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Hepatitis C virus (HCV) is a major cause of chronic liver disease that
frequently leads to steatosis, cirrhosis, and eventually hepatocel-
lular carcinoma (HCC). HCV core protein is not only acomponent of
viral particles but also a multifunctional protein because liver
steatosis and HCC are developed in HCV core gene-transgenic
{CoreTg) mice. Proteasome activator PA28y/REGy regulates host
and viral proteins such as nuclear hormone receptors and HCV core
protein. Here we show that a knockout of the PA28y gene induces
the accumulation of HCV core protein in the nucleus of hepatocytes
of CoreTg mice and disrupts development of both hepatic steatosis
and HCC. Furthermore, the genes related to fatty acid biosynthesis
and srebp-1c promoter activity were up-regulated by HCV core
protein in the cell line and the mouse liver in a PA28y-dependent
manner. Heterodimer composed of liver X receptor a (LXRa) and
retinoid X receptor o (RXRa) is known to up-regulate srebp-1c
promoter activity. Our data also show that HCV core protein
enhances the binding of LXRa/RXRa to LXR-response element in
the presence but not the absence of PA28y. These findings suggest
that PA28y plays a crucial role in the development of liver pathol-
ogy induced by HCV infection.

fatty acid | proteasome | sterol regulatory element-binding
protein (SREBP) | RXRa | LXR«

H epatitis C virus (HCV) belongs to the Flaviviridae family, and
it possesses a positive, single-stranded RNA genome that
encodes a single polyprotein composed of =~3,000 aa. The HCV
polyprotein is processed by host and viral proteases, resulting in 10
viral proteins. Viral structural proteins, including the capsid (core)
protein and two envelope proteins, are located in the N-terminal
one-third of the polyprotein, followed by nonstructural proteins.

HCV infects >170 million individuals worldwide, and then it
causes liver disease, including hepatic steatosis, cirrhosis, and
eventually hepatocellular carcinoma (HCC) (1). The prevalence of
fatty infiltration in the livers of chronic hepatitis C patients has been
reported to average ~50% (2, 3), which is higher than the percent-
age in patients infected with hepatitis B virus and other liver
diseases. However, the precise functions of HCV proteins in the
development of fatty liver remain unknown because of the lack of
a system sufficient to investigate the pathogenesis of HCV. HCV
core protein expression has been shown to induce lipid droplets in
cell lines and hepatic steatosis and HCC in transgenic mice (4—6).
These reports suggest that HCV core protein plays an important
role in the development of various types of liver failure, including
steatosis and HCC.

Recent reports suggest that lipid biosynthesis affects HCV rep-
lication (7-9). Involvement of a geranylgeranylated host protein,
FBL2, in HCV replication through the interaction with NS5A
suggests that the cholesterol biosynthesis pathway is also important
for HCV replication (9). Increases in saturated and monounsatu-
rated fatty acids enhance HCV RNA replication, whereas increases
in polyunsaturated fatty acids suppress it (7). Lipid homeostasis is
regulated by a family of steroid regulatory element-binding proteins
(SREBPs), which activate the expression of >30 genes involved in

www.pnas.org/cgi/doi/10.1073/pnas.0607312104

the synthesis and uptake of cholesterol, fatty acids, triglycerides, and
phospholipids. Biosynthesis of cholesterol is regulated by SREBP-2,
whereas that of fatty acids, triglycerides, and phospholipids is
regulated by SREBP-1c (10-14). In chimpanzees, host genes in-
volved in SREBP signaling are induced during the early stages of
HCYV infection (8). SREBP-1c regulates the transcription of acetyl-
CoA carboxylase, fatty acid synthase, and stearoyl-CoA desaturase,
leading to the production of saturated and monounsaturated fatty
acids and triglycerides (15). SREBP-1c is transcriptionally regulated
by liver X receptor (LXR) « and retinoid X receptor (RXR) e,
which belong to a family of nuclear hormone receptors (15, 16).
Accumulation of cellular fatty acids by HCV core protein is
expected to be modulated by the SREBP-1c pathway because
RXRa is activated by HCV core protein (17). However, it remains
unknown whether HCV core protein regulates the srebp-Ic
promoter.

We previously reported (18) that HCV core protein specifically
binds to the proteasome activator PA28y/REG1 in the nucleus and
is degraded through a PA28+y-dependent pathway. PA28y is well
conserved from invertebrates to vertebrates, and amino acid se-
quences of human and murine PA28ys are identical (19). The
homologous proteins, PA28« and PA28, form a heteroheptamer
in the cytoplasm, and they activate chymotrypsin-like peptidase
activity of the 20S proteasome, whereas PA28y forms a homohep-
tamer in the nucleus, and it enhances trypsin-like peptidase activity
of 208 proteasome (20). Recently, Li and colleagues (21) reported
that PA28y binds to steroid receptor coactivator-3 (SRC-3) and
enhances the degradation of SRC-3 in a ubiquitin- and ATP-
independent manner. However, the precise physiological functions
of PA28y are largely unknown in vivo. In this work, we examine
whether PA28y is required for liver pathology induced by HCV
core protein in vivo.

Results

PA28y-Knockout HCV Core Gene Transgenic Mice. To determine the
role of PA28yin HCV core-induced steatosis and the development
of HCCinvivo, we prepared PA28vy-knockout core gene transgenic
mice. The PA28y-deficient, PA28y~/~ mice were born without
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Fig. 1. Preparation and characterization of PA28y-knockout HCV core-

transgenic mice. (4) The structures of the wild-type and mutated PA28y genes
and the transgene encoding the HCV core protein under the control of the
HBV X promoter were investigated. Positions corresponding to the screening
primers and sizes of PCR products are shown. PCR products of the HCV core
gene as well as wild-type and mutated PA28y alletes were amplified from the
genomic DNAs of PA28y*/+, PA28y*/*CoreTg, PA28y~/~, and PA28y~/~CoreTg
mice. (B) Body weights of PA28y*/*, PA28y*/*CoreTg, PA28y™/~CoreTg, and
PA28vy~/~ mice at the age of 6 months. (C) HCV core protein levels in the livers
of PA28y*'*CoreTg and PA28y~/~CoreTg mice were determined by ELISA
(mean * SD, n = 10). (D) Localization of HCV core protein in the liver. Liver
sections of PA28y*/+, PA28y*/*CoreTg, and PA28y~/~CoreTg mice at the age
of 2 months were stained with anti-HCV core antibody.

appreciable abnormalities in all tissues examined, with the excep-
tion of a slight retardation of growth (22). HCV core gene-
transgenic (PA28y*/*CoreTg) mice were bred with PA28y~/~
mice to create PA28y*/~CoreTg mice. The PA28y*/~CoreTg
offspring were bred with each other, and PA28y~/~CoreTg mice
were selected by PCR using primers specific to the target sequences
(Fig. 14). No significant differences in body weight were observed
among the 6-month-old mice, although PA28y~/~ mice exhibited a
slight retardation of growth (Fig. 1B). A similar level of PA28y
expression was detected in PA28y*/*CoreTg and PA28y*/* mice
(see Fig. 5B). The expression levels and molecular size of HCV core
protein were similar in the livers of PA28y*/*CoreTg and
PA28vy '~ CoreTg mice (Fig. 1C; see also Fig. 5B).

PA28y Is Required for Degradation of HCV Core Protein in the Nucleus
and Induction of Liver Steatosis. HCV core protein has been
detected at various sites, such as the endoplasmic reticulum, mito-
chondria, lipid droplets, and nucleus of cultured cell lines, as well
as in hepatocytes of PA28y*/*CoreTg mice and hepatitis C patients

1662 | www.pnas.org/cgi/doi/10.1073/pnas.0607312104
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Fig. 2. Accumulation of lipid droplets by expression of HCV core protein. (A)
Liver sections of the mice at the age of 6 months were stained with hematoxylin/
eosin (HE). (B) (Uppen Liver sections of PA28y*/+*CoreTg and PA28y~/~CoreTg
mice at the age of 6 months were stained with oil red O. (Lower) The
area occupied by lipid droplets of PA28y*/* (white), PA28y*/*CoreTg (gray),
PA28y~"~CoreTg (black), and PA28y~/~ (dark gray) mice was calculated by Image-
Pro software (MediaCybernetics, Silver Spring, MD) (mean + SD, n = 10).

