ra
=

0.25 mM PMSF, and 10 mg/ml aprotinin). The lysate was incubared for 3 h
ar 4*C wach purified anti-PPARa anribody. The immune complexes were
precipitated with Staphylococcus sureus protein A bound to agarose beads.
After the precipitates had been washed in RIPA buffer. the labeled proteins
were resolved by 10% SDS-PAGE and visualized by autoradiography
Analysis of fatty acid uptake ability. Assays for farty acid uprake were carried
out according to a method reported by Graulet et al. (52) with minor modi-
ficanions. Briefly, 3 mice in each group were fasted overnight. Livers were
removed quickly, rinsed in ice-cold saline solurion, and cur inro 500-pm
thick slices with an Oxford Vibratome (Oxford Laboratones). Approxi-
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al. (53), collected into scinrillation vials, and evaporared to dryness under
an air stream; radioactivity was then counted. The expeniment was repeated
3 nmes, and palminic acid uptake ability was expressed as fold changes rela-
ove to that of Ppara*/* nontransgenic mice.

Other methods. To determine the hepatic of lipids and lipid per-
oxides, lipids were extracted according to a method by Folch et al. (53).
Triglycendes and free farry acids were measured with a Triglyceride E-test
kit and a NEFA C-test kit (Wako), respectively. Lipid peroxides (malondi-
aldeyde and 4-hydroxyalkenals) were d using an LPO-586 kit (OXIS
Internanional). Heparic f-oxidation activity was determined as descnibed

mately 150 mg of fresh liver (6-8 liver slices) was placed on stainless steel
grids positioned in a 25-ml flask equipped with suspended plastic center
wells {Kontes) and incubared in RPMI-1640 medium (Sigma-Aldrich)
devoid of fatty acids for 2 h at 37°C, The medium was then replaced
with fresh RPMI-1640 medium supplemenred with an anribiotic-antimy-
cotic cockrail and 0.8 mM [1-"C]palmitic acid (4 mCi/mmol) (American
Radiolabeled Chemicals) complexed ro BSA (palminc acid:albumin molar
rano of 4:1), After a 7-h incubauon, the medium was collected and slices
were washed with 2 ml of saline solution and homogenized in Tris buf-
fer (25 mM Tns-HCI, pH 8.0; 50 mM NaCl). Farry acid uptake ability was
calculated as the sum of palmitic acid converted to CO; and ketone bod-
ies with thar incorporated into total cellular lipids after incubarion. For
measurement of CO; production by the liver slices, the center wells were
placed inro scintillation vials containing 4 ml of scintillation cockrail, and
radivactivity was ¢ d. For of k body generation,
aliquots of medium (500 pl) and liver homogenates (250 pul) were treated
with ice-cold perchloric acid ro make final concentrations of 200 mM and
were centrifuged at 3,000 g for 20 min at 4°C. Al of the sup ant
containing the ketone bodies were introduced inro the scintillarion vials,
and radioactivity was counted. Total cellular lipids were extracted from che
liver homogenates according ro a modified mechod developed by Folch et

L. Kiyosawa, K. et al. 1990. Interrelationship of blood 97.3036-3043.

previously (16). Heparic caspase 3 activity was measured as described else-
where (54). Plasma glucose and insulin levels were determined using 2
Glucose Cll-test kit (Wako)and a mouse insulin ELISA kit (U-type, AKRIN-031;
Shibayagi), respectively.

Statistics. Staristical analysis was performed with a 2-railed Scudent’s £ rest
for quantitarive variables or with a chi-square test for qualirative variables.
Quantitative dara are expressed as the mean + SD. P < 0.05 was considered
to be stanstcally significant.
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Hepatitis C virus core protein induces spontaneous and persistent activation
of peroxisome proliferator-activated receptor o in transgenic mice:
Implications for HCV-associated hepatocarcinogenesis
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Persistent infection of hepatitis C virus (HCV) can lead to a high
risk for hepatocellular carcinoma (HCC). HCV core protein plays
important roles in HCV-related hepatocar because
mice carrying the core protein exhibit multicentric HCCs without
hepatic inflammation and fibrosis. However, the precise mecha-
nism of hepatocarcinogenesis in these transgenic mice remains
unclear. To evaluate whether the core protein modulates hepato-
cyte proliferation and apoptosis in vive, we examined these param-
eters in 9- and 22-month-old transgenic mice. Although the num-
bers of apoptotic hepatocytes and hepatic caspase 3 activities were
similar between transgenic and nontransgenic mice, the numbers
of proliferating hepatocytes and the levels of numerous proteins
such as cyelin D1, cyclin-dependent Kinase 4 and ¢-Myc, were
markedly increased in an age-dependent manner in the transgenic
mice. This increase was correlated with the activation of peroxi-
some proliferator-activated receptor o (PPARa). In these trans-
genic mice, spontaneous and persistent PPARx activation occurred
heterogeneously, which was different from that observed in mice
treated with clofibrate, a potent peroxisome proliferator. We fur-
ther demonstrated that stabilization of PPAR2 through a possible
interaction with HCV core protein and an increase in nonesterified
fatty acids, which may serve as endogenous PPAR= ligands, in he-
patocyte nuclei contributed to the core mgroteln-s ific PPAR=
activation. In conclusion, these results offer the suggestion
that HCV core protein induces spontaneous, persistent, age-
dependent and heterogeneous activation of PPAR2 in transgenic
mice, which may contribute to the age-dependent and multicentric
hepatocarcinogenesis mediated by the core protein.

© 2007 Wiley-Liss, Inc.

Key words: cell-cycle regulator; peroxisome; nuclear stabilization;
heterogeneous PPARx activation

Hepatitis C virus (HCV) is one of the major causes of chronic
hepatitis, and persistent infection with this virus can lead to a high
incidence of hepatocellular carcinoma (HCC).'* The prevalence
of HCC because of chronic HCV infection has increased over the
past two decades,™ and chronic HCV infection has therefore been
recognized as a serious disease, However, the precise mechanism
of hepatocarcinogenesis during chronic HCV infection remains
unclear,

Many experiments using cell culture systems have suggested
the possibility that HCV core protein itself can modulate various
cellular functions and can be directly hnked to the development
of HCV-related HCC.® For example, HCV core protein trans-
forms rat embryo fibroblasts 1o a tumorigenic phenotype in coop-
eration with the H-ras oncogene,” suppresses c-myc-related apo-
ptosis’ and transcription of the p53 gene,” interacts with a variety
of proteins, including helicase, FymphmOxin‘-F receptor, or dead
box protein, and modulates their functions.” We further estab-
lished transgenic mouse lines carrying the HCV core gene, in
which the core protein is constitutively expressed in the liver at
levels similar to that found in chronic hepatitis C patients.'”
These mice exhibited multicentric hepatic adenomas, and devel-
oped HCCs in an age-dependent manner.'’ The livers of these
mice were almost free of inflammation, necrosis and fibrosis,'*!"
suggesting that the core protein itself has a hepatocarcinogenic
potential in vive. However, the molecular mechanism of the de-
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velopment of HCC in the transgenic mice has not been fully
understood.

In the livers of HCV core gene transgenic mice, an age-depend-
ent increase in oxidative stress and resultant DNA damage were
found,'? and these cffects may contribute to or facilitate the devel-
opment of HCC. Another possible mechanism of hepatocarcino-
genesis is continuous enhancement of hepatocyte proliferation.
Cell proliferation and apoptosis are highly regulated processes for
maintaining homeostasis in many organs, and during the carcino-
genic process, sustained imbalance generally precedes cancer,'*'
For example, in patients with chronic HCV infection, high hepato-
cyte proliferative activity relative to apoptosis may reliably predict
a new development of HCC.'® However, there is no information
about whether or not hepatocyte proliferation accelerates persis-
tently in mice carrying the HCV core gene, and no information
about how the core protein promotes hepatocyte proliferation
in vivo. In the current study, we began to examine changes in the
parameters of hepatocyte proliferation and apoptosis in the trans-
genic mice.

Material and methods
Animals and treatments

HCV core gene transgenic mice on a C57BL/6N genetic back-
ground were produced as described earlier.'” Because HCC
developed preferentially in male transgenic mice,'' 9- and 22-
month-old male mice (n = 8 for either age group) were adopted.
Sex- and age-matched nontransgenic mice (n = 8 for either age
group) were used as controls. These mice were fed an ordinary
diet and were treated in a specific pathogen-free state according
to the institutional guidelines. For additional experiment, male
wild-type mice fed a control diet containing 0.5% clofibrate for
2 weeks (n = B) were used. All mice were killed by cervical dis-
location and the livers were excised. When a hepatic tumor was
present, it was removed and the remaining liver tissue was used.
All experiments were performed in accordance with animal
study protocols approved by the Shinshu University School of
Medicine.

Abbreviations: AOX, acyl-CoA oxidase; CDK, cyclin-dependent kinase;
DAB, 3,3"-diaminobenzidine; FITC, fluorescein isothiocyanate; HCC, he-
patocellular carcinoma; HCV, hepatitis C virus; L-FABP, liver-type fau
acid-binding protein; NEFA, nonesterified fatty acid; PBS, phosphate-buf-
fered saline; PCNA, proliferating cell nuclear antigen; PMSF, phenylmeth-
ylsulfonyl fluoride; PPAR, peroxisome proliferator-activated receptor; PT,
peroxisomal thiolase; RXR, retinoid X receptor; SDS, sodium dodecyl sul-
fate; TUNEL, inal deoxynucleotidyl fi dinted deoxyuri-
dine triphosphate nick-end labeling.
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PPARo ACTIVATION IN HCV CORE GENE TRANSGENIC MICE

Preparation of hepatocyte nuclear fraction

Approximately 200 mg of liver tissues was transferred 10 a
chilled Dounce homogenizer (Wheaton, Milliville, NJ) and ho-
mogenized on ice by 30 strokes in 1.2 mL of nuclei buffer [300
mM sucrose in 10 mM Tris-HCl, pH 7.4, |15 mM NaCl, 5 mM
MgCl, and 0.25 mM phenylmethylsulfonyl fluoride (PMSF)). The
homogenate was filtered through gauze and centrifuged at 4,500g
for 5 min at 4°C. The resulting pellet was resuspended, layered
over 2 mL of nuclei buffer containing 2 M sucrose, and centri-
fuged at 23,000g for | hr at 4°C. The pellet obtained after ultra-
centrifugation was resuspended in 250 uL of nuclei buffer and
used as the nuclear fraction. Preparation of nuclear fraction from
isolated hepatocytes was performed as described elsewhere. '

