mouse.

INTRODUCTION

EPATITIS C VIRUS (HCV) infection frequently

evolves into a persistent state, leading to the devel-
opment of chronic hepatitis, cirrhosis and, eventually,
hepatocellular carcinoma (HCC). For understanding of
the mechanism of entry into hepatocytes, replication
and the pathogenesis of HCV, an in vitro replication
system or animal models for HCV infection/
pathogenesis have been eagerly awaited. An in vitro HCV
replication system was not established until the devel-
opment of a subgenomic, non-structural region HCV
replicon system or an infectious genotype 2a HCV clone,
JFH-1." There has been no animal model for HCV
infection/pathogenesis except for the chimpanzee.?
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Recently, however, several small animal models for
HCV infection have been evaluated, including Tupaia®
and genetically engineered mice that are chimeric for
human hepatocytes.* On the other hand, a number of
transgenic mouse lines carrying the ¢cDNA of HCV
genome have been established and evaluated in the
study of HCV pathogenesis, as described hereafter.
These mice, including those that are transgenic for the
core gene of HCV, show the features resembling those of
chronic hepatitis C patients, such as hepatic steatosis,
insulin resistance and HCC. These animal models
provide us a molecular understanding of the pathogen-
esis of HCV infection and a perspective for the future
development of treatment and prophylaxis of liver
disease occurring in HCV infection.

THE CHIMPANZEE MODEL

S EARLY AS the discovery of the cDNA clone of
HCYV, or even before that, the chimpanzee has been
known to be susceptible to HCV (or the non-A, non-B

69
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hepatitis agent), and has long been used as a sole animal
model for HCV infection.” However, due to ethical
reasons and vast costs, the use of this animal for HCV
research is limited: the data on this animal model were
obtained from the studies chiefly conducted in the USA.
The serum samples from hepatitis C patients were
inoculated to chimpanzees, and the natural course was
evaluated in biochemical, virological or histological
methods. These studies demonstrated that the course of
HCV infection in this animal is similar to that in human
beings, warranting the chimpanzee to be a good animal
model for HCV infection, albeit HCC being a rare occur-
rence in chimpanzees.

In 1997, potential infectious HCV clones, which were
produced by several study groups, were evaluated for in
vivo infectivity using chimpanzees. The chimpanzees
were also used for the evaluation of a role of cellular
immunity in acute HCV infection: intrahepatic CD4" or
CD8"* T-cell response was found to play a crucial role in
the eradication of HCV from the liver. Recently, this
animal is also used for the evaluation of candidates for
HCV vaccines and the assessment of in vivo infectivity of
JEH-1 HCV viral clone, which shows a robust replication
in human HCC-derived HuH-7 cells.! Immunization
with virus-like particles of chimpanzees induced an
HCV-specific immune response of CD4* or CD8" T cells,
thereby suppressing the development of high viral loads
in chimpanzees that were challenged with HCV.® Also,
inoculation of the non-structural proteins of HCV using
recombinant adenovirus vector induced HCV-specific
immune T-cell response, leading to a significant sup-
pression of replication of genotype la HCV that was
challenged after immunization.*

In general, the liver lesions observed in HCV-
inoculated chimpanzees are milder than those in
human chronic hepatitis C patients, for example, cir-
rthosis or HCC rarely develops, but the morphological
changes and inflammatory responses are similar to
those in humans.? Therefore, the studies using chim-
panzees are indispensable now and in the future for
the analyses of viral replication, pathogenesis of liver
disease and the evaluation of candidates for HCV
vaccines.