(6, 23, 24). Although HCV core protein is predominantly detected
in the cytoplasm of the liver cells of PA28y*/*CoreTg mice, as
reported in ref. 6, in the present study a clear accumulation of HCV
core protein was observed in the liver cell nuclei of PA28y~/~
CoreTg mice (Fig. 1D). These findings clearly indicate that at least
some fraction of the HCV core protein is translocated into the
nucleus and is degraded through a PA28vy-dependent pathway.
Mild vacuolation was observed in the cytoplasm of the liver cells of
4-month-old PA28y*/*CoreTg mice, and it became more severe
at 6 months, as reported in ref. 25. Hematoxylin/eosin-stained liver
sections of 6-month-old PA28y*/*CoreTg mice exhibited severe
vacuolating lesions (Fig. 24), which were clearly stained with oil
red O (Fig. 2B Upper), whereas no such lesions were detected in
the livers of PA28y~/~CoreTg, PA28y*/*, or PA28y™/~ mice at
the same age. The areas occupied by the lipid droplets in
the PA28y*/*CoreTg mouse livers were ~10 and 2-4 times larger
than those of male and female of PA28y*/*, PA28y~/-, and
PA28y~/~CoreTg mice, respectively (Fig. 2B Lower). These results
suggest that PA28y is required for the induction of liver steatosis by
HCV core protein in mice.

PA28y Is Required for the Up-Regulation of SREBP-1c Transcription by

HCV Core Protein in the Mouse Liver. To clarify the effects of a
knockout of the PA28y gene in PA28y*/*CoreTg mice on lipid

Moriishi et al.
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Fig. 3. Transcription of genes regulating lipid biosynthesis in the mouse
liver. (A) Total RNA was prepared from the livers of 2-month-old mice; and the
transcription of genes encoding SREBP-1a, SREBP-1¢, and SREBP-2 was deter-
mined by real-time PCR. (B) The transcription of genes encoding SREBP-1¢,
fatty acid synthase, acetyl-CoA carboxylase, stearoyl-CoA desaturase, HMG-
CoA synthase, and HMG-CoA reductase of 6-month-old mice was measured by
real-time PCR. The transcription of the genes was normalized with that of
hypoxanthine phosphoribosyltransferase, and the values are expressed as
relative activity (n = 5; +, P< 0.05; ++, P < 0.01). The transcription of each gene
in PA28y*/+, PA28v*/*CoreTg, PA28y~'-CoreTg, and PA28y~/'~ mice is indi-
cated by white, gray, black, and dark gray bars, respectively.

metabolism, genes related to the lipid biosyntheses were examined
by real-time quantitative PCR. Transcription of SREBP-1c was
higher in the livers of PA28y*/*CoreTg mice than in those of
PA28y*/*, PA28y~/~, and PA28y~/~CoreTg mice at 2 months of
age, but no such increases in SREBP-2 and SREBP-1a were
observed (Fig. 34). Although transcription of SREBP-1c and its
regulating enzymes, such as acetyl-CoA carboxylase, fatty acid
synthase, and stearoyl-CoA desaturase, was also enhanced in the
livers of 6-month-old PA28y*/*CoreTg mice compared with the
levels in the livers of PA28y*/*, PA28y~/~, and PA28y~/~CoreTg
mice, no statistically significant differences were observed with
respect to the transcription levels of cholesterol biosynthesis-related
genes that are regulated by SREBP-2 (e.g., HMG-CoA synthase
and HMG-CoA reductase) (Fig. 3B). These results suggest the

following: (i) the up-regulation of SREBP-1c transcription in the
livers of mice requires both HCV core protein and PA28y; and (if)
the nuclear accumulation of HCV core protein alone, which occurs
because of the lack of degradation along a PA28y-dependent
proteasome pathway, does not activate the srebp-1c promoter.

HCV Core Protein Indirectly Potentiates srebp-1c Promoter Activity in
an LXRa/RXRa-Dependent Manner. LXRa, which is primarily ex-
pressed in the liver, forms a complex with RXRa and synergistically
potentiates srebp-1c promoter activity (16). Activation of RXRa by
HCV core protein suggests that cellular fatty acid synthesis is
modulated by the SREBP-1c pathway, although HCV core protein
was not included in the transcription factor complex in the elec-
trophoresis mobility shift assay (EMSA) (17). To analyze the effect
of HCV core protein and PA28y on the activation of the srebp-Ic
promoter, we first examined the effect of HCV core protein on the
binding of the LXRa/RXRa complex to the LXR-response ele-
ment (LXRE) located upstream of the SREBP-1c gene (Fig. 44).
Although a weak shift of the labeled LXRE probe was observed by
incubation with nuclear extracts prepared from 293T cells express-
ing FLAG-tagged LXRa and HA-tagged RXRa, a clear shift was
obtained by the treatment of cells with 9-cis-retinoic acid and
22(R)-hydroxylcholesterol, ligands for LXRa and RXRa, respec-
tively. In contrast, coexpression of HCV core protein with LXRa
and RXRa potentiated the shift of the probe irrespective of the
treatment with the ligands. Addition of 500 times the amount of
nonlabeled LXRE probe (competitor) diminished the shift of the
labeled probe induced by the ligands and/or HCV core protein.
Furthermore, coincubation of the nuclear fraction with antibody to
FLAG or HA tag but not with antibody to either HCV core or
PA28y caused a supershift of the labeled probe. These results
indicate that HCV core protein does not participate in the LXRa/
RXRa-LXRE complex but indirectly enhances the binding of
LXRa/RXRa to the LXRE.

The activity of the srebp-Ic promoter was enhanced by the
expression of HCV core protein in 293T cells, and it was further
enhanced by coexpression of LXRa/RXRa (Fig. 4B). Enhance-
ment of the srebp-1c promoter by coexpression of HCV core protein
and LXRa/RXRa was further potentiated by treatment with the
ligands for LXRa and RXRa. The cells treated with 9-cis-retinoic
acid exhibited more potent enhancement of the srebp-Ic promoter
than those treated with 22(R)-hydroxylcholesterol. HCV core pro-
tein exhibited more potent enhancement of the srebp-I¢ promoter
in cells treated with both ligands than in those treated with either
ligand alone. These results suggest that HCV core protein poten-

Fold increase
1 o Empty vector
1200  Core
100 @ LXRwRAXAu
”s LXR/RXRa/Core
.
40! -
20° R -
i o «-~~<A .|
Ugands (4 g () Ligands ()  Ugands (+) EIOH 9tisRA 22RHC  9cisRA+22RHC

Fig.4. Activation of the srebp-1c promoter by HCV core protein. (A) FLAG-LXRa and HA-RXRa were expressed in 2937 cells together with or without HCV core
protein. Ligands for LXRa and RXRa dissolved in ethanol [Ligands (+)] or ethanol alone [Ligands (~)] were added to the culture supernatant at 24 h
posttransfection. Cells were harvested at 48 h posttransfection, and nuclear extracts were mixed with the reaction buffer for EMSA in the presence or absence
of antibody (100 ng) against HA, FLAG, HCV core or PA281, or nonlabeled LXRE probe (Competitor). (Left) The resulting mixtures were subjected to PAGE and
blotted with horseradish peroxidase/streptavidin. The mobility shift of the LXRE probe and its supershift are indicated by a gray and black arrow, respectively.
(Right) Expression of HCV core, HA-RXRa, FLAG-LXRa, and PA28y in cells was detected by immunoblotting. (8) Effects of ligands for RXRa, 9-cis-retinoic acid
(9cisRA), and for LXRa, 22(R)-hydroxylcholesterol (22RHC), on the activation of the srebp-Tc promoter in 293T cells expressing RXRa, LXRa, and/or HCV core
protein. Ligands were added into the medium at 24 h posttransfection at a concentration of 5 1M, and the cells were harvested after 24 h of incubation.
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Fig.5. PA28yisrequired for HCV core-dependent activation of the srebp-T¢
promoter. (A) Effect of PA28y knockdown on the LXRa/RXRa—DNA complex.
FLAG-LXRa and HA-RXRa were expressed in FLC4 (control) or PA28y-
knockdown (PA28vy KD) cells together with or without HCV core protein. Cells
were harvested at 48 h posttransfection, and nuclear extracts were mixed with
the reaction buffer for EMSA. (Upper) The resulting mixtures were subjected
to PAGE and blotted with horseradish peroxidase-streptavidin. The mobility
shift of the LXRE probe is indicated by an arrow. (Lower) Expression of HCV
core, HA-RXRq, FLAG-LXRa, and PA28y in cells was detected by immunoblot-
ting. (B) Effect of PA28y knockout on the LXRo/RXRa-DNA complex in the
mouse liver. (Upper) Nuclear extracts were prepared from the livers of
2-month-old PA28y~/~, PA28y*/*CoreTg, PA28y~/~CoreTg, and PA28y*/*
mice and subjected to EMSA. The mobility shift of the LXRE probe is indicated
by an arrow. {(Lower) The expression of HCV core, PA28y, and g-actin in the
livers of the mice was detected by immunoblotting. (C) Effect of HCV core
protein onsrebp-1 promoter activity in PA28y-knockout fibroblasts. A plasmid
encoding firefly luciferase under the control of the srebp-1c promoter was
transfected into MEFs prepared from PA28y*/* {Left) or PA28y~/~ (Right) mice
together with a plasmid encoding a Renilla luciferase. An empty plasmid or
plasmids encoding mouse RXRa or LXRa were also cotransfected into the cells
together with (gray bars) or without (white bars) a plasmid encoding HCV core
protein. Luciferase activity under the control of the srebp-1¢ promoter was
determined, and it is expressed as the fold increase in relative luciferase
activity after standardization with the activity of Renilla luciferase.