Immunoblot analysis

Protein concentration was measured colorimetrically by a
BCA™ Protein Assay kit (Pierce, Rockford, IL). For analysis of
faity acid-metabolizing enzymes and protein, whole liver lysate
(10-20 pg protein) was subjected to 10% sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis.'” For analysis of other
proteins, hepatocyte nuclear fraction (100 pg protein) or whole
liver lysate (200-300 pg protein) was subjected to electrophoresis.
After electrophoresis, the proteins were transferred to nitrocellu-
lose membranes, which were incubated with the primary antibody,
followed by alkaline phospt onjugated goal anti-rabbit or
anti-mouse [gG. The origin of the primary rabbit polyclonal anti-
bodies against fa.t‘lry acid-metabolizing enzymes and protein was
described earlier.'” For immunoblot analysis of peroxisome prolif-
erator-activated receptor a (PPARa), a polyclonal anti-mouse
antibody'® or commercial antibody (Santa Cruz Biotechnology,
Santa Cruz, CA) was used. The antibodies against cell-cycle regu-
lators and oncogene products were purchased commercially (Santa
Cruz Biotech.)."” Equal loading of the protein obtained from
whole liver lysate and nuclear fraction was confirmed by reprob-
ing the membranes with an antibody against B-actin and histone
H1, respectively. The band intensity of nuclear PPAR« was quan-
tified densitometrically, normalized to that of histone H1, and sub-
sequently expressed as the fold changes relative o that of
9-month-old nontransgenic mice.

mRNA analysis

Total liver RNA was extracted with an RNeasy Mini Kit™
(Qiagen, Valencia, CA). Five microgram of RNA was electropho-
resed on 1.1 M formaldehyde-containing 1% agarose gels and
transferred to nylon membranes by capillary blotting in 20 SSC
buffer (3 M NaCl and 300 mM sodium citrate, pH 7.0) overnight.
The membranes were hybridized with **P-labeled ¢<DNA probes.
The blots were exposed to a phosphorimager screen cassette and
were analyzed using a Molecular Dynamics Storm 860
Phosphorimager system (Sunnyvale, CA|) The origin of the cDNA
probes has been described elsewhere.'”"'” Northern blot of B-actin
was used as the internal control. The blot intensity was quantified,
normalized to that of B-actin and subsequently expressed as the
fold changes relative to that of 9-month-old nontransgenic mice.

Pulse-label and pulse-chase experiment

Parenchymal hepatocyles were isolated from transgenic and
control mice by the modified in situ perfusion method.* After
perfusion with 0.05% collagenase solution (Wako, Osaka, Japan),
the isolated hepatocytes were washed thrice by means of differen-
tial centrifugation and the dead cells removed by density gradient
centrifugation on Percoll (Amersham Pharmacia Biotech, Buck-
inghamshire, UK). The live hepatocytes were washed and sus-
pended in William's E medium containing 5% fetal bovine se-
rum. When the viability of the isolated hepatocytes exceeded
85% as determined by the trypan blue exclusion test, the follow-
ing experiments were conducted. The isolated hepatocytes were
washed twice and incubated in methionine-free medium contain-
ing 5% dialyzed fetal bovine serum for | hr at 37°C. The medium

125

was replaced with the same medium containing 300 puCi/mL of
[**S)methionine (Amersham Pharmacia Biotech.). After 3-hr of
incubation, the labeled medium was changed 1o the standard me-
dium and the preparation was chased for 4, 8 or 16 hr. The labeled
cells were washed, homogenized and centrifuged for preparation
of the nuclear fraction. The levels of radioactivity in the homoge-
nates of the pulse-labeled preparations were similar between the
transgenic and the nontransgenic mice, suggesting that the
[**S]methionine uptake capacity in the former hepatocytes is sim-
ilar to that in the latter. The nuclear fraction was lysed in RIPA
buffer [10 mM Tris-HCIl, pH 7.4, 0.2% sodium deoxycholate,
0.2% Nonidet P-40, 0.1% SDS, 0.25 mM PMSF, 10 pg/mL apro-
tinin]. The lysate was incubated for 3 hr at 4°C with purified anti-
PPARa antibody. The immune complexes were precipitated with
Staphylococcus aureus protein A bound to agarose beads. After
the precipitates had been washed in RIPA buffer, the labeled pro-
teins were resolved by 10% SDS-polyacrylamide gel electropho-
resis and visualized by autoradiography. The nuclear fractions of
the pulse-labeled preparations were also used for immunoblot
analysis of PPARa.

Affinity chromatography for PPARx complex

All procedures were performed at 4°C. The nuclear fraction
from the mouse liver was mixed with a 4-fold volume of a solution
containing 12.5 mM potassium phosphate, pH 7.5, 25 mM NaCl,
0.25% Tween 20 and 0.1 mM PMSF. The mixture was briefly
sonicated with a microsonicator, the Powersonic Model 50
(Yamato, Tokyo, Japan), and then centrifuged at 100,000g for 20
min. The supernatant was applied to an immobilized anti-PPARa
1gG column (1.0 X 4.0 cm”), prepared with the Affigel HZ Immu-
noaffinity kit® (Bio-Rad, Hercules, CA) and equilibrated with
10 mM potassium phosphate, pH 7.5, 20 mM NaCl and 0.2%
Tween 20. The solution was again passed through the column and
this was repeated at least thrice. The column was washed and
the elution performed with 150 mM sodium citrate, pH 3.0, and
200 mM NaCl, in a total volume of 2 mL. The eluate was resolved
by 10 and 15% SDS-polyacrylamide gel electrophoresis for
PPARa and the HCV core protein, respectively. The core protein
expressed in COS cells was used as a positive marker,”' The
monoclonal antibody against the core protein was purchased com-
mercially (ViroGen, Watertown, MA).

Cytochemical staining of peroxisomes

Liver peroxisome proliferation was evaluated by using 3,3'-dia-
minobenzidine (DAB) staining for catalase according to the
method of Novikoff and Goldfischer with minor modifications.”
Small pieces of liver were fixed with 29 glutaraldehyde in 100
mM sodium cacodylate buffer, pH 7.2, for 3 hr at 4°C, rinsed with
sodium cacodylate buffer and cut into 100-pm sections with a
Lancer® Vibratome 1000 (Lancer, Bridgeton, MO). These sections
were then incubated for 1 hr at 37°C in the DAB reaction medium
(0.2% DAB tetrahydrochloride in 50 mM propanediol, pH 9.7,
5 mM KCN, 0.05% H20;) and postfixed with 1% OsOy4 in 100
mM sodium phosphate, pH 7.4 for 1 hr. The sections were dehy-
drated through a graded series of ethanol and acetone treatments
and embedded in Epok 812 (Oken, Tokyo, Japan). One microme-
ter sections were prepared, counterstained with 0.1% toluidine
blue solution and examined by light microscopy. For electron mi-
croscopic examination, 0.1-pm sections were cut with a diamond
knife, collected on grid meshes, stained with lead citrate and ura-
nyl acetate and visualized with a JEM 1200EX 11 electron micro-
scope (JEOL, Tokyo, Japan) at an accelerating voltage of 80 keV,

Maorphomertry of hepatic peroxisomes

Morphometric analysis of DAB-stained peroxisomes was car-
ried out using electron photomicrographs. For each mouse, 10 in-
dependent fields in the pericentral area of liver lobuli were photo-
micrographed at an original magnification of 4,000<. At this mag-
nification, peroxisomes smaller than 450 nm were clearly
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identified. Peroxisomes were easily detected because of their high
contrast because of the positive DAB reaction. In each frame, the
number of peroxisomal profiles and the area of each individual
profile were determined. The numerical density and volume den-
sity of peroxisomes were calculated using the following equations:
numerical density (number/um®) = Np/(Ar — Acmpry), and volume
density (%) = Arpl(Ar — Acmpy) X 100, where Np is the peroxi-
some number in the test area, Ay is the test area, A ypy 15 the area
of the vascular and biliary lumens and that of the hepatocyte
nuclei and lipid droplets, and Atp is the area of total peroxisomal
profiles in the test area. The area was measured with a Luzex AP
image analyzer (Nireco, Tokyo, Japan).

o exeence '.1

Liver samples were fixed in 4% paraformaldehyde in phos-
phate-buffered saline (PBS), embedded in Tissue-Tek O.C.T com-
pound ™ (Sakura Finetek, Torrance, CA) and frozen. Frozen liver
5-um sections were prepared, washed with PBS, blocked with
bovine serum albumin for | hr and incubated overnight with rabbit
polyclonal antibodies aqainsl cyclin DI (1:50 dilution)'? and
PPAR (1:100 dilution),”™ and with mouse monoclonal antibody
against proliferating cell nuclear antigen (PCNA) (1:100 dilu-
tion).'” After 5 washes with PBS, these sections were incubated
with fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit
1gG (Jackson ImmunoResearch, West Grove, PA) or donkey anti-
mouse 1gG (Dako). The sections were mounted and viewed with
an Olympus Fluoview confocal laser scanning microscope
(Olympus, Tokyo, Japan). Two-thousand hepatocyte nuclei were
examined for each mouse, and the number of hepatocyte nuclei
stained with the antibodies against cyclin D1, PPARa and PCNA
was counted and expressed as a percentage.

Assessment of apoptotic hepatocytes

Liver samples were cut into small pieces and then fixed in 4%
paraformaldehyde in PBS. These samples were dehydrated, em-
bedded in paraffin and cut into 4-pm sections. The terminal deoxy-
nucleotidyl transferase-mediated deoxyuridine triphosphate nick-
end labeling (TUNEL) assay was performed using a MEBSTAIN
Apoptosis Kit II (Medical and Biological Laboratories, Nagoya,
Japan). The number of apoptotic hepatocytes in 2,000 hepatocytes
was counted for cach mouse, and expressed as a percentage.

Other methods

Hepatic caspase 3 activity was measured as described else-
where.™ For analysis of the nuclear contents of nonesterified fatty
acids (NEFAs), ~150 pL of the hepatocyte nuclear fraction, con-
taining 1-2 mg of protein, was treated with a microsonicator,
Lipid extraction was performed according to a modification of the
method developed by Folch er al** and the nuclear content of
NEFAs was measured with a NEFA C-test kit"™ (Wako).