THE SMALL PRIMATES MODEL

UPAIA (TUPAIA BELANGERI chinensis), a small
primate resembling the squirrel, has been reported
to be susceptible to hepatitis B virus (HBV) infection in
1996,* and was used for the study of HCV infection.”
However, only a quarter of inoculated individuals con-

© 2010 The Japan Society of Hepatology
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tracted HCV infection, and developed only a transient or
intermittent viremia with low viral loads. Another study
group reported on the usefulness of how a primary
culture of hepatocytes from the liver of Tupaia can
be infected with serum- or plasma-derived HCV from
infected humans, as measured by de novo synthesis of
HCV RNA, analysis of viral quasispecies evolution, and
detection of viral proteins.*’

While the development of liver disease (a cirrhosis-
like lesion) in HCV-infected Tupaia was presented at
scientific meetings, a scientific paper describing it has
not appeared yet. In conclusion, the value of Tupaia in
HCYV research is limited, but it may be utilized for the
analysis of viral entry or replication when HCV particles
other than JFH-1 are used for the study.

HCV

HE DEVELOPMENT OF transgenic mouse technol-

ogy was a great step forward in biotechnology in
that this technology provides opportunities to examine
in vivo an exceptionally wide variety of biological ques-
tions that were previously examined only in vitro. The
selective addition of defined genes to the genome of a
living animal is useful for investigating the conse-
quences of expression of dominant genes, and thus a
number of exogenous genes including oncogenes and
humoral factor genes have been introduced into
mouse eggs. Viral genes have also been transferred to
define the complex cascades of events that can be trig-
gered in vivo in response to the expression of a viral
protein.

Hepatitis C virus is an enveloped RNA virus of the
Flavivirus family, in which a positive-sense, single-
stranded RNA genome of approximately 9600 nucle-
otides (nt) is contained within the nucleocapsid." The
genome consists of a large translational open reading
frame (ORF) encoding a polyprotein of approximately
3010 amino acids (aa) (Fig. 1). The OREF is flanked by
highly conserved untranslated regions (UTR) at both
the 5" and 3’ termini. The complete 5" UTR consists of
341 nt and acts as an internal ribosomal entry site.
This feature leads to the translation of the RNA
genome using a cap-independent mechanism, rather
than ribosome scanning from the 5" end of a capped
molecule.

The polyprotein is processed by both the cellular and
viral proteases to generate the viral gene products, which
are subdivided into the structural and non-structural
proteins. The structural proteins, which are encoded by
the NH,-terminal quarter of the genome, include the
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Figure 1 The structure of hepatitis C virus (HCV) genome. The HCV genome RNA encodes a polyprotein of 3010 amino acids
(a.a.), which is processed to structural and non-structural proteins by the cellular or viral proteases. ISDR, interferon sensitivity-

determining region.

core protein and the envelope proteins, E1 and E2. The
E2 has an alternative form, E2-p7, though it is not clear
whether or not the p7 composes the viral particle. The
NS2, NS3, NS4A, NS4B, NS5A and NS5B are the non-
structural proteins that are coded in the remaining
portion of the polyprotein. These include serine
protease (NS3/4A), NTPase/helicase (NS3) and RNA-
dependent RNA polymerase (NS5B).

The core protein of HCV occupies residues 1-191 of
the precursor polyprotein and is cleaved between the
core and E1 protein by host signal peptidase. The
C-terminal membrane anchor of the core protein is
further processed by host signal peptide peptidase.'' The
mature core protein is estimated to consist of 177-179
amino acids and shares high homology among HCV
genotypes. The HCV core protein possesses the hydro-
philic N-terminal region “domain 1” (residues 1-117)
followed by a hydrophobic region called “domain 2°,
which is located from residue 118-170. The domain 1 is
rich in basic residues, and is implicated in RNA-binding
and homo-oligomerization. The amphipathic helices I
and II spanning from residue 119-136 and residue
148-164, respectively, in domain 2 are involved in the
association of HCV core protein with lipid."? In addi-
tion, the region spanning from residue 112-152 is asso-
ciated with membranes of the endoplasmic reticulum
and mitochondria.” The core protein is also localized
into the nucleus'” and binds to the nuclear

=158=

proteasome activator PA28y/REGy, resulting in PA28y-
dependent degradation of the core protein.'®

A recent report suggests that ubiquitination and
adenosine triphosphate (ATP) are not required for
PA28y-dependent proteasome activity.”” HCV core
protein is also known to be ubiquitinated by E3 ligase
EGAP and degraded in the ubiquitin/ATP-dependent
pathway.' Thus, the HCV core protein is degraded in at
least two different ways. To further assess the pathologi-
cal significance of the interaction of core protein with
PA28y, Core-Tg/PA28y-knockout mice have been gener-
ated and analyzed as described below (section 9).'"