tiates srebp-Ic promoter activity in an LXRa/RXRa-dependent
manner.

HCV Core Protein Activates the srepb-1c Promoter in an LXRa/RXRa-
and PA28y-Dependent Manner. To examine whether PA28y is
required for HCV core-induced enhancement of srebp-1c promoter
activity in human liver cells, a PA28y-knockdown human hepatoma
cell line (FLC4 KD) was prepared. Enhancement of binding of the
LXRE probe to LXRa/RXRa by coexpression of HCV core
protein and LXRa/RXRa in FLC4 cells was diminished by knock-
down of the PA28+y gene (Fig. 54). Furthermore, formation of the
LXRa/RXRa-LXRE complex was enhanced in the livers of
PA28y*/*CoreTg mice but not in those of PA28y~'~, PA28y*/*,
or PA28y~/~CoreTg mice (Fig. 5B). The expression of the HCV
core protein in the mouse embryonic fibroblasts (MEFs) of
PA28y*"* mice induced the activation of the mouse srebp-Ic
promoter through the endogenous expression of LXRa and RXRa
(Fig. 5C Left). Further enhancement of the activation of the srebp-1¢
promoter by HCV core protein in PA28y*/* MEFs was achieved
by the exogenous expression of both LXRa and RXRa. However,
no enhancing effect of HCV core protein on srebp-1c promoter
activity was observed in PA28y~/~ MEFs (Fig. 5C Right). These
results support the notion that HCV core protein enhances the
activity of the srepb-Ic promoter in an LXRa/RXRa- and PA28y-
dependent manner.

1664 | www.pnas.org/cgi/doi/10.1073/pnas.0607312104

Table 1. HCC in mice at 16-18 months of age

Total no. No. of mice

Mouse and sex of mice developing HCC Incidence, %
PA28vy*/*CoreTg

Male 17 5 29.4

Female 28 3 10.7
PA28vy+/~

Male 16 0 0

Female 4 0 0
PA28y~/-

Male 23 0 0

Female 13 0 0
PA28y~/~CoreTg

Male 15 0 0

Female 21 0 0

PA28y Plays a Crucial Role in the Development of HCC in PA28y*/*

‘CoreTg Mice. The incidence of hepatic tumors in male PA28y*/*

CoreTg mice older than 16 months was significantly higher than
that in age-matched female PA28y*/* CoreTg mice (6). We recon-
firmed here that the incidence of HCC in male and female
PA28y*/*CoreTg mice at 16—18 months of age was 29.4% (5 of 17
mice) and 10.7% (3 of 28 mice), respectively. To our surprise,
however, no HCC developed in PA28y~/~ CoreTg mice (males, 15;
females, 21), although, as expected, no HCC was observed in
PA28y*/~ (males, 16; females, 4) and PA28y~/~ mice (males, 23;
females, 13) (Table 1). These results clearly indicate that PA28y
plays an indispensable role in the development of HCC induced by
HCV core protein.

Discussion

HCV core protein is detected in the cytoplasm and partially in the
nucleus and mitochondria of culture cells and hepatocytes of
transgenic mice and hepatitis C patients (6, 23, 24, 26). Degradation
of HCV core protein was enhanced by deletion of the C-terminal
transmembrane region through a ubiquitin/proteasome-dependent
pathway (27). We previously reported (18) that PA28y binds
directly to HCV core protein and then enhances degradation of
HCYV core protein in the nucleus through a proteasome-dependent
pathway because HCV core protein was accumulated in nucleus of
human cell line by treatment with proteasome inhibitor MG132. In
this work, accumulation of HCV core protein was observed in
nucleus of hepatocytes of PA28y~/~CoreTg mice (Fig. 1D). This
result directly demonstrates that HCV core protein migrates into
the nucleus and is degraded through a PA28vy-dependent pathway.
However, HCV core protein accumulated in the nucleus because
knockout of PA28y gene abrogated the ability to cause liver
pathology, suggesting that interaction of HCV core protein with
PA28vyin the nucleus is prerequisite for the liver pathology induced
by HCV core protein. We have previously shown (18) that HCV
core protein is degraded through a PA28y-dependent pathway, and
Minami et al. (28) reported that PA28y has a cochaperone activity
with Hsp90. Therefore, degradation products of HCV core protein
by means of PA28y-dependent processing or correct folding of
HCYV core protein through cochaperone activity of PA28y might be
involved in the development ofliver pathology. We do not know the
reason why knockout of the PA28+y gene does not affect the total
amount of HCV core protein in the liver of the transgenic mice.
PA28vy-dependent degradation of HCV core protein may be inde-
pendent of ubiquitination, as shown in SRC-3 (21), whereas knock-
down of PA28y in a human hepatoma cell line enhanced the
ubiquitination of HCV core protein [supporting information (S1)
Fig. 6], suggesting that lack of PA28y suppresses a ubiquitin-
independent degradation but enhances a ubiquitin-dependent deg-
radation of HCV core protein. Therefore, the total amount of HCV
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core protein in the liver of the mice may be unaffected by the
knockout of the PA28y gene.

Our results suggest that the interaction of HCV core protein with
PA28y leads to the activation of the srebp-Ic promoter along an
LXRa/RXRa-dependent pathway and the development of liver
steatosis and HCC. HCV core protein was not included in the
LXRa/RXRa-LXRE complex (Fig. 34), suggesting that HCV
core protein indirectly activates the srebp-1c promoter. Cytoplasmic
HCV core protein was shown to interact with Sp110b, which is a
transcriptional corepressor of R ARa-dependent transcription, and
this interaction leads to the sequestering of Sp110b in the cyto-
plasm, resulting in the activation of RARa-dependent transcription
(29). The sequestration of an unidentified corepressor of the
LXRa/RXRa heterodimer in the cytoplasm by HCV core protein
may also contribute to the activation of the srebp-Ic promoter.
Although the precise physiological function of PA28y-proteasome
activity in the nucleus is not known, PA28y has previously been
shown (21) to regulate nuclear hormone receptors by means of the
degradation of its coactivator SRC-3 and to participate in the fully
Hsp90-dependent protein refolding (28). It appears reasonable to
speculate that degradation or refolding of HCV core protein in a
PA28y-dependent pathway might be involved in the modulation of
transcriptional regulators of various promoters, including the
srebp-Ic promoter. Saturated or monounsaturated fatty acids have
been shown to enhance HCV RNA replication in Huh7 cells
containing the full-length HCV replicon (7). The up-regulation of
fatty acid biosynthesis by HCV core protein may also contribute to
the efficient replication of HCV and to the progression of HCV
pathogenesis.

Expression of HCV core protein was reported to enhance
production of reactive oxygen species (ROS) (30), which leads to
carbonylation of intracellular proteins (31). Enhancement of
ROS production may trigger double-stranded DNA breaks and
result in the development of HCC (30, 32, 33). HCV core protein
could enhance the protein carbonylation in the liver of the
transgenic mice in the presence but not in the absence of PA28y
(81 kig. 7), suggesting that PA284y is required for ROS produc-
tion induced by HCV core protein. Development of HCC was
observed in PA28y*/*CoreTg mice but not in PA28y~/~CoreTg
mice (Table 1). Enhancement of ROS production by HCV core
protein in the presence of PA28y might be involved in the
development of HCC in PA28y*/* CoreTg mice.