Statistical analysis

Statistical analysis was performed by means of Student’s r-test.
The results are expressed as the mean * standard deviation. A
probability value of less than 0.05 was considered to be statisti-
cally significant.

Results
Accelerated hepatacyte proliferation in HCV core
gene transgenic mice

To evaluate hepatocyte proliferative activity, PCNA-positive
hepatocyles were counted in male transgenic mice and nontrans-
genic mice. Although hepatic inflammation and hepatocyte necro-
sis were not detected in either group, the numbers of PCNA-posi-
tive hepatocytes were significantly increased in the 9-month-old
L i d with the 9-month-old nontransgenic

transgenic mice compared
mice (Fig. la). The increase was more significant in the
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Ficure 1 - Increase in hepatocyte proliferative activity. (a) The
number of PCNA-positive hepatocytes. Two-thousand ocyte
nuclei were examined for each mouse, and the number stained with
anti-PCNA antibody was counted. Results are expressed as the mean
+ standard deviation (n = B). *, p < 0.05 between the transgenic
mice and the nontransgenic mice; NT, nontransgenic mice; T, trans-
genic mice; 9 mon, 9-month-old mice; 22 mon, 22-month-old mice.
(b) The number of apoptotic hepatocytes. The number of TUNEL-pos-
itive hepatocytes in 2,000 hepatocyles was determined for each
mouse. Results are expressed as the mean = standard deviation (n =
8). () Caspase 3 activity. Results are expressed as the mean = stand-
ard deviation (n = 8).

22-month-old transgenic mice (Fig. la). The numbers of PCNA-
positive hepatocytes in the 22-month-old transgenic mice corre-
sponded with those in HCV polyprotein-expressing transgenic
mice with HCC.>* On the other hand, the parameters of apoptosis,
i.e., the numbers of TUNEL-positive hepatocytes and hepatic cas-
pase 3 activity, remained unchanged between the 2 groups at the
same ages (Figs. 1b and 1c). These results suggest that spontane-
ous hepatocyte proliferation occurs as early as the age of 9 months
and persists for a long time in HCV core gene transgenic mice.

Simultaneous induction of cell-cycle regulators and oncogene
products in HCV core gene transgenic mouse livers

To examine the changes in the expression of proteins associated
with hepatocyte division, the livers of the 9- and 22-month-old
mice were subjected to immunoblot analysis. The levels of many
proteins including cell-cycle regulators [cyclin-dependent kinase
(CDK) 1, 2 and 4, cyclin D1 and E, and PCNA], and oncogene
products (c-Myc, c-Fos and c-Ha-Ras) were significantly higher in
the 22-month-old transgenic mice than in the control mice (Fig.
2). The levels of CDK inhibitors such as p16 and p21 were similar
between the 2 groups. Similar results were obtained from the 9-
month-old transgenic mice (data not shown). Time course changes
in the expression of key G1-S checkpoint regulators, cyclin D1
and CDK4, are shown in Figure 3a. The simultaneous increase in
the expression of cyclin D1 and CDK4 in the transgenic mice was
continuous and more pronounced with age. Northern blot analysis
revealed that the increase of these proteins occurred at the tran-
scriptional level (Figs. 3b and 3c¢). Thus, these results reveal that
various proleins which accelerate cell-cycle progression were
induced simultancously, persistently and age-dependently in the
transgenic mice.

Correlative induction of PPAR« targets in HCV core
gene transgenic mouse livers

As shown in Figure 2, the expression of many kinds of cell-
cycle regulators and oncogene products is known to be induced by
the functional activation of PPARa.'"** To investigate whether
PPAR« is activated in the livers of transgenic mice, the expression
of representative PPARa 1arget genes,”” acyl-CoA oxidase
(AOX), peroxisomal thiolase (PT) and liver-type faty acid-bind-
ing protein (L-FABP), was examined. As demonstrated in Figure
3a, the levels of AOX, PT, and L-FABP were increased in the 9-
month-old transgenic mice compared with the nontransgenic
mice, and the increase was more pronounced in the 22-month-old
transgenic mice. Northern blot analysis demonstrated that the
increase in these PPARa targets was based on the increase in
the transcriptional activity (Figs. 3b and 3c). The increase in the
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FiGure 2 — Immunoblot analysis of cell-cycle regulators and onco-
%shne products. Whole liver lysate (200 pg) was loaded in each lane.

e band of B-actin was used as the loading control. The apparent
molecular weight is indicated in parentheses. 22 mon, 22-month-old
mice; NT, nontransgenic mice; T, transgenic mice.

mRNA expression of AOX, PT and L-FABP corresponded exactly
with that of cyclin D1 or CDK4 (Figs. 3b and 3c). Therefore, these
results demonstrate the strong correlation between continuous and
age-dependent induction of cell-cycle regulators and functional
activation of PPAR« in these transgenic mice. Furthermore, the
induction of these 5 proteins was also observed in wild-type mice
treated with clofibrate, a potent PPARa activator; however, the
degree of the induction of AOX and PT in the transgenic mice was
smaller than that in the clofibrate-treated wild-type mice (Fig. 3),
suggesting that the PPARa activation found in the transgenic mice
was not as intense as that in the mice treated with clofibrate.

Histalogical evaluation of PPARa activation

An increase in the numbers of peroxisomes is associated with
PPARa activation.” To determine whether peroxisome prolifera-
tion occurs in the HCV core gene transgenic mice, cytochemical
staining for peroxisomal catalase was performed. A scattered dis-
tribution of hepatocytes with numerous peroxisomes was observed
in the 9-month-old transgenic mice (Fig. 4a). Such hepatocytes
were also found in the 22-month-old transgenic mouse livers (Fig.
4a). In contrast, almost all of the hepatocytes in the clofibrate-
treated mice showed significant peroxisome proliferation (Fig.
4a). To quantitatively evaluate the degree of peroxisome prolifera-
tion, morphometric analysis of peroxisomes was conducted. The
numerical density and volume density were significantly increased
in the transgenic mice compared with those in the nontransgenic
mice (Fig. 4b), The volume density, the most reliable parameter of
peroxisome proliferation, was increased age-dependently in the
transgenic mice, but the degree of the increase was not as promi-
nent as that observed in mice with clofibrate administration (Fig.
4b). The finding that only some hepatocytes in the transgenic mice
presented a marked peroxisome proliferation (Fig. 4a) is note-
worthy, since it seems to correlate with the finding that intense
expression of the core protein was observed only in particular he-
patocyles,'" These histological analyses reveal that spontaneous,
continuous and age-dependent peroxisome proliferation and
PPARa activation occur heterogeneously in the transgenic mouse
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Figure 3 — Analysis of PPARa-regulated proteins. (@) Immunoblot
analysis of cell-cycle regulators and fatty acid-metabolizing enzymes
and proteins. Since no significant individual differences in the same
mouse group were found in the preliminary experiments, 10 mg of

liver pieces ared from each mouse (n = 8/group) was mixed and
homogenized. le liver lysate (200 pg for cyclin D1 and CDK4,
and 20 pg for others) was loaded in each lane. The band of B-actin

was used as the loading control. Results are representative of 4 inde-
pendent experiments. The apparent molecular weight is indicated in
parentheses. 9 mon, 9-month-old mice; 22 mon, 22-month-old mice,
NT, nontransgenic mice; T, transgenic mice; NT*, nontransgenic mice
treated with a control diet containing 0.5% clofibrate for 2 weeks; A
and B, full-length and truncated AOX, respectively. (b) Northemn blot
analysis concemning the proteins in (@). Ten milli of liver pieces
from each mouse (n = 8/group) was mixed homogenized, and
total liver RNA was extracted. Hepatic RNA (5 pg) was ed on
a denawring gel, transferred to membranes and hybridized with the
indicated ““P-labeled cDNA probes. The blot of B-actin was used as
the intenal control. Results are representative of 4 independent
experiments. (¢) Quantification of hepatic mRNA levels. The mRNA
level was quantified using a phosphorimager, normalized to that of B-
actin, and subsequently normalized to that of 9-month-old nontrans-
genic mice. Results were obtained from 4 independent experiments
and expressed as the mean = standard deviation. Abbreviations are
identical with those in (b). *, p < 0.05 between the transgenic mice
and the nontransgenic mice.

livers, which is different from the response observed in the mice
receiving clofibrate treatment.

Appearance of PPARz-, and cyclin DI-positive hepatocytes

We tried to detect abnormal hepatocytes to clarify the mecha-
nism of hepatocarcinogenesis in the transgenic mice. On PPAR«
immunofluorescence staining, PPARa was primarily detected in
the cytoplasm of the nontransgenic mice and the clofibrate-admin-
istered mice. Some hepatocytes having nuclei positively stained
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Ficume 4 - Cytochemical staining for hepatic peroxisomes. (a)
Light and electron photomicrographs of DAB-stained liver tissues.
Peroxisomes are detected as darkly stained particles. The arrows in
upper panels indicate hepatocytes showing profound peroxisome pro-
liferation. The bars in the light and electron photomicrographs of 9-
month-old nontransgenic mice indicate 50 and 2 pm, respectively. 9
mon, 9-month-old mice; 22 mon, 22-month-old mice; NT, nontrans-
genic mice; T, transgenic mice; NT*, nontransgenic mice treated with
a control diet containing 0,5% clofibrate for 2 weeks, (b) Morphomet-
ric analysis of hepatic peroxi The ber of peroxisomes and
the area of each individual peroxisome profile were measured in 10
photomicrographs for each mouse, and morphometric par such
as numerical density and volume density were calculated. Results are
expressed as the mean = standard deviation (n = 8). Abbreviations
are identical with those in (a). *, p < 0.05 between the transgenic
mice and the nontransgenic mice.

by anti-PPARa antibody were detected only in the transgenic
mice (Fig. 5a). Similar to the case of PPARa, the hepatocytes hav-
ing nuclei stained intensively by anti-cyclin D1 antibody were
found only in the transgenic mice (Fig, 5a). A few hepatocytes
stained by anti-CDK4 antibody were also observed only in the
transgenic mice (data not shown). The frequency of appearance of
PPARa-, or cyclin DI-positive hepatocytes was increased with
age (Figs. 5a and 5h). Thus, the appearance of these specific hepa-
tocytes in the transgenic mice seemed to be, at least in part, associ-
ated with sustained, age-dependent and heterogencous PPARa
activation in the transgenic mice.