POSSIBLE ROLE OF HCV IN
HEPATOCARCINOGENESIS

HE MECHANISM UNDERLYING hepatocarcino-

genesis in HCV infection is not fully understood yet,
despite the fact that nearly 80% of patients with HCC in
Japan are persistently infected with HCV."-*' HCV infec-
tion is also common 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 due to chronic inflammation followed by
regeneration enhances genetic aberrations in host cells,

© 2010 The Japan Society of Hepatology
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the accumulation of which culminates in HCC. This
theory presupposes an indirect involvement of hepatitis
viruses in HCC through 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 the
multicentric nature of HCV infection?

The other role of HCV would have to be weighed
against a rare occurrence of HCC in patients with
autoimmune hepatitis in which severe inflammation in
the liver persists indefinitely, even after the develop-
ment of cirrhosis. These backgrounds and reasonings
lead to a possible activity of viral proteins for inducing
neoplasia. This possibility has been evaluated by intro-
ducing genes of HCV into hepatocytes in culture with
little success. One of the difficulties in using cultured
cells is the carcinogenic capacity of HCV, if any, which
would be weak and would take a long time to manifest
itself. Actually, it takes 30-40 years for HCC to develop
in individuals infected with HCV. On the basis of these
viewpoints, we started to investigate carcinogenesis
in chronic hepatitis C, in vivo, by transgenic mouse
technology.

TRANSGENIC MOUSE LINES CARRYING
THE HCV GENOME

S DESCRIBED ABOVE, the HCV proteins have

been characterized chiefly using in vitro translation
or cultured cells. Little is known, however, about the
role of HCV or its proteins in the pathogenesis of hepa-
titis and subsequent liver diseases, cirrhosis and HCC.
One of the major issues regarding the pathogenesis of
HCV-associated liver lesions is whether the HCV pro-
teins have direct effects on pathological phenotypes.
Although several strategies have been used to charac-
terize the hepatitis C viral proteins, the relationship
between the protein expression and disease phenotype
has not been clarified. For this purpose, several lines of
mice have been established which were transgenic for
the HCV cDNA (Table 1). They include the ones carry-
ing the entire coding region of the HCV genome,” the
core region only,?"?’ the envelope region only,*' the
core and envelope regions** and the core to NS2
regions.’' Although detection of mRNA from the NS
regions of the HCV cDNA has been reported,’**" the
detection of HCV NS proteins in the transgenic mouse
liver have not been successful. The reason for this
failure in detecting NS proteins is unclear, but the
expression of the NS enzymes may be harmful to
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mouse development and may allow the establishment
of only low-expression mice.

In terms of expression system, two different ways have
been applied; transient and constitutive expression
systems. One transgenic mouse line has been reported
which expresses the HCV genes using a transient expres-
sion system. Wakita et al. utilized the Cre/loxP system,
by which a gene under silent can be switched on by the
introduction of Cre recombinase. They established a
transgenic mouse line that had the core, envelopes and
NS2 genes of HCV in a silent state. After the injection of
the recombinant adenovirus that had Cre recombinase
in the mice, the HCV genes expressed transiently.”
These mice developed acute hepatitis, which was
blocked by the administration of anti-CD4 and CD8
antibodies. This mouse system would provide a good
animal model for acute hepatitis C and be useful for the
study of immunological aspects of hepatitis. The possi-
bility, however, that the greatly overexpressed HCV pro-
teins had caused the death of hepatocytes and provoked
the immune response thereafter still remains.