It is well known that resistant viruses readily emerge during the
treatment with antiviral drugs targeting the viral protease or
replicase, especially in the case of infection with RNA viruses.
Therefore, antivirals targeting the host factors that are indispens-
able for the propagation of viruses might be an ideal target for the
development of antiviral agents because of a lower rate of mutation
than that of viral genome, if they have no side effects to patients.
Importantly, the amino acid sequence of PA28+y of mice is identical
to that of human, and mouse PA 28y is dispensable because PA28y
knockout mice exhibit no abnormal phenotype except for mild
growth retardation. Therefore, PA28y might be a promising target
for an antiviral treatment of chronic hepatitis C with negligible side
effects.

In summary, we observed that a knockout of the PA28y gene
from PA28y*/*CoreTg mice induced the accumulation of HCV
core protein in the nucleus and disrupted the development of both
steatosis and HCC. Activation of the srebp-1c promoter was up-
regulated by HCV core protein both in vitro and in vivo through a
PA28y-dependent pathway, suggesting that PA28+y plays a crucial
role in the development of liver pathology induced by HCV
infection.

Materials and Methods

Histology and immunohistochemistry, real-time PCR, and detec-
tion of proteins modified by ROS are discussed in $I Materials and
Methods.

Moriishi et af.

Plasmids and Reagents. Human PA28y cDNA was isolated from a
human fetal brain library (18). The gene encoding HCV core
protein was amplified from HCV strain J1 (genotype 1b) (34) and
cloned into pCAG-GS (35). Mouse cDNAs of RXRa and LXRa
were amplified by PCR from the total cDNAs of the mouse liver.
The RXRa and LXRea genes were introduced into pEF-
FLAGGspGBK (36) and pcDNA3.1 (Invitrogen, Carlsbad, CA),
respectively. The targeting fragment for human PA28y knockdown
(GGATCCGGTGGATCAGGAAGTGAAGTTCAAGAGA-
CTTCACTTCCTGATCCACCTTTTTTGGAAAAGCIT) was
introduced into the BamHI and HindII! sites of pSilencer 4.1 U6
hygro vector (Ambion, Austin, TX). Mouse anti-FLAG (M2) and
mouse anti-B-actin antibodies were purchased from Sigma (St.
Louis, MO). Rabbit polyclonal antibody against synthetic peptides
corresponding to amino acids 70-85 of PA28y was obtained from
AFFINITI (Ezeter, U.K.). Horseradish peroxidase-conjugated
goat anti-mouse and anti-rabbit IgGs were purchased from ICN
Pharmaceuticals (Aurora, OH). Rabbit anti-HCV core protein was
prepared by immunization with recombinant HCV core protein
(amino acids 1-71), as described in ref. 24. Mouse monoclonal
antibody to HCV core protein was kindly provided by S. Yagi (37).
The plasmid for expression of HA-tagged ubiquitin was described
in ref. 27.

Preparation of PA28-Knockout HCV CoreTg Mice. The generation of
C57BL/6 mice carrying the gene encoding HCV core protein
genotype 1b line C49 and that of PA28y~/~ mice have been
reported previously (22, 25). Both strains were crossbred with each
other to create PA28y~/~CoreTg mice. PA28y~/~CoreTg mice
were identified by PCR targeted at the PA28y or HCV core gene
(22,25). Using 1 ng of genomic DNA obtained from the mouse tail,
the PA28+y gene was amplified by PCR with the following primers:
sense, PA28-3 (AGGTGGATCAGGAAGTGAAGCTCAA); and
antisense, PA28y-5cr (CACCTCACTTGTGATCCGCTCTCT-
GAAAGAATCAACC). The targeted sequence for the PA28y-
knockout mouse was detected by PCR using the PA28-3 primer and
the PAKO-4 primer (TGCAGTTCATTCAGGGCACCGGA-
CAG). The transgene encoding HCV core protein was detected by
PCR as described in ref. 25. The expression of PA28y and HCV
core protein in the livers of 6-month-old mice was confirmed by
Western blotting with mouse monoclonal antibody to HCV core
protein, clone 11-10, and rabbit antibody to PA28y. Mice were
cared for according to the institutional guidelines. The mice were
given ordinary feed, CRF-1 (Charles River Laboratories, Yoko-
hama, Japan), and they were maintained under specific pathogen-
free conditions.

All animal experiments conformed to the Guidelines for the
Care and Use of Laboratory Animals, and they were approved by
the Institutional Committee of Laboratory Animal Experimenta-
tion (Research Institute for Microbial Diseases, Osaka University).

Preparation of Mouse Embryonic Fibroblasts. MEFs were prepared
as described in ref. 22. MEFs were cultured at 37°C under an
atmosphere of 5% CO; in Dulbecco’s modified Eagle’s medium
(Sigma) supplemented with 10% FBS, penicillin, streptomycin,
sodium pyruvate, and nonessential amino acids.

Transfection and Iimmunoblotting. Plasmid vectors were transfected
into the MEFs and 293T cells by liposome-mediated transfection
by using Lipofectamine 2000 (Invitrogen). The amount of HCV
core protein in the liver tissues was determined by an ELISA as
described in ref. 37. The cell lysates were subjected to SDS/
PAGE (12.5% gel), and they were then transferred onto PVDF
membranes. Proteins on the membranes were treated with
specific antibody and Super Signal Femto (Pierce, Rockford, IL).
The results were then visualized by using an LLAS3000 imaging
system (Fuji Photo Film, Tokyo, Japan). The method of immu-
noprecipitation test is described in ref. 18.

PNAS | January 30,2007 | vol.104 | no.5 | 1665

—143—

MICROBIOLOGY



!
)

Reporter Assay for srebp-1c Promoter Activity. The genomic DNA
fragment encoding the srebp-1c promoter region (located from
residues —410 to +24) was amplified from a mouse genome. The
fragment was introduced into the Kpnl and HindIII sites of
pGL3-Basic (Promega, Madison, WI), and it was designated as
pGL3-srebp-1cPro. The plasmids encoding RXRa and LXRa
were transfected into MEFs together with pGL3-srebp-1cPro
and a control plasmid encoding Renilla luciferase (Promega).
The total DNA for transfection was normalized by the addition
of empty plasmids. Cells were harvested at 24 h posttransfection.
The ligand of RXRa, 9-cis-retinoic acid (Sigma), and that of
LXRa, 22(R)-hydroxylcholesterol (Sigma) were added at a final
concentration of 5 uM each to the culture medium of 293T cells
transfected with pGL3-srebp-1cPro together with expression
plasmids encoding RXRa, LXRa, and HCV core protein at 24 h
posttransfection. Cells were harvested 24 h after treatment.
Luciferase activity was measured by using the dual-luciferase
reporter assay system (Promega). Firefly luciferase activity was
standardized with that of Renilla luciferase, and the results are
expressed as the fold increase in relative luciferase units.

Electrophoresis Mobility Shift Assay (EMSA). EMSA was carried out
by using a LightShift Chemiluminescent EMSA kit (Pierce)
according to the manufacturer’s protocol. Nuclear extract of the
cell lines and liver tissue was prepared with an NE-PER nuclear
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and cytoplasmic extraction reagent kit (Pierce). Briefly, double-
stranded oligonucleotides for EMSA were prepared by anneal-
ing both strands of each LXRE of the srebp-Ic promoter
(5'-GGACGCCCGCTAGTAACCCCGGC-3") (16). Both
strands were labeled at the 5’ ends with biotin. The annealed
probe was incubated for 20 min on ice with nuclear extract (3 ug
of protein) in a reaction buffer containing 10 mM Tris-HCl (pH
7.5), 50 mM KCi, 1 mM DTT, 0.05 pg/ul poly(dI-dC), 2.5%
glycerol, 0.05% Nonidet P-40, and 0.1 nM labeled probe, with or
without 1 mM nonlabeled probe. The resulting mixture was
subjected to PAGE (5% gel) at 120 V for 30 min in 0.5X TBE.
The DNA-protein complex was transferred to a Hybond N+
membrane (Amersham, Piscataway, NJ), incubated with horse-
radish peroxidase-conjugated streptavidin, and visualized by
using an LAS3000 imaging system.