Changes in PPARz levels

Since the expression of PPARa is known 1o be enhanced by its
activation,' ™ the quantitative change in PPARa was evaluated.
The nuclear PPARa level in the transgenic mice was increased
age-dependently, as expected (Figs. 6a, upper panel and 6b), but
the PPARa level in the whole liver lysate remained unchanged
{data not shown). The increase in nuclear PPARa in the transgenic
mice was smaller than that in the clofibrate-treated wild-type mice
(Figs. 6a, upper panel and 65). Northern blot analysis revealed a
higher PPARx mRNA level in the clofibrate-treated mice than in
the controls, although this parameter in the transgenic mouse
groups of each age was similar to that in the controls (Figs. 6a,
lower panel and 6b). These results indicate that the increase in

Figure § - Immunofiuorescence staining for PPARa and cyclin
D1, (@) Immunofiuorescence staining using antibodies against PPARa
and cyclin D1. The bars in the phutumirru&mph.\ of 9-month-old non-
transgenic mice indicate 50 pm. 9 mon, 9-month-old mice; 22 mon,
22-month-old mice; NT, nontransgenic mice; T, transgenic mice;
NT*, nontransgenic mice treated with a control diet containing 0.5%
clofibrate for 2 weeks. (#) The number of PPARa-, or cyclin D1-posi-
tive hepatocytes. Two-thousand hepatocyte nuclei were examined for
each mouse, and the number of nuclei intensively stained with anti-
PPAR« or anti-cyclin D1 antibody was counted. Results are expressed
as the mean = standard deviation (n = 8). Abbreviations are identical
with those of (a). *, p < 0.05 between the transgenic mice and the
nontransgenic mice.

nuclear PPAR«x in the transgenic mice occurs mainly at the post-
transcriptional level, which is distinct from that observed in the
clofibrate-treated wild-type mice.

Stabilization of PPARa through a possible interaction
with HCV core protein in hepatocyre nuclei

The increased stability of PPARa in hepatocyte nuclei is
thought to be one of the possible causes of a disproportional
increase in the nuclear PPARa level. To examine this possibility,
a pulse-chase experiment was performed using isolated hepato-
cytes. The half-life of nuclear PPARa was ~7 hr in the control
mice and 12.5 hr in the transgenic mice (Fig. 7a). In addition, the
intensity of the labeled PPARa band (P in Fig. 7a, upper panels)
in the control mice was similar to that in the transgenic mice. The
finding that the [**S]methionine uptake in the hepatocytes from
the control mice was similar to that from the transgenic mice sug-
gests that the increase in nuclear PPARa in the hepatocytes from
the transgenic mice (Fig. 7a, lower right panel), as well as that in
vivo (Fig. 6a, upper panel), is not because of the increased PPARw
transfer into the nucleus.

In the transgenic mice, HCV core protein accumulated in the
nuclei, as evidenced by immunoelectron microscopy,'’ suggesting
a possible interaction of the core protein with PPARa in the
nuclei. We therefore examined this possibility by anti-PPAR« IgG
affinity chromatography. When proteins combining with PPARx
in hepatocyte nuclei were subjected to immunoblot analysis, the
core protein was clearly detected (Fig. 7b). This result suggests
the possibility of complex formation between the HCV core pro-
tein and PPARa, which is consistent with an_interaction of the
core protein with retinoid X receptor (RXR) «,”" an essential het-
erodimeric partner of PPARa.** Thus, HCV core protein may
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FiGure 6 — Analysis of PPARa. (@) (Upper panels) Immunoblot
analysis of nuclear PPARa. Since few individual differences in the
same mouse group were found in the preliminary experiments, 30 mg
of liver pieces from each mouse (n = 8/group) was mixed and homog-
enized to prepare the nuclear fraction. One-hundred microgram of nu-
clear protein was separated on 10% SDS-polyacrylamide gel, trans-
ferred to nitrocellulose membranes and reacted with antibody against
PPARa. The band of histone Hl wits used as the loading control.
Results are repr ive of 4 i dent The apparent
molecular weight is indicated in pmnlhescs 9 mon, 9-month-old
mice; 22 mon, 22-month-old mice; NT, nonmsgemc mice; T, trans-
genic mice; NT*, nq fd mice d with a control diet con-
taining (L.5% clofibrate for 2 weeks. (Lower panels) Northern blot
analysis of PPARa. A sample used in Figure 3b was adopted. Hepatic
RNA (5 pg) was electrophoresed and hybridized with ¢cDNAs for
PPARa and B-actin, respectively. Results are representative of 4 inde-

ndent experiments. (b) Quantification of nuclear PPARx levels and

PARa mRNA levels. The nuclear PPAR« level was quantified densi-

tometrically and normalized to the histone H1 level. The mRNA level
of PPARa was guantified using a phosphorimager and normalized 1o
that of B-actin, Values were subsequently normalized to those of 9-
month-old nontransgenic mice. Results were obtained from 4 inde-
pendent experiments and expressed as the mean * standard deviation.
Abbreviations are identical with those in (a). *, p < 0.05 between the
transgenic mice and the nontransgenic mice.

directly or indirectly affect the stability of PPARa in hepatocyte
nuclei.

Increase in PPARa ligands

PPAR« is a ligand-activated transcription factor. Since the
transgenic mice were fed a standard laboratory chow, cndugcnous
substances such as NEFAs would serve as ligands of PPARa™
therefore, the contents of NEFAs in hepatocyte nuclei were i:orn-
pared between the 2 groups. The levels of NEFAs in hepatocyte
nuclei in the transgenic mice were ~35 times higher than those in
the control mice at the same age (Fig. 7¢). This could account for
the higher activation of PPAR« in the transgenic mice than in the
controls.

Discussion

A large number of variables are involved in the induction of
HCC by HCV core protein. While the precise mechanism under-
lying hepatocarcinogenesis in HCV core gene transgenic mice
cannot be fully elucidated from this study, our results could pro-
vide some clues to explain this phenomenon. We found sponta-
neous, persistent, age-dependent and heterogeneous PPARc
activation in the transgenic mouse livers for the first time. This
study thus advances our understanding of the association
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Figure 7 - Analyses of PPARa stability, interaction between
PPARa with the core protein in hepatocyte nuclei, and nuclear con-
tents of NEFAs. (@) Pulse-label and pulse-chase experiments for
nuclear PPARa using isolated mouse hepatocytes. (Upper panels)
Labeled PPAR« bands on X-ray film. Pulse-label and pulse-chase
experiments were performed as described in the Material and meth-
ods. NT, nontransgenic mice; T, transgenic mice; P, pulse-label; 4, 8,
16 hr, pulse-chase for 4, 8, I6 hr, mspecuvely (Lower left panel) Tn-
tensity plot of PPARo in 5 ir d alues are nor-
malized as a percentage of the values nf the pulse-labeled band and
expressed as the mean * standard devmnan Open square, nontrans-
genic mice; black square, transgenic mice; *, p < 0.05 between the
transgenic mice and the nontransgenic mice. (Lower right panel) Im-
munoblot analysis of an isolated hepatocyte nuclear fraction. NT, non-
msﬁenjc mice; T, transgenic mice. (b) Interaction between PPARa

CV core protein in the nucleus. (Left panel) Immunoblot analy-
sis (PPARa) of the eluate on anti-PPARa IgG affinity column chro-
matography. (Right panel) Immunoblot anu]%sls (HCV core protein)
of the same eluate. NT, nontransgenic mice; T, transgenic mice; COS,
HCV core protein-overexpressing COS cell lysate. (¢) Nuclear con-
tents of NEFAs, The levels of NEFAs were d using a hey
cyte nuclear fraction. Results are expressed as the mean * standard
deviation (n = 8). *, p < 0.05 between the transgenic mice and the
nontransgenic mice; NT, ne ic mice; T, tr ic mice; 9
mon, 9-month-old mice: 22 mon, 23-month-old mice.

between HCV core protein-mediated hepatocarcinogenesis and
persistent PPARa activation.

Hepatocyte proliferation is influenced by various factors, such
as mitogenic chemicals, cytokines, growth factors and transcrip-
tion factors. It has been reported that various kinds of cell-cycle
mgu!alurs and oncogene products are induced by PPARa activa-
tion.""*** In particular, cyclin D1, CDK4, PCNA and ¢-Mye are
potent and cnuca] rc‘gulalors of the G1-S checkpoint and cell-
cycle progression,'*'* and aberrant expression of these proteins is
frequently detected in HCV-related HCC. 337 These key regula-
tors are known to be induced in a PPARa-dependent manner in
mice'**; the continuous induction of these proteins and the
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resultant acceleration of hepatocyte proliferation found in the
transgenic mice may be attributed to persistent PPARa activation.
In the current study, we demonstrated that there was a great vari-
ety of the intensity of PPARa activation among different hepato-
cytes (Fig. 4). This persistent and heterogencous PPARa activa-
tion found especially in the transgenic mice may be linked with
the age-dependent and multicentric hepatocarcinogenesis induced
by the core protein.

Itis well-known that the long-term administration of potent per-
oxisome proliferators mch as fibrate drugs can induce hepatocarci-
nogenesis in rodents.”’ The findings observed in the transgenic
mice markedly differ from those in mice with long-term treatment
of peroxisome proliferators in several ways. Namely, the trans-
genic mice show no intense increase in AOX and PT (Fig. 3), no
increase in PPARa mRNA (Fig. 6), heterogeneous peroxisome
proliferation (Fig. 4) and age-dependent emergence of hepatocytes
having nuclei stained intensively by anti-PPARa or anti-cyclin D1
antibody (Fig. 5). Therefore, the mode of PPARa activation and
the mechanism of hepatocarcinogenesis caused by HCV core
protein expression are indeed unique.

