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FIG. 5. Subcellular localization of ATM and Chk2 in HCV NS3-4A- or NS5B-expressing cells. (A) ATM partially colocalized with HCV
NS3-4A. 203FT cells cotransfected with 300 ng of pCX4bsr/NS3-4A (1B-1) (8) or pCXdbsr/NS3-4A (O) (8) and 300 ng of pcDNA3-FLAG-ATMw1
(6) were examined by confocal laser scanning microscopy, Cells were stained with anti-N53 and anti-ATM (5C2) antibodies and then visualized
with FITC (NS§3) or Cy3 (ATM). (B) ATM partially colocalized with HCV NS5B. 293FT cells cotransfected with 300 ng of pCX4bsr/NS5B (1B-1)
(23) and 300 ng of pcDNA3-FLAG-ATMwt (6). Cells were stained with an B (no. 14) and anti-ATM (PMO026) antibodies and then visualized
with FITC (ATM) or Cy3 (NS5B). (C) Chk2 partially colocalized with HCV NS5B. 293FT cells cotransfected with 300 ng of pCX4bsr/NS5B (1B-1)
(23) and 300 ng of pcDNA3-HA-Chk2wt (20, 21). Cells were stained with anti-NS5B and anti-HA (3F10) antibodies and then visualized with FITC
(HA-Chk2) or Cy3 (NS5B). Images were visualized using confocal laser scanning microscopy (LSMS510; Carl Zeiss). The right panels exhibit
two-color overlay images (Merged). Colocalization is shown in yellow.

useful for the clinical treatment of patients with chronic hep- cell lysates (Fig. 6B), while HA-tagged Chk2 did not bind to
atitis C. NS3-4A in immunoprecipitation analysis using lysates from

Interaction of HCV NS3-4A with ATM. Since HCV NS3 has 203FT cells in which NS3-4A and HA-tagged Chk2 were over-
been proposed to be a viral factor involved in the induction of expressed (Fig. 6C). Although NS3-4A has protease activity,

dsDNA breaks (18, 19), we first examined the subcellular lo- ATM was not cleaved by the NS3-4A protease (Fig. 6D)
calization of NS3-NS4A ([NS3-4A] 1B-1 or HCV-0 strain) and Taking these results together, we conclude that ATM is able to

ATM by confocal laser scanning microscopy. In most of the interact with NS3-4A.

observed cells, ATM partially colocalized with NS3-4A in the Interaction of HCV NS5B with ATM and Chk2. We next
perinuclear region and in dispersed points throughout the cy- examined the subcellular localization of ATM and/or Chk2 in
toplasm (Fig. 5A). In particular, we observed prominent colo- HCV NS5B-expressing cells by confocal laser scanning micros-
calization of ATM with NS3-4A in some cells (Fig. 5A). Next, copy since we previously demonstrated that HCV NS5B-ex-
using anti-FLAG and anti-ATM antibodies, we immunopre- pressing PHSCHS immortalized human hepatocyte cells were