Statistical Analysis. The results are expressed as the mean * SD.
The significance of differences in the means was determined by
Student’s ¢ test.
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Introduction

Abstract

Persistent infection with hepatitis C virus (HCV) is a major risk factor for development of
hepatocellular carcinoma (HCC). However, it remains controversial in the pathogenesis of
HCC associated with HCV as to whether the virus plays a direct or an indirect role. The
studies using transgenic mouse models, in which the core protein of HCV has an oncogenic
potential, indicate that HCV is directly involved in hepatocarcinogenesis, albeit other
factors such as continued cell death and regeneration associated with inflammation would
also play a role. The downstream events of the core protein are segregated into two
components. One is the augmented production of oxidative stress along with the activation
of scavenging system, including catalase and glutathione, in the putative pre-neoplastic
stage with steatosis in the liver. Thus, oxidative stress production in the absence of
inflammation by the core protein would partly contribute to the development of HCC. The
generation of oxidative stress is estimated to originate from mitochondrial dysfunction in
hepatocytes by HCV infection. The other component is the alteration of intracellular
signaling cascade of mitogen-activated protein kinase and activating factor (AP)-1. leading
to the activation of cell cycle control. The combination of these pathways, collective with
HCV-associated alterations in lipid and glucose metabolism, would lead to the frequent
development of HCC in persistent HCV infection. These results suggest that there would be
a mechanism for hepatocarcinogenesis in persistent HCV infection that is distinct from
those for the other cancers. Similar to the pathogenesis of other cancers, the accumulation
of a set of genetic aberrations may also be necessary for a multistage development of HCC.
However, HCV core protein, to which an oncogenic potential is ascribed, may allow some
of the multiple steps to be bypassed in hepatocarcinogenesis. Therefore unlike for other
cancers, HCV infection may be able to cause HCC in the absence of a complete set of
genetic aberrations. Such a scenario, ‘non-Vogelstein-type’ carcinogenesis, would explain
the rare feature of hepatocarcinogenesis in HCV infection, the extraordinarily high inci-
dence and the multicentric nature of HCC development.

Hepatocellular carcinoma frequently
develops in persistent HCV infection

Hepatitis C virus (HCV) infects hundreds of millions of people
persistently, and induces a spectrum of chronic liver disease
worldwide.! It impacts on society in a number of domains includ-
ing the medical, sociological and economic. Hepatocellular carci-
noma (HCC) has become the major cause of death in individuals
persistently infected with HCV. In particular, HCV has been given
increasing attention because of its wide and deep penetration in the
community, coupled with a very high incidence of HCC in persis-
tent HCV infection. Once liver cirrhosis is established in hosts
infected with HCV, HCC develops at a yearly rate of 5-7%.?
Knowledge on the mechanism of HCC development in chronic
HCV infection therefore is urgently required for the prevention of
HCC.

$108

How HCV induces HCC is not clear yet, despite the fact that more
than 70% of patients with HCC in Japan are infected with HCV.!**
Hepatitis C virus infection is also common in patients with HCC in
other countries albeit to a lesser extent. These lines of evidence
obligate hepatologists to the considerable task of determining the
role of HCV in hepatocarcinogenesis. Inflammation induced by
HCV, manifesting in various forms of hepatitis, should be consid-
ered in a study on the carcinogenic capacity of hepatitis viruses. It
has been proposed repeatedly that the necrosis of hepatocytes due
to chronic inflammation and ensuing regeneration enhances
mutagenesis in host cells, the accumulation of which culminates in
HCC. This theory presupposes an indirect involvement of hepatitis
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viruses in HCC via hepatic inflammation. However, this leaves
specialists in hepatology with a serious question: caninflammation
per se result in the development of HCC in such a high incidence
or multicentric nature in HCV infection? The secondary role of
HCYV would have to be weighed against an extremely rare occur-
rence of HCC in patients with autoimmune hepatitis in whom
severe inflammation in the liver persists indefinitely.

This background and reasoning led to the suggestion that HCC
may be induced, at least in part, by viral proteins. This possibil-
ity has been evaluated by introducing genes of HCV into hepa-
tocytes 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. It takes 30—40 years for HCC to develop in individuals
infected with HCV. Another constraint common to studies on
carcinogenesis is the development of HCC by transformed cells
that-might have gone out of growth control and escaped surveil-
lance of the host. Should this be the case, the analysis of trans-
formed cells would not be sufficient for solving the mystery of
carcinogenesis. On the basis of these points, we chose to inves-
tigate carcinogenesis in chronic viral hepatitis using transgenic
mouse technology.

HCV core protein has an oncogenic
activity in transgenic mouse

Transgenic mouse lines with sections of the HCV genome were
engineered by introducing genes excised from the cDNA of the
HCV genome of genotype 1b.5 The mouse lines were from a
CS7BL/6 strain, which is known for a rare spontaneous occurrence
of HCC.” Three different transgenic mouse lines have been estab-
lished, which carry the core gene, envelope genes or non-structural
genes (Fig. 1), respectively, under the same transcriptional control
element. Among these mouse lines, only the transgenic mice car-
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922 gp35 gp60 p7 p2t p70 p4 p27 p58 p6o
Protease
Core Protease Holicase ISDR RNA polymerase
Envelope ATPase
Structural Non-structural genes
genes

Figure 1 Structure of the hepatitis C virus (HCV) genome. The HCV
genome consists of structural and non-structural regions. The structural
region consists of the core, envelope and p7 genes. The non-structural
region cones enzyme proteins of NS3 to NS5B. Among the three
different transgenic mouse lines established, which carry the core,
envelope and non-structural region, respectively, 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. ISDR, interferon-sensitivity determining
region.

Journal of Gastroenterology and Hepatology 22 (2007) Suppl. 1; $108-5111 © 2007 The Author

HCV-associated hepatocarcinogenesis

rying the core gene develop HCC in two independent lineages.®
The envelope gene transgenic mice do not develop HCC, despite
high expression levels of both E1 and E2 proteins.®® The trans-
genic mice carrying the entire non-structural genes have developed
no HCC.

The transgenic mice carry the core gene and express the core
protein of an expected size, approximately 21 kDa, the level of
which in the liver is similar to that in the liver of chronic hepatitis
C patients. Early in life, these mice develop hepatic steatosis,
which is one of the histologic characteristics of chronic hepatitis
C, along with lymphoid follicle formation and bile duct damage.'
Thus, the core gene transgenic mouse model well reproduces this
feature of chronic hepatitis C. Of note, significant inflammation is
not observed in the liver of this animal model. Late in life, these
transgenic mice develop HCC. Most hepatic nodules have a
pathology characterized by ‘nodule in nodule’, and HCC with a
low degree of differentiation develops within adenoma as well as
within HCC with a higher degree of differentiation. Although
numerous lipid droplets are found in cells forming adenoma, as in
non-tumorous cells, they are rarely observed in HCC cells. These
histological features closely resemble those observed in HCC
developing in chronic hepatitis C patients, in whom prominent
lipid droplets are found in small, well-differentiated HCC and its
precursors; poorly differentiated HCC without lipid droplets
develops from within differentiated HCC.® Notably, the develop-
ment of steatosis and HCC has been reproduced in other HCV
transgenic mouse lines, which harbor the entire HCV genome or
structural genes including the core gene."! These outcomes indi-
cate that the core protein per se of HCV has an oncogenic potential
when expressed in vivo.

Sequence to the core protein
expression in the liver

It is difficult to clarify the mechanism of carcinogenesis even for
our simple model in which only the core protein is expressed in
otherwise normal liver tissues. There is a notable feature of the
localization of the core protein in hepatocytes: although the core
protein predominantly exists in the cytoplasm associated with lipid
droplets, it is also present in the mitochondria and nuclei.*'? On the
basis of this finding, the pathways related to these two organelles,

. the mitochondria and nuclei, were analyzed.