We have engineered transgenic mouse lines carrying
the HCV genome by introducing the genes from the
cDNA of the HCV genome of genotype 1b.?"?* Estab-
lished are three different kinds of transgenic mouse
lines, which carry the core gene, envelope genes or non-
structural genes, respectively, under the same transcrip-
tional regulatory element. Among these mouse lines,
only the transgenic mice carrying the core gene devel-
oped HCC in two independent lineages (Fig. 2).”> The
envelope gene transgenic mice do not develop HCC,
despite high expression levels of both E1 and E2 pro-
teins,’* and the transgenic mice carrying the entire
non-structural genes have developed no HCC.

The core gene 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 hepa-
titis C, along with lymphoid follicle formation and bile
duct damage.*® Thus, the core gene transgenic mouse
model well reproduces the feature of chronic hepatitis
C. Of note, any pictures of significant inflammation are
not 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 transgenic 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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Figure 2 Transgenic mouse lines carrying the hepatitis C virus (HCV) genome.?"***'>* Three different kinds of transgenic mouse
lines, carrying the core gene, envelope genes or non-structural 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 non-structural genes do not develop HCC. env, envelope genes; NS, nonstructural genes.

OXIDATIVE STRESS AND INTRACELLULAR
SIGNALING IN HCV-ASSOCIATED
PATHOGENESIS

T IS DIFFICULT to elucidate the mechanism underly-

ing 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
localization of the core protein in hepatocytes; while the
core protein predominantly exists in the cytoplasm asso-
ciated 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
reflects a state of an overproduction of reactive oxygen
species (ROS) in the liver, or predisposition to it, which
is staged by the HCV core protein without any interven-
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ing inflammation.*** The overproduction of oxidative
stress results in the generation of deletions in the mito-
chondrial and nuclear DNA, an indicator of genetic
damage. In addition, analysis of the antioxidant system
revealed that some antioxidative molecules are not
increased despite the overproduction of ROS in the liver
of core gene transgenic mice. These results suggest that
HCV core protein not only induces overproduction of
ROS but also attenuates some of the antioxidant system,
which may explain the mechanism underlying the pro-
duction of a strong oxidative stress in HCV infection
compared to other forms of hepatitis.

Thus, in the absence of inflammation, the core
protein induces oxidative stress overproduction, which
may, at least in part, contribute to hepatocarcinogen-
esis 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
cannot be scavenged anymore by a physiological
antagonistic system. This suggests that the inflamma-
tion in chronic HCV infection would have a character-
istic different in its quality from those of other types of
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Figure 3 Mechanism of hepatocarcinogenesis in hepatitis C virus (HCV) infection. The core protein is localized in the nuclei of
hepatocytes in addition to cytoplasm and may interact with nuclear factors, thereby deregulating the cell growth and death. The core
protein may also affect the cell growth by its accumulating lipid in the hepatocytes, because lipid such as triglycerides are now
known to be ligands for some nuclear receptors. Accumulated lipid may also cause genetic aberrations through its alteration to
peroxylipid. AP-1, activating protein-1; HCC, hepatocellular carcinoma; JNK, c-Jun N-terminal kinase; NADH, nicotinamide
adenine dinucleotide; PA28, proteasome activator 28; ROS, reactive oxygen species.

hepatitis, such as autoimmune hepatitis. The basis for
the overproduction of oxidative stress may be ascribed
to the mitochondrial dysfunction.?*** The dysfunction
of the electron transfer system of the mitochondrion is
suggested 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 modu-
lation of intracellular signaling pathways. For example,
tumor necrosis factor (TNF)-o. and interleukin (IL)-1B
have been found transcriptionally activated.”® The
mitogen-activated protein kinase (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

=i

in numerous cellular events including cell proliferation.
In the liver of the core gene transgenic mouse model
prior to HCC development, only the JNK route is acti-
vated. In the downstream of the JNK activation, tran-
scription factor activating protein (AP)-1 activation is
markedly enhanced.”** Far downstream, both the
mRNA and protein levels of cyclin D1 and cyclin-
dependent kinase (CDK)4 are increased. Thus, the
HCV core protein modulates the intracellular signaling
pathways and gives advantage to cell proliferation to
hepatocytes (Fig. 3).