cipitated lysates from 293FT cells in which FLAG-tagged ATM susceptible to DNA damage in the form of dsDNA breaks (23).
and either NS3-4A (HCV-O) or NS3 (HCV-0) were overex- ATM partially colocalized with NS5B in dispersed points
pressed and then performed immunoblotting analysis using throughout the cytoplasm (Fig. 5B), similar to the subcellular
cither anti-ATM or anti-NS3 antibody to determine whether localization of HCV NS3-4A and ATM. Furthermore, Chk2
ATM binds to NS3-4A or NS3. The results revealed that ATM also partially colocalized with NS5B in the perinuclear region
preferentially bound to NS3-4A over NS3 alone (Fig. 6A). and in dispersed points in the nucleus (Fig. 5C). To determine
Similarly, we found that ATM bound to NS3-4A using the O whether endogenous ATM binds to NS5B, lysates from Oc or
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FIG. 6. Interaction of HCV NS3-<4A and NS5B with the ATM signaling pathway. (A and B) ATM bound to HCV NS3-4A. (A) 293FT cells were
transfected with 4 pg of pCXdbsr/NS3-4A (0), 4 pg of pCXdbst/NS3 (0), or 4 pg of pcDNAI-FLAG-ATMwt. The cell lysates of expressed FLAG-ATM
were mixed with lysates expressing either NS3-4A or NS3. The cell lysates were immunoprecipitated with both anti-FLAG (M2) and anti-ATM (2C1)
antibodies, followed by immunaoblotting analysis using either anti-ATM (2C1) or anti-HCV NS3 antibody. The results of Western blot analysis of 1/10
of the cellular lysates with anti-ATM or anti-NS3 antibody are also shown. (B) 293FT cells were cotransfected with 4 ug of pcDNA3-FLAG-ATMwt
and/or 4 pg of pCX4bst/NS3-4A (0). The cell lysates of expressed FLAG-ATM alone were mixed with the O cell lysates. Immunoprecipitation and
Western blot analysis were performed as described in panel A. (C) Chk2 did not bind 1o NS3-<4A. 293FT cells were cotransfected with 4 pg of
pcDNA3-HA-Chk2wt and/or 4 pg of pCXdbsr/NS3-4A (O). The cell lysates of expressed HA-Chk2 alone were mixed with the O cell lysates. The cell
lysates were immunoprecipitated with anti-HA antibody (3F10), followed by Western blot analysis using either anti-HA (HA-7) or anti-HCV NS3
antibody. The results of Western blot analysis of 1710 of the cellular lysates with anti-HA or anti-NS3 antibody are also shown. (D) ATM was not cleaved
by HCV NS3-4A protease. 293FT cells were cotransfected with 4 pg of pCXd4bsr/NS34A (O) and/or 4 pg of pcDNA3-FLAG-ATMwt. The results of
Western blot analysis of cellular lysates with anti-ATM or anti-NS3 antibody are shown. (E to G) ATM bound to HCV NS5B. (E) The lysates of O or
Oc cells were immunoprecipitated with anti-ATM antibody (2C1), followed by immunoblotting analysis using either anti-ATM or anti-HCV NS5B
antibody (no. 14). The results of Western blot analysis of 1/10 of the cellular lysates with anti-NSSB antibody are also shown. (F) 293FT cells were
cotransfected with 4 pg of pCX4bsr/NSSB (1B-1) and 4 pg of pcDNA3-FLAG-ATMwt. The cell lysates were immunoprecipitated with both anti-FLAG
and anti-ATM antibodies, followed by immunoblotting analysis using either anti-ATM or anti-HCV NS3B antibody. (G) Western Blot analysis was
performed with anti-NS5B antibody, reusing the same blotted membrane that was used for panel B. (H to J) Chk2 bound o HCV NSSB. (H) 293FT
cells were cotransfected with 4 pg of pcDNA3-HA-Chk2wt. The cell lysates of expressed HA-Chk2 were mixed with the O cell lysates and were
immunoprecipitated with anti-HA antibody (3F10), followed by immunoblotting analysis using anti-HCV NS5B, anti-HCV NS5A (no. 8926), anti-HCV
core protein (CP-9 and CP-11 mixture), or anti-HA (HA-7) antibody. The resulis of Western blot analysis of 1/10 of the cellular lysates with the same
antibodies are also shown. (I) The lysates of O cells were immunoprecipitated with anti-NS5B or anti-Chk2 antibody (DCS-273), followed by
immunoblotting analysis using anti-HCV NSSB antibody. The result of Western blot analysis of 1/10 of the cellular lysates with anti-NS5B antibody is
also shown. (J) 293FT cells were cotransfected with 4 pg of pCXdbst/NSSB (1B-1) and 4 pg of pcDNA3-HA-Chk2wt. The cell lysates were immuno-
precipitated with anti-HA antibody (3F10), followed by immunoblotting analysis using either anti-HA (HA-7) or anti-HCV NS5B antibody. IP,
immunoprecipitation; WB, Western blotting; 1gG, immunoglobulin G.
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O cells were immunoprecipitated with anti-ATM antibody, and
then immunoblotting analysis using either anti-ATM or anti-
NSSB antibody was performed. The results revealed that en-
dogenous ATM bound to endogenous NS5B (Fig. 6E). Fur-
thermore, we confirmed that ATM bound to NS5B in
immunoprecipitation analysis using lysates from 293FT cells,
in which NS5B (1B-1 strain) and FLAG-tagged ATM were
overexpressed (Fig. 6F). Similarly, we confirmed that FLAG-
tagged ATM bound to NS3B derived from O cell lysates in
immunoprecipitation analysis using lysates from 293FT cells in
which FLAG-tagged ATM was overexpressed (Fig. 6G). Fi-
nally, to determine which HCV protein binds to Chk2, the
293FT cell lysates of overexpressed HA-Chk2 were mixed with
the O cell lysates and were immunoprecipitated with anti-HA
antibody, followed by Western blot analysis using anti-HCV
NS5B, anti-HCV NS5A, anti-HCV core protein, or anti-HA
antibody. Consistent with the immunofluorescence result that
Chk2 partially colocalized with NS5B (Fig. 5C), we observed
that HA-tagged Chk2 bound to NS5B (Fig. 6H). Importantly,
we found that endogenous Chk2 bound to endogenous NS5B
derived from O cells (Fig. 61). In addition, HA-tagged Chk2
bound to NS5B in immunoprecipitation analysis using lysates
from 293FT cells in which NS5B (1B-1 strain) and HA-tagged
Chk2 were overexpressed (Fig, 6J). Thus, Chk2 also interacted
with NS5B as well as ATM. Taking these results together, we
conclude that HCV targets ATM and Chk2 DNA damage
sensors and that the ATM signaling pathway is required for
HCV RNA replication.