One activity of the core protein is an increased production of
oxidative stress in the liver. We note that the production of oxida-
tive stress is increased in our transgenic mouse model in the
absence of inflammation in the liver (hepatitis). This reflects over-
production of reactive oxygen species (ROS) in the liver, or pre-
disposition to it, which is staged by the HCV core protein without
any intervening inflammation.'3'* The overproduction of oxidative
stress results in the generation of deletions in the mitochondrial
DNA, an indicator of genetic damage. Thus, the core protein
induces oxidative stress overproduction in the absence of inflam-
mation, and may, at least in part, contribute to hepatocarcinogen-
esis in HCV infection (Fig. 2). If inflammation is induced in the
liver with the HCV core protein, the production of oxidative stress
is escalated to an extent that cannot be scavenged by a physiologi-
cal antagonistic system. This indicates that the inflammation in
chronic HCV infection would be different to that produced in other
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Figure 2 Molecular pathogenesis of liver disease in hepatitis C virus
(HCV) infection. Induction of oxidative stress together with hepatic
steatosis by the HCV core protein would play a pivotal role in the
development of hepatocellular carcinoma (HCC). Alterations in cellular
gene expressions, such as tumor necrosis factor-o (TNF-o) or suppres-
sor of cytokine signaling-1 (SOCS-1), and those in the intracellular sig-
naling pathways including c-Jun N-terminal kinase (JNK) would be
coaccelerators to hepatocarcinogenesis in HCV infection. ROS, reactive
oxygen species.

types of hepatitis, such as autoimmune hepatitis. The basis for the
overproduction of oxidative stress may be ascribed to the mito-
chondrial dysfunction.’*!® The function of the electron transfer
system of the mitochondrion is suggested in association with the
presence of the HCV core protein.'s Hepatic steatosis in hepatitis
C may work as fuel for oxidative stress overproduction.'*!18

Other possible pathways would be the alteration of the expres-
sion of cellular genes, interacting with cellular proteins, and
modulation of intracellular signaling pathways (Fig. 2). For an
example, tumor necrosis factor (TNF)-a and interleukin-1f have
been found to be transcriptionally activated.!® The core protein has
also been found to interact with some cellular proteins, such as
retinoid X receptor (RXR)-a, which play pivotal roles in cell
proliferation and metabolism.?* The mitogen-activated protein
kinase (MAPK) cascade is also activated in the liver of the core
gene transgenic mouse model. The MAPK pathway, which con-
sists of three routes, c-Jun N-terminal kinase (JNK), p38 and
extracellular signal-regulated kinase (ERK), is involved in numer-
ous 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. Downstream of the JNK activa-
tion, transcription factor activating factor (AP)-1 activation is
markedly enhanced.®? Far downstream, both the mRNA and
protein levels of cyclin D1 and CDK4 are increased (Fig. 2). The
suppression by HCV core protein of the suppressor of cytokine
signaling (SOCS)-1, a tumor suppressor gene, may also contribute
to hepatocarcinogenesis. Thus, the HCV core protein modulates
the intracellular signaling pathways and gives an advantage to
hepatocytes for cell proliferation.

Such an effect of the core protein on the MAPK pathway,
combined with that on oxidative stress, may explain the extremely
high incidence of HCC development in chronic hepatitis C (Fig.
2).
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Figure 3 Mechanism of hepatitis C wvirus (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 development of hepatocellular
carcinoma {HCCJ 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 considering such a ‘non-Vogelstein-type’
process for the induction of HCC, a plausible explanation may be give
for many unusual events occurring in HCV carriers. CRC, colorectal
cancer; APC, adenomatous polyposis coli.

Hepatocarcinogenesis in HCV infection:
A mechanism distinct from those in
other cancers

The results of our studies on transgenic mice have indicated a
carcinogenic potential of the HCV core protein in vivo; thus, HCV
may be directly involved in hepatocarcinogenesis. In research
studies of carcinogenesis, the theory by Kinzler and Vogelstein has
gained 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 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 colorec-
tal cancer.”? Their theory has been extended to the carcinogenesis
of other cancers as well, called ‘Vogelstein-type’ carcinogenesis
(Fig. 3).

On the basis of the results for the induction of HCC by the HCV
core protein, we would like to introduce a mechanism different
from that of Kinzler and Vogelstein for hepatocarcinogenesis in
HCV infection. We do allow a multistage process 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. 3). 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
HCYV infection at an outstandingly high incidence. Our theory may
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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.
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Pathogenesis of HCV-associated HCC: Dual-pass
carcinogenesis through activation of oxidative stress and

intracellular signaling

Kazuhiko Koike

Department of Infectious Diseases, Internal Medicine, Graduate School of Medicine, University of Tokyo, Tokyo,

Japan

Overwhelming lines of epidemiological evidence have indi-
cated that persistent infection with hepatitis C virus (HCV) is a
major risk toward development of hepatocellular carcinoma
(HCC). It remains controversial, however, in the pathogenesis
of HCC associated with HCV, whether the virus plays a direct
role or merely an indirect one. The studies using transgenic
mouse models by us and others, in which the core protein of
HCV has oncogenic potential, indicate that HCV is directly
involved in hepatocarcinogenesis, albeit other factors such as
continued cell death and regeneration associated with inflam-
mation would play a role, as well. The downstream events of
the core protein are segregated into two components. One is
the augmented production of oxidative stress along with the
activation of scavenging system including catalase and glu-
tathion (GSH) in the putative preneoplastic stage with steato-
sis in the liver. Thus, oxidative stress production in the
absence of inflammation by the core protein would partly
contribute to the development of HCC. The generation of
oxidative stress is estimated to originate from mitochondrial
dysfunction in hepatocytes by HCV infection. The other is the
alteration of intracellular signaling cascade of MAPK (JNK),

AP-1, cyclin D1, and CDK4. The combination of these path-
ways, coilective with HCV-associated alterations in lipid and
glucose metabolism, would lead to the frequent development
of HCC in persistent HCV infection. Our results suggest that
there would be a mechanism for hepatocarcinogenesis in per-
sistent HCV infection that is distinct from those for other
cancers. Similar to the pathogenesis of other cancers, the
accumulation of a set of genetic aberrations may also be
necessary for muitistage development of HCC. However, HCV
core protein, to which an oncogenic potential is ascribed, may
allow some of the multiple steps to be bypassed in hepato-
carcinogenesis. Therefore, unlike other cancers, HCV infec-
tion can elicit HCC in the absence of a complete set of genetic
aberrations. Such a scenario, “non-Vogelstein-type” carcino-
genesis, would explain the unusually high incidence and mul-
ticentric nature of HCC development in HCV infection.

Key words: hepatitis C virus, hepatocarcinogenesis,
intracellular signaling transduction, oxidative stress,
transgenic mouse

INTRODUCTION

ORLDWIDE, HEPATITIS C virus (HCV) infects

hundreds of millions of people persistently, and
induces a spectrum of chronic liver diseases.’ Hence, it
affects society in a number of domains including
medical, sociological, and economic. Hepatocellular
carcinoma (HCC) has become the most frequent cause
of death in individuals persistently infected with HCV.
In particular, HCV has been given increasing attention
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because of its wide and deep penetration in the
community, coupled with a very high incidence of
HCC in persistent HCV infection. Once liver cirrhosis
is established in hosts infected with HCV, HCC devel-
ops at a yearly rate of 5-7%.2 Knowledge of the
mechanism of HCC development in chronic HCV
infection, therefore, is imminently required for the pre-
vention of HCC.

UNIQUENESS OF HCC DEVELOPMENT IN
HCV INFECTION

OW HCV INDUCES HCC is not yet clear, despite
the finding that more than 70% of patients with
HCC in Japan are infected with HCV.'** HCV infection
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is also common in patients with HCC in other coun-
tries, albeit to a lesser extent. These lines of evidence
obligate hepatologists to a considerable task of deter-
mining the role of HCV in hepatocarcinogenesis.
Inflammation induced by HCV, manifesting in various
forms of hepatitis, should be considered in a study on
the carcinogenic capacity of hepatitis viruses. It has been
proposed repeatedly that the necrosis of hepatocytes
caused by chronic inflammation and ensuing regenera-
tion enhances mutagenesis in host cells, the accu-
mulation of which culminates in HCC. This theory
presupposes an indirect involvement of hepatitis viruses
in HCC via hepatic inflammation. However, this leaves
specialists in hepatology with a serious question: can
inflammation per se result in the development of HCC
in such a high incidence or multicentric nature in HCV
infection? The secondary role of HCV would have to be
weighed against an extremely rare occurrence of HCC in
patients with autoimmune hepatitis in whom severe
inflammation in the liver persists indefinitely.