METABOLIC ASPECTS OF HCV INFECTION

TEATOSIS IS FREQUENTLY observed in chronic
hepatitis C patients, and is significantly associated
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Table 2 Cellular genes differentially expressed in hepatitis C virus core transgenic mouse**

Downregulated

Liver Upregulated

Lipid metabolism NPC1
Catalase
Very long chain acyl-CoA
Dehydrogenase

Carboxylesterase
Selenoprotein P
Carbonic anhydrase
Adipose differentiation
Related protein
Bilirubin/phenol family UDP
Glucuronosyltransferase

Transcription and Int-6

cell proliferation GCNS5L1

Homo sapiens 8.2 kDa differentiation factor

USF1
Initiation factor elF-4Al
Human elongation factor-1-8

Suil

Inflammation o-1 Protease inhibitor 3
Hemopexin

Others

Diazepam-binding .inhibitor
Argininosuccinate synthetase
Skeletal muscle-o. tropomyosin
Ampd3 gene

DNA-binding protein

Microvascular endothelial differentiation gene 1

Stearoyl-CoA desaturase

Sterol-carrier protein X

o-Enolase carnitine acetyltransferase

Gal-p 1,4(3) GlcNAc-o. 2,3-Sialyltransferase

Very long chain acyl-CoA synthetase

Liver transferrin

4-Hydroxyphenylpyruvate dioxygenase

LAF1 transketolases-adenosylmethionine synthetase
Apolipoprotein A-II

Human guanine nucleotide regulatory protein
alpha-fetoprotein
Retinol binding protein

0-2-Macroglobulin

LMW prekininogen

Complement component C3

AHSG (-2 HS-glycoprotein) homolog
Vitronectin

Epithelin 1 and 2

Murinoglobulin

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 ste-
atosis develops from early in life, revealed that a number
of genes related to lipid metabolism are significantly up-
or downregulated (Table 2).

The composition of fatty acids that are accumulated in
the liver of core gene transgenic mice is different from
that in fatty liver due to simple obesity. Carbon 18
mono-unsaturated 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 C
patients and simple fatty liver patients 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 inhibition of tyrosine-
phosphorylation of insulin receptor substrate (IRS)-1.*
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Insulin resistance increases the peripheral release and
hepatic uptake of fatty acids, resulting in an accumula-
tion of lipid in the liver. The second pathway is the
suppression of the activity of 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 one involves the sterol regulatory element-
binding protein (SREBP)-1¢, which regulates the pro-
duction of triglycerides and phospholipids. In HCV
core gene transgenic mice, SREBP-1c is activated, while
neither SREBP-2 nor SREBP-1a is upregulated.” This
corroborates the results in in vitro studies**” and a
chimpanzee study.”’ In humans, McPharson et al. have
reported that there was no significant difference in the
level of SREBP-1¢ mRNA in the liver tissues of chronic
hepatitis C patients and normal subjects.’> However, the
number of samples in that study was small, and a larger
number must be examined to draw a conclusion in
human patients.
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PROTEASOME ACTIVATOR 28y AND HCV