One of the mechanisms involved in the core protein-specific
PPARa activation in mice is stabilization of PPAR« in hepatocyte
nuclei through a possible interaction with the core protein. In cul-
tured cells expressing the core protein, it has been demonstrated
that the core protein interacts with the PPARa-RXRa heterodimer
and enhances the transcriptional activation mediated by PPARu
rcgardlcss of the presence or absence of its ligands.’' Since
PPARa is ubiquitinated and degraded via the proteasome path-
way,™ it may be postulated that HCV core protein directly or indi-
rectly influences the degradation pathway. It has been reporled
that the core protein binds to the proteasome activator PA28y"
which is known to combine with steroid receptor coactivator-3
and 1o accelerate its degradation.*® Another possible mechanism is
an increase in NEFAs in hepatocyte nuclei. The PPARw activation
induced by the core protein enhances the expression of L-FABP. Y
which serves as a transporter of NEFAs into nuclei. Indeed, real-
time confocal and multiphoton laser scanning microscopy has
shown that L-FABP expression significantly increased the total
uptake of medium- aml long-chain fluorescent fatty acids into the
nuclei of living cells.*' Thus, increased L-FABP expression may
facilitate the shuttling of NEFAs into hepatocyte nuclei for donat-
ing NEFAs to PPAR«, leading to PPARa activation and further
increase in L-FABP expression. Moreover, the binding of ligands
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causes conformational alternation of PPAR«*? and further stabil-
izes it in nuclei® resulting in synergusuc PPARa activation.
Therefore, these findings concerning spontaneous and persistent
PPAR« activation induced by the core protein enable us to par-
tially explain the precise molecular mechanism of hepatocarcino-
genesis in HCV core gene transgenic mice.

The results obtained from the current study are consistent with
the findings observed in chronically HCV-infected patients in sev-
eral ways. That is, like the lransgmlc mice in the present study,
chronically HCV-infected patients ha\rc been reponed to show
accelerated hepatocyte proliferation,*® an_increase in CDK4,
cyclin D1 and E, PCNA, ¢-Mye and ¢-Fos,*"" and multicentric
appearance of HCC.** Furthermore, it has been reported that a
massive proliferation of peroxisomes vas found in human non-
tumorous liver tissue adjacent to HCC.** Thus the earlier findings,
including the unigue function of HCV core protein in vive and the
diverse and significant roles of PPARa, may help o partially
understand the onset and development of HCC in patients with
chronic HCV infection. It has been demonstrated that the function
of hc'pnhr.' PPARa was impaired in patients with chronic HCV
infection,*® which is different from our results. Since HCC had
not yet developed in the patients in the repon, this discrepancy
might derive from differences in the stage of the hepatocarcino-
genic process.

The interpretation based on persistent activation of PPAR« per-
tains to only one possible mechanism of hepatocarcinogenesis
induced by the effects of HCV core protein. We cannot rule out
the presence of other mechanisms, The exact relationship between
PPARa activation and hepatocarcinogenesis may be elucidated by
additional experiments in which PPAR« activation is continuously
inhibited in the same transgenic mice. Furthermore, the exact rela-
tionship may be confirmed when PPARa-null mice bearing the
core protein gene do not represent development of HCC.

In conclusion, we demonstrated for the first time that spontane-
ous, persistent, age-dependent and heterogeneous activation of
PPARa occurred in HCV core protein transgenic mice and caused
continuous enhancement of hepatocyte proliferation, which may
have contributed to the age-dependent and multicentric hepatocar-
cinogenesis observed in these mice. In addition, we observed
nuclear stabilization of PPAR« and an increase in NEFAs in the
hepatocyte nuclei of the transgenic mice, which may have resulted
in the HCV core protein-specific PPAR« activation.

References

1. Kiyosawa K, Tanaka E, Sode T. Hepatitis C virus and ocellu-
lar carcinoma. In: Reesink H\{;m“ Hepatitis C virus: Current Studies in
Hematology & Blood Transfusion, vol 62. Basel: Karger, 1998.161-180,

2. Saito 1, Miyamura T, Ohbayashi A, Harada H, Katayama T, Kikuchi
S, Watanabe Y, Koi 5, Onji M, Ohta Y, Choo QL, Houghton M, et al.
Hepatitis C virus infection is associated with the development of he-
patocellular carcinoma. Proc Natl Acad Sci USA 199(0:87:6547—49,

3. Tanaka Y, Hanada K, Mizokami M, Yeo AE, Shih JW, Gojobori T,
Alter HI.L A ison of the molecular clock of itis C v:ms in
the United States and Japan predicts that h llular
incidence in the Uniled States will increase over the ncxt two decades.
Proc Natl Acad Sci USA 2002:99:15584-89.

4. Kiyosawa K, UrnernnrnT lchlJoT Matsumoto A, Yoshizawa K, Gad
A, Tanaka E H recent trends in Japan.
Gnslmumﬂulosy 2004;127:517-S26.

5. Watashi K, Shimotohno K. The roles of hepatitis C virus

9. Tellinghuisen TL, Rice CM. Interaction belwmzh(f]gmus C virus pro-
teins and host cell factors. Curr Opin Microbiol 15:419-27.

10, Moriya K, Yo gi H, Shantani Y, Fujie H, Ishibashi K, Matsuura
Y, Miyamura T, Koike K. Hepatitis C virus core protein induces he-
patic steatosis in transgenic mice, J Gen Virol 1997;78:1527-31.

11, Moriya K, Fujie H, Shintani Y, Yotsuyanagi H, Tsutsumi T, Ishibashi
K, Matsuura Y, Kimura S Miyamura T, Koike K. The core protein of
h:pmlva:rus dh llular car in tr ic mice.
Nat Med 1998:4:1065-7.

12. Moriya K, Nakagawa K, Santa T, Shintani Y, Fujie H, Miyoshi H,
Tsutsumi T, Miyazawa T, Ishibashi K, Horie T, Imai K, Todoroki T,
et al. Oxidative stress in the absence of inflammation in a mouse
maodel for hepatitis C virus-associated hepatocarcinogenesis. Cancer
Res 2001;61:4365-70,

13. Sherr CJ. Cancer cell cycles. Science 1996;274:1672-7.

14, Vousden KH, Evan GI. Proliferation, cell cycle and apoptosis in

modulation of cellular functions: a novel action mechanism of lhc
HCV core protein on gene regulation by nuclear hormone receplors,
Cancer Sci 2003;94:937-43,

6. RayRB, Lagging LM, Meyer K, Ray R. Hepatitis C virus core protein
cooperales with ras and transforms primary ral embryo fibroblasts 1o
tumorigenic phenotype. J Virol 1996;70:4438-43.

7. RayRB,Meyer K. RayR. § ssion of otic cell death by hep-
atitis C virus core prmcln Virology 1996;226:176-82.

8. McLauchlan J. Properties of the hepatitis C virus core protein: a struc-
g?uanj‘gmcm that cellular p J Viral Hepat 2000;

cancer. Nature 2001;411:342-8.

15. Donato MF, Arosio E, Del Ninno E, Ronchi G, Lampertico P, Mora-
bito A, Balestrieri MR, Colombo M. High mates of hepatocellular car-
cinoma in cirrhotic patients with high liver cell proliferative activity,
Hepatology 2001;34:523-8.

16. Yasui K, Wakita T, Tsukivama-Kohara K, Funahashi S-I, Ichikawa
M, Kajita T, Moradpour D, Wands JR, Kohara M. The native form
and maturation process of hepatitis C virus core protein. J Virol
1998:72:6048-55.

17. A a T, Peters JM, Iritani N, Nakajima T. Furihata K, Huhjmoio

t,(x.v\')lsmlez FJ, Altered constitutive expression of fatty ac

—269-



’ Y. Sn.llul Miyamura T, Expression

26.

27.

3%

. Guru V, Kuin SR, Zhang G. FI

PPARa ACTIVATION IN HCV CORE GENE TRANSGENIC MICE

XisOme iferator-activated

lizing enzymes in mice lacking the
8;273:56

receptor o (PPAR). JBmII"_‘hcm |

. Lee SS, Pineau T, Drago J, Lee EJ, Owens JW, Kroetz DL, Fernan-

dez-Salguero PM, Westphal H, Gonzalez FJ. Targeted disruption of
the « isoform of the pemxim pmhfem.m- -activated gene
in mice results in abolish pic effects of peroxisome
mmﬁ. Mol Cell Biol l995 15:3012-22.

IM, Aoyama T, CaﬂleyRCNnbumuqu Hashimoto T, Gon-
zalez FJ. Role of p a in
altered cell cycle mgul.l.mm in mouse ]I\'ﬂ Cmmugcnesm 1998;
19:1989-94,

. Ni R, Tomita Y, Matsuda K, Ichihara A, Ishimura K, Ogasawara J,

Nngms Fas-mediated osis in primary cultured mouse hepato-
cyIes, E.xp Cell Res 1994;215:332-7.

Harada 5, Watanabe Y, Takeuchi K, Suzuki T. Katayama T, Takebe
essed core protein of hepa-
titis C virus in mammalian oel]s JV 1991:65:3015-21.

. Novikoff AB, Goldfischer S. Visualization of peroxisomes (micro-

bodies) and mitochondria with diaminobenzidine. J Histochem Cyto-
chem 1969;17:675-80.

piois. Anai Brchem 1997
of ¢ activity associated with apoplosis iochem 1
251 W

. Folch J, Lees M, Sloane Stanley GH. A simple method for the isola-

tion and purification of total lipids from animal tissues. J Biol Chem
1957;226:497-509.

. Furutani T, Hino K, Okuda M, Gondo T, Nishina S, Kitase A, Kore-

naga M, Xiao SY, Weinman SA, l;nmtm SM Sakaida I, Okita K. He-
patic iron overload ind in 2
mice expresmag the hepatitis d—vlnl.s polyprotein. G logy
2006;130:208

Cherkaoui- Maib M Lone YC, CumalDeh!msh M, Latruffe N.
Differential proto mRNA i n from rats treated with
peroxisome pmllferllcws Biochem B:ophys Res Commun 1990;
173:855-61.

Ledwith BJ, Johnson TE, Wagner LK, Pauley CJ, Manam S, Gallo-
way SM, Nichols WW. Growth regulation by peroxisome prolifera-
tors: opposing activities in early and late G1. Cancer Res 1996;
56:3257-64.

b Rin.inFer JA, Goldsworthy TL, Babishi JG. Time course comparison

of cell-cycle protein expression following panial hepatectomy and
WY14,643-induced hepatic cell proliferation in F344 rats, Carcino-
enesis 1997;18:935-41.
ters JM, Cheung C, Gonzalez Fl. Peroxisome
receplor-a and liver cancer: where do we s
83:774-85.

liferator-activated
7 1 Mol Med 2005;

. Mandard S, Muller M, Kersten §. Peroxisome proliferator-activated

receptor o target genes. Cell Mol Life Sci 2004;61:393-416.