This background and reasoning lead to a possible
activity of viral proteins for inducing HCC. This possi-
bility has been evaluated by introducing genes of
HCV into hepatocytes in culture with little success. A
difficulty in using cultured cells is the carcinogenic
capacity of HCV, if any, which would be weak and
would take a long time to manifest. It takes
30-40years for HCC to develop in individuals
infected with HCV. Another constraint common to
studies on carcinogenesis is the development of HCC
by transformed cells that might have gone out of
growth control and escaped surveillance of the host.
Should this be the case, the analysis of transformed
cells would not be sufficient for solving the mystery of
carcinogenesis. On the basis of these viewpoints, we
started tackling carcinogenesis in chronic viral hepatitis
by transgenic mouse technology.

© 2007 The Japan Society of Hepatology
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Protein - Phenotype Figure 1 Hepatitis C virus (HCV)
steatosis transgenic mouse lines. Among the
) HCC

three different transgenic mouse lines
established, 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. core, core genes, env, envelope
genes; NS, non-structural genes.
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CORE PROTEIN OF HCV HAS ONCOGENIC
ACTIVITY IN VIVO

S ILLUSTRATED IN Figure 1, transgenic mouse

lines with parts of the HCV genome were engi-
neered by introducing the genes excised from the
c¢DNA of the HCV genome of genotype 1b.5¢ The back-
ground of the mouse lines is a C57BL/6 strain, which
is known for a rare spontaneous occurrence of HCC.”
Established are three different transgenic mouse lines,
which carry the core gene, envelope genes, or non-
structural genes, under the same transcriptional control
element. Among these mouse lines, only the transgenic
mice carrying the core gene develop HCC in two
independent lineages (Fig. 1).° The envelope gene
transgenic mice do not develop HCC, despite high
expression levels of both E1 and E2 proteins.®® The
transgenic mice carrying the entire non-structural genes
have not developed HCC.

The transgenic mice carrying the core gene express the
core protein of an expected size, approximately 21 kDa,
the level of which in the liver is similar to that in the
liver of chronic hepatitis C patients. Early in life, these
mice develop hepatic steatosis, which is a histologic
characteristic of chronic hepatitis C, along with lym-
phoid follicle formation and bile duct damage.'® Thus,
the core gene transgenic mouse model well reproduces
this feature of chronic hepatitis C. Of note, significant
inflammation is not observed in the liver of this animal
model. Late in life, these transgenic mice develop HCC.
Most hepatic nodules disclose a pathology characterized
by “nodule-in-nodule”, and HCC with a low degree of
differentiation develops within adenoma as well as
within HCC with a higher degree of differentiation.®
Although numerous lipid droplets are found in cells
forming adenoma, as in non-tumorous cells, they are
rarely observed in HCC cells. These histologic features
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closely resemble those observed in HCC developing in
chronic hepatitis C patients, in which prominent lipid
droplets are found in small differentiated HCC and its
precursors; poorly differentiated HCC without lipid
droplets develops from within differentiated 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 of HCV has an oncogenic potential
when expressed in vivo.

MECHANISM OF HEPATOCARCINOGENESIS
IN MOUSE MODEL FOR
HCV-ASSOCIATED HCC

T IS DIFFICULT to sort out the mechanism of carcino-

genesis even for our simple model, in which only the
core protein is expressed in otherwise normal liver
tissue. 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.®? On the basis of this finding, the pathways
related to these two organelles, the mitochondria and
nuclei, were meticulously analyzed.

One activity of the core protein is an increased pro-
duction of oxidative stress in the liver. The production
of oxidative stress is increased in our transgenic mouse
model in the absence of inflammation in the liver
(hepatitis). This reflects a state of an overproduction of
reactive oxygen species (ROS) in the liver, or predispo-
sition to it, which is staged by the HCV core protein
without any intervening inflammation.'*!* The overpro-
duction of oxidative stress results in the generation of
deletions in the mitochondrial DNA, an indicator of
genetic damage. Thus, the core protein induces oxidative
stress overproduction in the absence of inflammation,
and may, at least in part, contribute to hepatocarcino-
genesis in HCV infection. If inflammation is induced in
the liver with the HCV core protein, the production of
oxidative stress is escalated to an extent that can no
longer be scavenged by a physiologically antagonistic
system. This indicates that the inflammation in chronic
HCV infection would have a characteristic different in
quality from those of other types of hepatitis, such as
autoimmune hepatitis. The basis for the overproduction
of oxidative stress may be ascribed to mitochondrial
dysfunction.’®'® The function of the electron transfer
system of the mitochondrion is suggested in association
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Table 1 Biomolecular alterations with core protein expression
observed in the transgenic mouse model

1. Induction of cytokines including TNF-a and IL-18"

2. Activation of MAPK pathway and enhancement of
AP-1 activation"®?°

3. Overproduction of oxidative stress or ROS in the
absence of inflammation®

4. Synergy of HCV core and alcohol in inducing
oxidative stress and activating MAPK'>?®

5. Interaction of HCV core and RXR-o and PPAR-o!

6. Induction of insulin resistance’

7. Development of steatosis by inhibiting MTP
aclivitys'“'n

8. Interaction of HCV core and proteasome activator
PA28Y"

9. Inhibition of SOCS-1%

AP-1, activated protein-1; HCV, hepatitis C virus; IL-1B,
interleukin-1B; MAPK, mitogen-activated protein kinase; MTP,
microsomal triglyceride transfer protein; PPAR-r, peroxisome
proliferator agonist receptor-g; ROS, reactive oxygen species;
RXR-, retinoid X receptor; SOCS-1, suppressor of cytokine
signaling; TNF-o, tumor necrosis factor.

with the presence of the HCV core protein.'® Hepatic
steatosis in hepatitis C may work as fuel for oxidative
stress overproduction.!41718

Other possible pathways are the alteration of the
expression of cellular genes, interacting with cellular
proteins, and modulation of intracellular signaling
pathways (Table 1). For example, tumor necrosis factor
(TNF)-a and interleukin-1p (IL-1B) have been found
transcriptionally activated.’ The core protein has also
been found to interact with some cellular proteins,
such as retinoid X receptor (RXR)-¢, that play pivotal
roles in cell proliferation and metabolism.® 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
in numerous cellular events including cell prolifera-
tion. In the liver of the core gene transgenic mouse
model prior to HCC development, only the JNK
route is activated. Downstream in the JNK activation,
transcription factor AP-1 activation is markedly
enhanced.®' Far downstream, both the mRNA and
protein levels of cyclin D1 and CDK4 are increased.
Thus, the HCV core protein modulates the intracellular
signaling pathways and gives advantage for cell prolif-
eration to hepatocytes.

Such an effect of the core protein on the MAPK
pathway, combined with that on oxidative stress, may

© 2007 The Japan Society of Hepatology
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Figure 2 Mechanism of hepatitis C virus (HCV)-associated hepatocarcinogenesis. Inflammation should contribute to hepatocar-
cinogenesis by producing genetic aberrations via continual cell death and regeneration. In the case of HCV infection, the virus
would contribute to hepatocarcinogenesis via two pathways: (i) the core protein acts on the function of mitochondrial electron
transfer system, leading to the overproduction of oxidative stress. Inflammation may act synergistically with the core protein in
inducing oxidative stress. The presence of steatosis and insulin resistance would enhance the production of oxidative stress; and (ii)
modulation of cellular gene expression and signal transduction, which would give a growth advantage to hepatocytes. The
combination of these alterations would escalate the development of hepatocellular carcinoma (HCC) in HCV infection. AP-1,
activated protein-1; JNK, Jun N-terminal kinase; NADH, nicotinamide adenine dinucleotide; ROS, reactive oxygen species.

explain the extremely high incidence of HCC develop-
ment in chronic hepatitis C.

HEPATOCARCINOGENESIS INDUCED BY HCV
INFECTION: MECHANISM DISTINCT FROM
OTHER CANCERS

HE RESULTS OF our studies on transgenic mice

indicated a carcinogenic potential of the HCV core
protein in vivo; thus, HCV may be directly involved in
hepatocarcinogenesis.

In research studies of carcinogenesis, the theory by
Kinzler and Vogelstein® has gained wide popularity.
They proposed that the development of colorectal
cancer is induced by the accumulation of a complete set
of cellular gene mutations. They deduced that mutations
in the APC gene for inactivation, those in K-ras for acti-
vation and those in the p53 gene for inactivation accu-
mulate, which cooperate toward the development of
colorectal cancer.”® The theory has been extended to
the carcinogenesis of other cancers as well, called
“Vogelstein-type” carcinogenesis (Fig. 2).