NTERESTINGLY, WE FOUND recently that a protein

interacting with the core protein, proteasome: activa-
tor (PA)28y, is indispensable for the core protein to
exert its function for the development of steatosis,
insulin resistance and HCC."? The pathogenic mecha-
nisms underlying the core protein-induced diseases are
summarized in Figure 3. Steatosis is defined as an accu-
mulation of lipid droplets, the majority of which are
triglycerides. Biosynthesis of triglycerides is mainly regu-
lated by SREBP-1c. Transcription of SREBP-1c is con-
trolled by a heterodimer of nuclear hormone receptors,
liver X receptor (LXR)-o¢ and retinoid X receptor
(RXR)-a. Indeed, it has been reported that many genes
regulated by SREBP were induced during the early stage
of HCV infection in the livers of chimpanzees.”> Our
study has demonstrated that the core protein enhances
the binding activity of the LXR-o—RXR-o complex to the
srebp-1c promoter in a PA28y-dependent manner, result-
ing in upregulation of SREBP-1c and its regulating
genes.” The activation may be mediated by the direct
interaction between the core protein and RXR-o* or by
suppression of a co-repressor such as Sp110b, a negative
regulator of RAR-0, by sequestering it in the cytoplasm
through interaction with the cytoplasmic core protein.*®
Another mechanism is thought to be suppression of
lipid secretion. Reduced serum levels of cholesterol and
apolipoprotein B have been reported in patients with
severe hepatitis C and the core gene transgenic mice.’®
As stated before, the MTP regulates the assembly and
secretion of VLDL consisting of apolipoprotein B, cho-
lesterol and triglycerides. In the core gene transgenic
mice, MTP-specific activity is significantly decreased.*®
Therefore, the downregulation of MTP may be involved
in the development of the steatosis cooperating with
upregulation of SREBP-1¢, although the precise role of
HCV core protein is still unclear. Recently, it has been
reported that the assembly and budding of HCV occur
around the accumulated lipid droplets within the endo-
plasmic reticulum.*” Furthermore, increases in saturated
and monounsaturated fatty acids enhance HCV RNA
replication.” These data suggest that regulation of lipid
metabolism by the core protein plays crucial roles in the
HCV life cycle. Obesity and hepatic steatosis often result
in insulin resistance. However, 1- to 2-month-old core
gene transgenic mice, which do not exhibit apparent
steatosis and obesity, already exhibit insulin resistance
due to a decrease in insulin sensitivity in the liver."**
Moreover, the core gene transgenic mice have been
shown to exhibit overt diabetes when fed a high-fat diet,
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while control mice do not.? Binding of insulin to the
insulin receptor triggers tyrosine phosphorylation of the
IRS proteins, leading to the following signal transduc-
tions to increase glucose uptake and inhibit the net
production of glucose in the liver. An inflammatory
cytokine, TNF-a, is known to impair the insulin-
signaling pathway through inhibition of tyrosine phos-
phorylation of IRS. In fact, the overproduction of TNF-or
has been reported to reduce the phosphorylation of
IRS-1 and Akt in the core gene transgenic mice despite
the absence of hepatic steatosis.”*** Moreover, in the
latter study, hyperinsulinemia was cured by depletion of
TNF-o, suggesting that upregulation of TNF-o contrib-
utes to the core protein-induced insulin resistance.?
Our previous study has indicated that the core protein-
induced overexpression of TNF-o. is also dependent on
the presence of PA28y."*

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

PPAR-0. AND “FATTY ACID SPIRAL” IN
HCV-ASSOCIATED HEPATOCARCINOGENESIS

EROXISOME PROLIFERATOR-ACTIVATED

receptor-ot is one of the PPAR genes, and plays a
central role, as a heterodimer with RXR-a, in regulating
fatty acid transport and catabolism. It is also known as a
molecular target for lipid-lowering fibrate drugs.®” On
the other hand, a prolonged administration of PPAR-o
agonists causes HCC in rodents. Currently, there is little
evidence that the low-affinity fibrate ligands are associ-