. Tsuisumu T, Suzuki T, Shimoike T, Suzuki R, Moriva K., Shintani Y,

Fujie H, Matsuura Y, Koike K, Miy&mum T Interacton of hepatitis C
virus core protein with retinoid X ful its transcrip-
tional activity. Hepatology 2002;35: 91?-16

Tanaka N, Hora K, Makishima H, Kamijo Y. Kiyosawa K, Gonzalez
FJ, Aoyama T, In vivo stabilization of nuclear retinoid X receplor a
in the presence of peroxisome proliferator-activated receptor a. FEBS
Lett 2003;543:120-4.

33.
34,

35.

36.

37

ELE

39,

40,

41.

45.

46.

~270-

. Oikawa T, Ojma H, Y

131

Desvergne B, Wahli W, Peroxisome proliferator-activated receptors:
nuclear control of metabolism. Endocr Rev 1999;20:649-88.
lto Y, Sasaki Y, Horimoto M, Wada S, Tanaka Y, Kasahara A, Ueki
T, Hirano T, Yamamoto H, Fujimoto J, Okamoto E, Hayashi N, et al.
Activation of mitogen-activated in kinases/extracellular signal-
regulated kinases in human hepatocellular carcinoma. Hepatology
1998,27:951-8.
Masahi T, Shiratori Y, Rengifo W, lgarashi K, Yamagata M, Kuro-
kohchi K, Uchida N, M:ylu:h: Y, Yoshiji H, Watanabe S, Omata M,
Kuniyama S. Cyclins and cycl:mdcpend:nl kinases: comparative
of hepatocellular carcinoma versus cirthosis. Hepatology
:37:53443,
Nardone G, Romano M, Calabro A, Pedone PV, de Sio I, Persico M,
Budillon G, Bruni CB, Riccio A, Zarrilli R. Activation of fetal pro-
moters of insulin-like growth factors 11 in hepatitis C virus-
related chronic itis, cirrhosis, and hepatocellular carcinoma.

Hepatology 1996:2 11304-12,
Kawate S, F T. d S Watanuki A, Murlshita Y. Amplifi-
cation of c-myc in h 1l cor with climco-

pathologic features, wo!ifmuvc activity and p53 overexpression.
Oncology 1999;57:157-63.

Genini D, Catapano CV. Control of peroxisome proliferator-activated
receptor fate by the ubiquitin-proteasome system. J Recept Signal
Transduct Res 2006;26:679-92,

Moriishi K Okabayashi T, Nakai K, Moriya K, Koike K, Murata S,
Chiba T, Tanaka K, Suzuki ll, Suzulu T, Ml}'nmu.ru T, Matsuura Y.
Proteasome activator PA28~-d and -

dation of hepatitis C virus core protein. J Virol 2003;77: 1023749,

Li X, Lonard D, Jung SY, Malovannaya A, Feng Q, Qin J, Tsai 5Y,
Tsai M, O'Malley BW. The SRC-3/AIB1 coactivator is degraded in a
ubiquitin- and A ~im:lcpcnd=nl manner by the REGy proteasome.

2006;124:381-92.

Huang H, "Starodub O, Mclntosh A, Kier AB, Schroeder F. Liver fatty
acid-binding pmmn targets fatty acids to the nucleus, Real time con-
focal and multipl ence i in living cells. ] Biol
Chem 2002;277:29139-51,

-

. Dowell P, Peterson V], Zabriskie TM, Leid M. Ligand-induced perox-

isome proliferator-activated receptor a conformational change. J Biol
Chem 1997;272:2013-20.

. Farinati F, Cardin R, Fiorentino M, D'Errico A, Grigioni W, Cec-

cheto A, Naccarato R. Imbalance between cytoproliferation and apo-
ptosis in hepatitis C virus related chronic liver disease. ] Viral Hepat
1:8:34—40.

i S, Tak T. Hirohashi S, Saka-
moto M. Multistep and mu[n:em:n: develop of | lul
carcinoma: histological analysis of 980 resected nodules. ] Hepatol
2005;42:225-9.

Litwin JA, Beier K, Volkl A, Hofmann W), Fahimi HD. Immunocylo-
chemical investigation of catalase and peroxisomal lipid B-oxidation
enzymes in human hepatocellular wmors and liver cirthosis. Virch-
ows Arch 1999;435:486-95.

Dharancy S, Malapel M, Perlemuter G, Roskams T, Cheng Y, Dubu-
quoy L, Podevin P, Conti F, Canva V, Philippe D, Gambiez L,
Mathurin P, et al. Impaired expression of the peroxisome prolifera-
tor-activated receptor o during hepatitis C virus infection. Gastroen-
terology 2005;128:334-2,




Hepatology Research 2008; 38: 310-314

Short Communication

doi: 10.1111/j.1872-034X.2007.00263 x

Prevalence of hepatitis B virus infection in Japanese

patients with HIV
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Patients with HIV infection are frequently infected with hepa-
titis viruses, which are presently the major cause of mortality
in Hiv-infected patients after the widespread use of highly
active antiretrovirus therapy. We previously reported that
approximately 20% of HIV-positive Japanese patients were
also infected with hepatitis C virus (HCV). Hepatitis B virus
(HBV) infection may also be an impediment to a good course
of treatment for HiV-infected patients, because of recurrent
liver injuries and a common effectiveness of some anti-HIV
drugs on HBV replication. However, the status of co-infection
with HIV and HBV in Japan is unclear. We conducted a nation-
wide survey to determine the prevalence of HIV-HBV
co-infection by distributing a questionnaire to the hospitals
belonging to the HIV/AIDS Network of Japan. Among the 5998

patients reported to be HIV positive, 377 (6.4%) were positive
for the hepatitis B surface antigen. Homosexual men
accounted for two-thirds (70.8%) of the HIV-HBV co-infected
patients, distinct from HIV=HCV co-infection in Japan in which
most of the HIV-HCV co-infected patients were recipients of
blood products. One-third of HIV-HBV co-infected patients
had elevated serum alanine aminotransierase levels at least
once during the 1-year observation period. In conclusion,
some HIV-infected Japanese patients also have HBV infection
and liver disease. A detailed analysis of the progression and
activity of liver disease in co-infected patients is needed.

Key words: co-infection, hepatitis B, HIV, liver disease.

INTRODUCTION

EPATITIS B VIRUS (HBV) infection is a major

public health problem worldwide, along with
hepatitis C virus (HCV) and HIV infections. In the
USA, the estimated prevalence of HBV is less than 1%,
but approximately 1 million people are persistently
infected.' The prevalence of HIV in the USA is also <1%,
and the virus is estimated to have infected approxi-
mately 800 000 people.’ Because of the common trans-
mission routes, that is, parenteral transmission routes,
many people with HIV infection are also infected with
HBV. Among the HIV-positive people in the USA, the
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prevalence of HBV co-infection is 6-14%."* Before the
introduction of highly active antiretroviral therapy
(HAART) in 1996, most patients with HIV infection
died of HIV-associated opportunistic infections, such as
Pneumocystis jiroveci pneumonia and cytomegaloviral
infection. Since the widespread use of HAART, the
mortality associated with HIV infection has declined.
However, the reduction in montality due to opportunis-
tic infection, has left patients co-infected with HIV and
hepatitis viruses faced with the menace of progressive
liver diseases due to HBV infection,** in addition to
HCV infection.”

HBV co-infection or superinfection of HIV-infected
patients leads to several problematic situations. First,
HRBV infection tends to develop into persistent infection
in HIV-infected patients,'*” which is a rare event in
healthy adults, although it substantially depends on the
genotype of HBV." It results in the acceleration of the
development of cirrhosis and eventually hepatocellular
carcinoma. Second, some nucleoside reverse tran-
scriptase inhibitors (NRTI) used in HAART also have

© 2007 The Japan Society of Hepatology
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inhibitory effects on the replication of HBV."""* A care-
less administration or discontinuation of NRT1 on HIV-
HBV co-infected patients may cause reactivation and/or
aggravation of hepatitis B. In addition, the administra-
tion of anti-HBV drugs in HIV-HBV co-infection may
lead to the development of drug resistance.'"** Third,
liver injury occurs more frequently in patients on
HAART who are co-infected with HIV and HBV than
those infected with HIV only.”""

Importantly, co-infection with HIV and HCV
increases the morbidity and mortality of HIV-infected
patients in Japan,'’ where the prevalence of HIV infec-
tion is increasing linearly, and is exceptionally high
among developed countries.'* There are more than
14 000 HIV-positive people in Japan as of 2006, accord-
ing to the AIDS National Survey in Japan,' and approxi-
mately 0.8 million chronic HBV carriers."" However, the
prevalence of co-infection with HIV and HBV in Japan
has not been clarified to date. Therefore, we conducted a
nationwide study by distributing a postal mail-based
questionnaire to the hospitals belonging to the HIV/
AIDS Network of Japan.

PATIENTS AND METHODS

N THE QUESTIONNAIRE, the following information

was obtained from the hospitals regarding the
number of patients who visited the hospitals at least
once between January and December in 2006: (i) the
number of HIV-positive patients; (ii) the number of
hepatitis B surface antigen (HBsAg)-positive patients
among (i); (iii) the number of patients among (ii) who
were determined at least once to have a serum alanine
aminotransferase (ALT) level higher than 100 IU/L; (iv)
the number of HIV-positive patients that contracted HIV
from blood products; (v) the number of HBsAg-positive
patients among (iv), (vi) the number of patients among
(v) who were determined at least once to have a serum
ALT level higher than 100 IU/L; (vii) the number of
HIV-positive patients among homosexual men, (viii)
the number of HBsAg-positive patients among (vii), (ix)
the number of patients among (viii) who were deter-
mined at least once to have a serum ALT level higher
than 100 IU/L; (x) the number of HIV-positive patients
that contracted HIV through intravenous drug use (xi)
the number of HBsAg-positive patients among (x), (xii)
the number of patients among (xi) who had at least one
determination of a serum ALT level more than 100 IU/L;
(xiii) the number of HIV-positive patients whose trans-
mission routes were classified as “others”; (xiv) the
number of HBsAg-positive patients among (xiii); and
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(xv) the number of patients among (xiv) who were
determined at least once to have a serum ALT level
higher than 100 IU/L.

The questionnaire was sent to the 372 hospitals
belonging to the HIV/AIDS Network of Japan by mail.
Answers were mostly returned by mail and in some
cases by fax. The list of the hospitals in the HIV/AIDS
Network of Japan can be viewed at hup://www.acc.
go.jp/mLhw/mLhw_frame htm.