©® 2007 The Japan Society of Hepatology

On the basis of results we obtained for the induction
of HCC by the HCV core protein, we introduce a mecha-
nism different from that of Kinzler and Vogelstein®®
for hepatocarcinogenesis in HCV infection. We allow
multistages in the induction of all cancers; it would be
mandatory for hepatocarcinogenesis that many muta-
tions 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 contrib-
ute (Fig. 3). The overall effects achieved by the expres-
sion of the viral protein would be the induction of HCC,
even in the absence of a complete set of genetic aberra-
tions, 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 infec-
tion 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.
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Figure 3 Hepatitis C virus (HCV)-associated hepatocarcinogenesis is-a non-Vogelstein-type. Multiple steps are required in the
induction of all cancers; it would be mandatory for hepatocarcinogenesis that genetic mutations accurnulate in hepatocytes.
However, in HCV infection, some of these steps may be skipped in the development of hepatocellular carcinoma (HCC) in the
presence of core protein. Overall effects achieved by the expression of 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 given for many unusual events in HCV carriers. CRC,
colorectal cancer.
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Background: An increase in the number of acute hepatitis
patients with hepatitis B virus (HBV) of non-indigenous
genotypes may reduce the efficacy of vaccination against
HBV.

Methods: We have determined the amino acid (aa)
sequences in the major hydrophilic region {MHR) in the S
region of HBV in patients with acute hepatitis B and compared
those with the ones from HBV strains used for the production
of HBV vaccines commercially available in Japan.

Results: Of 48 patients studied, 11 were infected with geno-
type A, 11 with genotype B and 26 with genotype C HBV. The
aa sequences of the nine genotype A isolates were the same
as the aa sequence of J02205 which is used for the production
of one of the commercially available recombinant vaccines.
The aa sequences of the 11 genotype B isolates differed from
the aa sequence of J02205 in two or three amino acids. Of the

26 genotype C isolates, 22 had the same aa sequence as
X01587 which is used for the production of another recombi-
nant vaccine. The remaining genotype C isolates had aa
substitutions at aa131, which have a potential to alter the
hydropathy and the three-dimensional structure of the MHR.
The differences among the three current HBV vaccines in aa
sequences in the MHR theoretically alter the hydropathy and
three-dimensional structure.

Conclusion: Our results suggest that the transmission of
HBYV isolates with different genotypes or with aa substitutions
in the MHR might reduce the efficacy of currently available
HBV vaccines in the protection of HBV infections.

Key words: genotype, hepatitis B virus, major hydrophilic
region, vaccine

INTRODUCTION

BOUT 300 MILLION people in the world are

chronically infected with hepatitis B virus (HBV).
Chronic infection may eventually lead to liver cirrhosis
or hepatocetlular carcinoma.’* To prevent the transmis-
sion of this virus, vaccination has been introduced in
many countries. Indeed, universal vaccination has not
only reduced the number of infected individuals, but
also the number of deaths related to HBV.>¢
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In Japan, in 1985, a national project was started
to vaccinate children born to HBV-infected mothers.
The chances of vertical transmission from HBV-
carrying mothers have decreased. Recently, the preva-
lence of HBV in Japan has decreased to approximately
0.6%.”

Because the number of individuals infected with HBV
has decreased, the number of patients with acute hepa-
titis B, mainly caused by horizontal transmission from
HBV carriers, should also have decreased. However, in
Japan, the number of patients with acute hepatitis B has
recently increased (Yatsuhashi H. et al., 2004, unpubl.
data).

The increase in the number of patients with acute
hepatitis B may, in part, be the result of patients carrying
novel HBV genotypes imported from abroad. For

731
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example, in recent years, genotype A HBV has often been
detected in patients with acute hepatitis B.%°

Genotype A HBV is transmitted from individuals who
live in or have immigrated from other countries to
Japan. Its infection is characterized by a high viral load
and a long hepatitis B surface antigen (HBsAg) positivity
period. The transition of acute hepatitis B with genotype
A HBYV infection to the chronic state has been reported
recently.#!° Decreasing the transmission rate of geno-
type A HBV is therefore important for the control of the
disease. Introducing universal vaccination for adoles-
cents or adults is a measure to be considered.

The effectiveness of universal vaccination depends on
the reactivity of vaccines against HBV. HBsAg binds anti-
body to hepatitis B surface antigen (anti-HBs) produced
against HBV vaccines mainly via the ‘a’ determinant
region (aal24-aal49). This region contains common
antigenic epitopes of all subtypes (adw, adr, ayw, ayr) of
HBsAg and lies in the major hydrophilic region (MHR)
between aa%99 and aal69. Amino acid (aa) substitutions
in the MHR, particularly in the ‘a’ determinant region,
can alter B cell epitopes of HBsAg, leading to immuno-
logical escape from the host immunity induced by either
vaccination or previous infection.!’ Therefore, if HBV
prevalent in Japan has aa substitutions in the MHR, the
effect of universal vaccination may be reduced.

In Japan, three types of HBV vaccine (Bimmugen,
The Chemo-Sero-Therapeutic Research Institute, Kuma-
moto, Japan; Heptavax, Merck & Co., Whitehouse
Station, NJ, USA; and Meinyu, Meiji Dairies, Tokyo,
Japan) are now available. Efficacy and immunogenicity
of vaccines are not always comparable or identical.'?"?
Whether giving a single vaccine effectively prevents the
transmission of all genotypes of HBV is an important
but still unsolved problem. Elucidating the aa substitu-
tions in the MHR may give a clue to this problem.

The purpose of the present study is to determine the
difference of the aa sequences in the MHR of HBV
among isolates from patients with acute hepatitis and
also the difference of the aa sequences among viral
strains used for the production of anti-HBV vaccines,
and to find ways to use currently available vaccines as
effective prophylaxes.

METHODS

Patients

ROM 1992 TO 2001, serum samples were collected
from 48 patients diagnosed with acute hepatitis B in
our institutions. Only patients whose serum samples

© 2007 The Japan Society of Hepatology
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were stored at the onset of hepatitis were included in
this study. All the 48 patients ran a self-limited clinical
course. No patients subsequently developed fulminant
hepatic failure or chronic sequelae.

The criteria for the diagnosis of acute hepatitis B were
the following: (i) an acute onset of liver injury without
a history of liver dysfunction and positivity for HBsAg in
serum; and (ii) immunoglobulin M (IgM) antibody to
HBV core antigen (anti-HBc) at a titer of more than 2.5
of cut-off index. Coinfection with a hepatitis A virus or
a hepatitis C virus was excluded by serological tests.
None of the patients had previously received any vacci-
nation against HBV.

Serum samples from the 48 patients with acute hepa-
titis B were examined virologically,.-and the results were
examined for correlations with clinical characteristics.
Informed consent was obtained from each patient. The
study protocol conforms to the ethical guidelines of the
1975 Declaration of Helsinki and was approved by
the ethics committees of our institutions.

Determination of HBV-DNA

Hepatitis B virus DNA level was determined using
transcription-mediated amplification (TMA) and a
hybridization protection assay (Chugai Diagnostics
Science, Tokyo, Japan) using the protocol of Kamisango -
et al." The range of detection using TMA was from 3.7
log genome equivalents (LGE)/mL (i.e. 10*? copies/mL
corresponding to 5000 copies/mL) to 8.7 LGE/mL (10%7
copies/mL). In seven of 34 studied serum samples, the
level of HBV-DNA was lower than 3.7 LGE/mL and
these were categorized as 3.7 LGE/mL.

Genotyping HBV

Hepatitis B virus genotypes were determined using
commercial enzyme immunoassay kits (Smitest HBV
Genotyping kit; Genome Science, Fukushima, Japan).
In brief, DNA extracted from serum was amplified by
polymerase chain reaction (PCR) using three sense
primers (i.e. s1: 5*-ACCAACCCTCTGGGATTCITTCC-3’,
s2: 5-ACCAATCCTCTGGGATTCITCCC-3’, and s3: 5’-
AGCAATCCTCTAGGATTCCTTCG-3’ [nt 2902-2924])
and an antisense primer (i.e. asl: 5-GAGCCTGA
GGGCTCCACCC-3’ [nt 3091-3073]) biotinylated at
the 5" end; their sequences were deduced from con-
served sequences in the pre-S1 region of HBV. The
biotin-labeled and amplified HBV-DNA was denatured
in an alkaline solution, and tested for hybridiza-
tion to probes specific for one of the seven HBV
genotypes (A-G) immobilized on wells of a 96-well
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