-ated with human cancers, but it is possible that chronic

activation of high-affinity ligands could be carcinogenic
in humans.*

The level of PPAR-a protein was increased in the liver
of core gene transgenic mice as early as 9 months old.
PPAR-o protein is accumulated with age in the nuclei of
hepatocytes together with cyclin D1 protein. However,
the level of PPAR-oo mRNA was not increased at any age.
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Figure 4 Hepatitis C virus (HCV) core protein causes “fatty acid spiral”. In HCV infection, the core protein induces steatosis
through several pathways, leading to “fatty acid spiral” in the presence of the mitochondrial complex 1 dysfunction and peroxisome
proliferator-activated receptor-o. (PPAR-at) activation, both of which are also caused by the core protein. These intracellular
alterations would contribute to hepatocarcinogenesis 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 intracellular metabolism and signaling. AOX, acyl-CoA oxidase; AP-1, activating protein-1; CYP, cytochrome P450;
FAT, fatty acid translocase; FATP, fatty acid transport protein; HCC, hepatocellular carcinoma; JNK, c-Jun N-terminal kinase; MTP,
microsomal triglyceride transfer protein; RXR-q, retinoid X receptor-o.

By the pulse-chase experiment, the stability of nuclear
PPAR-o turned out to be increased in the presence of
the core protein. In line with the increase of PPAR-o
protein, target genes of PPAR-a. were activated in the
liver of core gene transgenic mice; these genes include
cyclin D1, CDK4, 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-o 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 core gene trans-
genic mouse with PPAR-a knockout (KO) mouse, and
studied the phenotype. PPAR-at KO mice have reduced
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expressions 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-o. KO core gene
transgenic mice. Mitochondrial dysfunction in the core
gene transgenic mice, which contributes to an overpro-
duction 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, while approxi-
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mately one-third of PPAR-a-intact core gene transgenic
mice did. It should be noted that core gene transgenic
mice that are heterozygous for the PPAR-o gene neither
developed HCC.” When clofibrate, a peroxisome prolif-
erator, was administered for 24 months to PPAR-a-
heterozygous mice, either with or without the core gene,
HCC developed in a higher rate in the core-gene* mice
with a greater PPAR-a 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-a-
heterozygous or PPAR-a-null core gene transgenic mice,
indicating that not the presence but the persistent acti-
vation of PPAR-a would be important in hepatocarcino-
genesis by HCV core protein. In general, PPAR-o acts to
ameliorate steatosis, but with the presence of mitochon-
drial dysfunction, which is also provoked by the core
protein, the core-activated PPAR-o. may exacerbate ste-
atosis. A persistent activation of PPAR-o 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.

Figure 4 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
infection. However, in HCV infection, the core protein
induces steatosis through the above-mentioned path-
ways, leading to “fatty acid spiral” in the presence of the
mitochondrial complex 1 dysfunction and PPAR-a acti-
vation, both of which are caused by the core protein.
These intracellular alterations would contribute to hepa-
tocarcinogenesis by inducing oxidative stress overpro-
duction 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 hepato-
carcinogenesis by modulating intracellular metabolism
and signaling.

CONCLUSION

HE RESULTS OF our studies on transgenic mice

have indicated a carcinogenic potential of the HCV
core protein in vivo; thus, HCV would be directly
involved in hepatocarcinogenesis. In research studies of
carcinogenesis, the theory by Kinzler and Vogelstein®
has gained a wide popularity. They have proposed that
the development of colorectal cancer is induced by
the accumulation of a complete set of cellular gene
mutations. They have deduced that mutations in the
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Figure 5 The role of hepatitis C virus (HCV) in hepatocarcino-
genesis. 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
development of hepatocellular carcinoma (HCC) in the pres-
ence 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 considering such a “non-
Vogelstein-type” process for the induction of HCC, a plausible
explanation may be give for many unusual events happening
in HCV carriers. APC, adenomatous polyposis coli; CRC, col-
orectal cancer.

adenomatous polyposis coli 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 carcinogenesis of other
cancers as well, called “Vogelstein-type” carcinogenesis
(Fig. 5).

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 the hepatocarcino-
genesis in HCV infection. We allow multi-stages 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 (Fig. 5). The
overall effects 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 considering 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 infection at an outstandingly high incidence.
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