RESULTS

HE QUESTIONNAIRE WAS sent to all 372 hospitals

that were on the list of the hospitals in the HIV/AIDS
Network of Japan in January 2006. Two hundred and
seven hospitals (55.6%) responded within the indicated
period. In total, 5998 patients were reported to be HIV
positive. The collection rate of 55.6% was higher than
that (47.8%) for a questionnaire HIV-HCV co-infection
study carried out in 2003." It may appear rather low,
particularly considering the number of reported HIV-
positive people in 2006, which was approximately
14 000, according to the AIDS National Survey in
Japan."! However, not all of the HIV-positive people
were going to hospitals, and the answers to the ques-
tionnaire were obtained from most of the major hospi-
tals in the HIV/AIDS Network in big cities around Japan.
This suggests that not all, but a majority of HIV-positive
Japanese patients were enrolled in the study.

Among the 5998 patients reported to be HIV positive,
377 (6.3%) patients were positive for HBsAg (Table 1).
Of these 377 patients, 122 (32.4%) had elevated serum
ALT levels at least one time during the 1-year observa-
tion period.

The HBV prevalence rates, when fractionated by the
routes of transmission, were as follows: among the 508
HIV-positive patients who contracted HIV from blood
products, such as unheated concentrated coagulation
factors, only 30 (5.9%) were HBsAg positive, which
shows a marked contrast to the prevalence of HCV in
this cohort (Fig. 1).'"* Among the 23 intravenous drug
users, three (13.0%) were HBsAg positive. Among the
3213 HIV-positive patients who were homosexual men,
267 (8.3%) were HBsAg positive. In the remaining 2254
patients who were HIV-positive and whose route of HIV
transmission was classified as “others”, most contracted
HIV heterosexually. This number (2254) showed a sub-
stantial increase from the 1316 obtained in the ques-
tionnaire for the HIV-HCV co-infection study in 2003,
while the total number of HIV-positive patients
increased from 4877 10 5998." Among these, 77 (3.4%)
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Table 1 Prevalence rates of hepatitis B virus infection among HIV-positive patients

Routes of transmission No. patients HBsAg positive (% in HIV ALT >100 IU/L (% in HBsAg
positive according to route) positive according to route)

Blood products 508 (5.9%) 30 (40.0%) 12

Homosexual men 3213 (8.3%) 267 (32.2%) 86

Drug addicts 23 (13.0%) 3 (66.7%) 2

Others (heterosexual etc.) 2254 (3.4%) 77 (28.6%) 22

Total 5998 377 (6.3%) 122 (32.4%)

ALT, serum al aminotransferase; HBsAg, hepatitis B surface antigen.

were HBsAg positive. In terms of the route of HIV infec-
tion, 267 (70.8%) of the 377 patients were homosexual
men among the HIV-HBV co-infected patients. This
shows a contrast to the status of HIV-HCV co-infection,
in which the majority of HIV-HCV co-infected Japanese
patients contracted both viruses from blood products.'

There were one or more HIV-positive patients in 154
(74.4%) of the 207 hospitals in the HIV/AIDS Network
of Japan (Table 2). Twenty four (11.6%) of 207 hospi-
tals had 20-49 HIV-positive patients, and 16 (7.7%)
hospitals had 50 or more HIV-positive patients. There
were one or more patients who were co-infected with
HIV and HBV in 64 (30.9%) of the 207 hospitals. There
were 10 or more HIV-HBV co-infected patients in
nine (4.3%) hospitals, all of which had 50 or more
HIV-positive patients (Table 2). HIV-HBV co-infected

Prevalence (%)

10F I '
0 | =8 f—;

Total Blood Homosexual Drug Others
products  men addicts

Figure 1 Prevalence rates of persistent hepatitis B virus and
hepatitis C virus infections in the HIV-positive population
sorted by the HIV risk group. (M), HBsAg, hepatitis B surface
antigen; (), anti-HCV, antibody to hepatitis C virus, *Preva-
lence rates of anti-HCV are obtained from Koike K ¢t al.'®
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patients were concentrated in specific hospitals in big
cities around Japan. In particular, in the Kanto area,
HIV-HBV co-infected patients were concentrated in the
HIV/AIDS Network hospitals in the Tokyo city area.

DISCUSSION

LONG WITH THE increase in the number of HIV-

infected patients in Japan, co-infection with HIV
and hepatitis viruses has become a major medical issue.
HBV infection of HIV-positive patients raises several dif-
ficult problems: HBV infection tends to develop into
persistent infection, even in adults; some NRTI used in
HAART also have inhibitory effects on the replication of
HBV, the improper administration, or discontinuation
of which may lead to drug resistance; and HIV-HBV
co-infected patients on HAART have liver injuries more
frequently than HIV-monoinfected patients. It is impor-
tant to determine the status of HBV infection in HIV-
positive patients.

According to the statistics of the Ministry of Health,
Labor, and Welfare of Japan, the number of reported
HIV-positive people was slightly over 14 000 in 2006."
In the present study, 6.4% of HIV-positive patients were
positive for HBsAg, the most reliable marker for ongoing
HBV infection. It might have been advantageous if

Table 2 Number of hospitals categorized according to the
number of patients infected with HIV and those co-infected
with HIV and hepatitis B virus (HBV)

No. HIV (+)/ No. HIV(+)

v
HEv () 0 1-19  20-49 50+  Toul
0 53 76 13 1 143
1-9 0 38 11 6 55
10+ 0 0 0 9 9
Total 53 114 24 16 207
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serum HBV-DNA levels were determined, but unfortu-
nately, HBV-DNA level determination was not a routine
laboratory test in most hospitals. In addition, consider-
ing that the antibody to the hepatitis B core antigen
might be the only marker of ongoing HBV infection in
some immuno-compromised patients, it would also be
advantageous if this viral marker were available. These
issues should be investigated in future studies. Com-
ments from hospitals to the questionnaire included one
indicating that not all HIV-positive patients underwent a
test for serum HBsAg, suggesting the actual prevalence of
HBsAg in HIV-infected patients might be higher than
6.4%.

In a previous questionnaire study of HIV-HCV
co-infection, the prevalence of HCV infection among
HIV-infected patients was 19.2%;'* the prevalence of
HBV infection (6.4%), is one-third of it. The lower posi-
tivity for HBsAg than for the anti-HCV antibody among
those who contracted HIV through blood products
accounts for this difference: almost all (96.9%) of the
patients who contracted HIV through blood products
were also anti-HCV antibody positive.'® It should be
noted that among the homosexual male patients who
were HIV positive, 8.3% were HBsAg positive, which is
twice as high as that of the anti-HCV antibody in these
populations. A higher prevalence of HBV infection as a
sexually transmitted infection than that of HCV' may
explain the high prevalence of HBV infection in HIV-
positive homosexual men. Similarly, a HBV prevalence
of 3.4% in heterosexually transmitted HIV-positive
patients is higher than that of the general Japanese
population of the same age.'

Of the 377 patients who were HBsAg positive, 122
(32.4%) had elevated serum ALT levels at least once in
the 1-year observation period. In this type of study using
a questionnaire, it is difficult to obtain the details of
patients’ data, including age, body weight, and the
degrees of liver injuries and fibrosis. If detailed items
were included in the questionnaire, then the collection
rate would be low. This time, to obtain a high collection
rate, we asked whether the patients with HBsAg showed
an elevated ALT level higher than 100 TU/L at least once
during the 1-year observation period. We thereby do not
have details on liver disease in HIV-HBV co-infected
patients in the current study. Nonetheless, one-third of
HIV-HBV co-infected patients have moderate liver inju-
ries, either chronic hepatitis B or adverse effects of drugs,
and are waiting for an aid for the amelioration of liver
disease. A detailed analysis of the progression and activ-
ity of liver disease in HIV-HBV co-infected patients is

expected.
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The collection rate of the present questionnaire from
the hospitals belonging to the HIV/AIDS Network was
55.6% (207 of 372). This was higher than that (47.8%)
in the HIV-HCV co-infection questionnaire study
carried out in 2003. The reason for this increase is not
clear, but presumably the questionnaire conducted in
2003 has raised awareness among hospital staff regard-
ing the relevance of hepatitis virus and HIV co-infection
in clinical practice.

In the current study, both Japanese patients and those
of other nationalities/ethnicities were included in the
study. Although the ratio of newly diagnosed HIV-
positive foreign people has been declining to approxi-
mately 10% in 2006, the one in total HIV positive still
accounts for approximately 25% in Japan. Because the
rates of the HBV carrier are different among countries, it
is ideal 1o analyze the HBV prevalence separately accord-
ing to the nationalities/ethnicities. However, in the
current survey to the hospitals in HIV/AIDS Network of
Japan, nationality/ethnicity was not itemized in order to
make the questionnaire simple. If we would attempt to
obtain such data under the approval of the ethical com-
mittee in each hospital, the response rate to question-
naire would be extremely lowered.

To establish measures that decrease the morbidity and
mortality of HIV-HBV co-infected patients, it is essential
to determine the current status of co-infection. In the
present study, the number and transmission routes of
HIV=HBV co-infected patients in Japan were determined
for the first time, although detailed information on the
severity and progression of liver disease in HIV-HBV
co-infected patients has not been obtained yet
Undoubtedly, this will be the first step towards improv-
ing the prognosis and quality of life of Japanese patients
co-infected with HIV and HBV.
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Introduction

Abstract

Overwhelming lines of epidemiological evidence have indicated that persistent infection
with hepatitis C virus (HCV) is a major risk for the development of hepatocellular carci-
noma (HCC). In addition, heavy alcohol use has been linked with earlier progression to
HCC in chronic hepatitis C patients. However, in the pathogenesis of HCV-associated
HCC., it still remains controversial as to whether the virus plays a direct or an indirect role,
and as to how alcohol operates in the acceleration of HCC development. Several studies
using transgenic mouse models, in which the core protein of HCY has an oncogenic
potential, indicate that HCV is directly involved in hepatocarcinogenesis. although other
factors such as continuous inflammation or environmental factors seem also to play a role.
The downstream events of the HCV core protein expression in the transgenic mouse HCC
model are segregated into two pathways. One is the augmented production of oxidative
stress in the absence of inflammation along with the attenuation of some scavenging
systems in the putative preneoplastic stage with steatosis in the liver. The other pathway is
the alteration in cellular gene expression and intracellular signaling, including the mitogen-
activated protein kinase cascade. The combination of these pathways would explain the
unusually high incidence and multicentric nature of HCC development in HCV infection,
In addition, alcohol feeding in this animal model further activated the two pathways
synergistically with HCV, leading to an earlier development of HCC. Such a synergy would
reveal the molecular basis for the acceleration of HCC development by alcohol in HCV
infection.

malignancies except for hereditary cancers such as familial poly-
posis of the colon. Knowledge of the mechanism underlying

Hepatitis C virus (HCV) infects approximately 170 million
people persistently worldwide, and induces a spectrum of
chronic liver diseases, from chronic hepatitis, cirrhosis to hepa-
tocellular carcinoma (HCC).! HCV has been given increasing
attention because of its wide and deep penetration in the com-
munity, coupled with a very high incidence of HCC in persistent
HCV infection. It impacts the medical, sociological and eco-
nomic domains of society. Once liver cirrhosis is established in
hosts infected with HCV, HCC develops at a yearly rate of
5-7%,’ resulting in the development of HCC in nearly 90% of
HCV-associated cirrhosis patients in 15 years. In addition, the
outstanding features in the mode of hepatocarcinogenesis in
HCV infection (i.e. development of HCC in a multicentric
fashion and a very high incidence), are not common in other
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HCC development in persistent HCV infection is therefore immi-
nently required for the prevention of HCC,

However, alcohol has been known as an accelerating factor in
the development of HCC in persistent HCV infection.™ The
pattern of the risk for HCC due to alcohol intake shows a continu-
ous dose-effect curve without a definite threshold, although most
studies have found that HCC risk increased only for alcohol con-
sumption above 40-60 g of ethanol per day. Some evidence sup-
ports a positive interaction of alcohol intake, probably with HCV
infection and possibly with HBV infection.' Synergistic interac-
tions on the additive model were observed between heavy alcohol
consumption and chronic hepatitis virus infection and diabetes
mellitus.* However, it is unclear how alcohol causes the accelera-
tion of HCC development in HCV infection.

ay 23 (2008) Suppl. 1; 587-S81 & 2007 The Authors S87
gy Foundation and Blackwsll Publishing Asia Pty Lid

-276-



Alcohol and HCV in hepatocarcinogenesis

How does HCV contribute to
hepatocarcinogenesis?

How HCV is involved in hepatocarcinogenesis is not yet clear,
despite the fact that nearly 80% of patients with HCC in Japan are
persistently infected with HCV.'*" HCV infection is also common
in patients with HCC in other countries, albeit 10 a lesser extent.
These lines of evidence force us to determine the role of HCV in
hepatocarcinogenesis. Inflammation induced by HCV should be
considered in a study on hepatocarcinogenesis in hepatitis viral
infection: necrosis of hepatocytes due to chronic inflammation
followed by regeneration enhances genetic aberrations in host
cells, the accumulation of which culminates in HCC, This theory
presupposes an indirect involvement of hepatitis viruses in HCC
via hepatic inflammation. However, this context leaves us with a
serious guestion: can inflammation alone result in the development
of HCC in such a high incidence or is there a multicentric nature
in HCV infection?

The other role of HCV would be weighed against an extremely
rare occurrence of HCC in patients with autoimmune hepatitis in
whom severe inflammation in the liver persists indefinitely, even
after the development of cirrhosis. This background and reasoning
led to a possible activity of viral proteins for inducing neoplasia.
This possibility has been evaluated by introducing HCV genes 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. In
fact, it takes 3040 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 trans-
genic mouse technology.

Transgenic mouse studies revealed an
in vivo oncogenic activity of HCV core
protein

Transgenic mouse lines with parts of the HCV genome were engi-
neered by introducing the genes from cDNA of the HCV genome
of genotype 1b.** Three different transgenic mouse lines were
established, which carry the core gene. envelope genes or non-
structural genes (Fig. 1), respectively, under the same transcrip-
tional control element. Among these mouse lines, only the
transgenic mice carrying the core gene develop HCC in two inde-
pendent lineages.” 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, and the intrahepatic level of the core
protein 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 histological characteristics of chronic hepatitis 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 inflamma-
tion 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
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Figure 1 Transgenic mouse lines carrying the hepatitis C virus (HCV)
genome. Three different types of transgenic mouse lines, carrying the
core gena, envelope genes or non-structural genes of HCV, respectively,
were astablished under the control of the same regulatory elements
Among these mouse strains, only the transgenic mice carying the HCV
core gene developed hepatocellular carcinoma (HCC) after an early
phase with hepatic steatosis in two independent lineages. The mice
transgenic for the envelope genes of non-Structural genes did not
develop HCC. env, envelope genes; NS, non-structural genes

genes including the core gene.'*" These outcomes indicate that
the core protein per se of HCV has an oncogenic potential when
expressed in vivo.

Oxidative stress overproduction and
MAPK activation as consequences to
the core protein expression in the liver

It is difficult to determine 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 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 production 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 in-
flammation in the liver (hepatitis). This reflects a state of over-
production of reactive oxygen species (ROS) in the liver, or
predisposition to it, which is staged by the HCV core protein
without any intervening inflammation."'"® The overproduction of
oxidative stress results in the generation of deletions in the mito-
chondrial DNA, an indicator of genetic damage. In addition,
analysis of the anti-oxidant system revealed that some anti-
oxidative molecules are not increased despite the overproduc-
tion of ROS in the liver of core gene transgenic mice;
hemeoxygenase-1 and glutathione peroxidase are not augmented
whereas catalase and glutathione S-transferase levels are increased
and enhanced by iron overloading (S Shinzawa et al., unpubl. data,
2007). These results suggest that HCV core protein not only
induces overproduction of ROS but also attenuates some of the
anti-oxidant system, which may explain the mechanism underly-
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Figure 2 Alcohol administration enhances oxidative stress production
and mitogen-activated protein kinase (MAPK) pathway activation in a
synergistic fashion with hepatitis C virus (HCV) core protein. Adminis-
wation of 8% alcohol for 3 weeks provoked an induction of reactive
oxygen species (ROS) in HCV core gene transgenic mice, whereas it
induced only a marginal increase in control mice, showing & synergy
batween the HCV core protein and ethanol in inducing ROS. Only the
¢-Jun N-terminal kinase (JNK) pathway Is activated in the core gene
transgenic mice before hepatocellular carcinoma (HCC) development,
but feeding 5% alcohol for 3 weeks activated the other two pathways,
p38 and ERK1/2, which was not observed in control mice. Thus, com-
bining the effect of ethanol to that of the core protein resulted in the
activation of all the MAPK pathways, among which only JNK was
activated by the action of HCV core protein only in the absence of
athanol ERK, extracellular signal-regulated kinase; EtOH, ethanol, N,
non-transgenic control mouse; NS, statistically not significant; T, trans-
genic mouse, **P<0.01

ing the production of a strong oxidative stress in HCV infection
compared to other forms of hepatitis,

Thus, the core protein induces oxidative stress overproduction
in the absence of inflammation, which may, at least in part, con-
tribute to hepatocarcinogenesis in HCV infection. If inflamma-
tion 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 any longer by a physiological antago-
nistic system. This indicates that the inflammation in chronic
HCV infection would have a characteristic difference 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 dysfunction of the electron
transfer system of the mitochondrion is suggested in associa-
tion with the presence of the HCV core protein.'” Hepatic ste-
atosis in hepatitis C. which is also attributed to the action of
the core protein® may work as fuel for oxidative stress
overproduction, ™%

Other possible pathways would be the alteration of the expres-
sion of cellular genes. interacting with cellular proteins. and
modulation of intracellular signaling pathways. For example,

Algohol and HCV in hepatocarcinogenesis

tumor necrosis factor (TNFJ-o. and interleukin-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)-a, that play pivotal roles in cell proliferation and
lipid metabolism.* The mitogen-activaled 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 extracellu-
lar signal-regulated kinase (ERK). is involved in numerous cel-
lular 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 activation,
transcription factor activating protein (AP)-1 activation is mark-
edly 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
confers an advaniage for cell proliferation to hepatocytes. Inter-
estingly, we found recently that a protein interacting with the core
protein, proteasome activator 28y (PA28y), is indispensable for
the core protein to exert its function for the development of ste-
atosis, insulin resistance and HCC.***

Such an effect of the core protein on the MAPK pathway, in
combination with that on oxidative stress, may explain the
extremely high incidence of HCC development in chronic hepa-
titis C.

Molecular basis for the synergy
between alcohol and HCV infection
in hepatocarcinogenesis

As described above, the production of oxidative stress is increased
in the liver of aged HCV core gene transgenic mice in the absence
of inflammation. In young mice, the increase in oxidative stress is
apparently marginal. However, feeding 5% ethanol to mice for
3 weeks induced ROS in the liver of core gene transgenic mice,
whereas it induced only a minimal increase in control mice, dem-
onstrating a synergy between the core protein and ethanol in
inducing ROS (Fig. 2a)."" In contrast, only the JNK pathway is
activated in the core gene transgenic mice before HCC develop-
ment, but feeding 5% ethanol for 3 weeks activated the other two
MAPK pathways, p38 and ERK1/2 in the core gene transgenic
mice, the activation of which is not present in control mice
(Fig. 2b). Thus, combining the effect of ethanol to that of the core
protein provoked the activation of all the MAPK pathways, afford-
ing advantage to cell proliferation.”

In a long-term observation experiment, feeding 2% ethanol to
the core gene transgenic mice for 9 months resulted in the accel-
eration of HCC development (Moriya K er al., unpubl. data, 2007).
Screening by the high-throughput immunoblot analysis revealed
differential expression of proteins in the liver with or without
ethanol feeding; some proteins, the levels of which were either
increased or decreased by the effect of the core protein, such as
Rho GTPase activating protein (GAP) or caspase-8, are down- or
upregulated by the effect of ethanol feeding.

In summary, we postulate that the induction of oxidative stress,
together with the activation of MAPK cascade, followed by AP-1
activation and cyclin D1 overexpression, plays a pivotal role in the
development of HCC (Fig. 3). Alterations in cellular gene expres-
sions, such as TNF-a or suppressor of cytokine signaling-1, and the
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presence of steatosis and insulin resistance are co-accelerators to
hepatocarcinogenesis in HCV infection. Finally, alcohol augments
both of these pathways that are activated by the core protein, and
further enhance the development of HCC in HCV infection (Fig. 3).
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