DISCUSSION

ATM has been implicated as a target of most DNA viruses,
harboring their genomes in the form of dsDNA which can
activate or inhibit the ATM signaling pathway (17). In this
study, we have demonstrated for the first time that the ATM
signaling pathway is required for HCV RNA replication even
though HCV does not have a dsDNA genome, unlike DNA
viruses. In this regard, Machida et al. previously proposed that
HCV infection and the expression of HCV NS3 and core
protein induced dsDNA breaks (18, 19). Furthermore, NS3 has
DNA helicase activity by which it unwinds dsDNA, suggesting
that NS3 affects host dsDNA (22, 25). Thus, HCV infection
might trigger the activation of ATM without a dsDNA ge-
nome. In fact, we observed weak but significant phosphoryla-
tion of Chk2 at threonine 68, the specific marker for ATM
activation, in the HCV RNA-replicating cells (O and sO cells)
but not in the HCV-negative Oc and sOc cells (Fig. 3A),
suggesting that the ATM-dependent DNA damage response is
constantly stimulated in persistent HCV RNA-replicating
cells. Furthermore, we demonstrated that ATM preferentially
bound to NS3-4A over NS3 alone (Fig. 5B) and that ATM
partially colocalized with NS3-4A in the perinuclear region,
where HCV is known to form a replication complex and rep-
licate itself, and in dispersed points throughout the cytoplasm
(Fig. 5A), indicating the interaction of ATM with NS3-4A.
Interestingly, Lai et al. very recently reported that NS3-4A
impaired DNA repair and enhanced sensitivity to ionizing ra-
diation through interaction with ATM (15). However, we ob-
served an equivalent level of Chk2 phosphorylation at threo-
nine 68, a direct downstream target of ATM (20, 21), in both
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HCV RNA-replicating cells (O cells) and HCV-negative cells
(Oc cells) after treatment with adriamycin (Fig. 3A), suggest-
ing that Chk2 phosphorylation by ATM is not impaired by
HCV RNA replication. In this regard, Gaspar and Shenk also
showed that human cytomegalovirus could inhibit a DNA dam-
age response by mislocalizing ATM and phosphorylated Chk2
at threonine 68 to a cytoplasmic virus assembly zone, indicating
that human cytomegalovirus blocked at the level of Chk2 (9).
On the other hand, dsDNA triggers IFN immune defenses
through retinoic acid-induced gene I, the mitochondrial anti-
viral signaling protein, or the DNA-dependent activator of
IFN-regulatory factor (7, 26); and NS3-4A protease, which is
known to cleave the mitochondrial antiviral signaling protein,
can block it (26), suggesting that interaction of NS3-4A with
ATM is partially involved in such a common antiviral signaling
pathway. On the other hand, we previously demonstrated that
HCV NS35B-expressing PHSCHB immortalized human hepato-
cyte cells were susceptible to DNA damage in the form of
dsDNA breaks (23). In this regard, we have found that HCV
NS5B could bind to both ATM and Chk2 (Fig. 5B and C and
6E to J). Together, these results indicate that HCV might
hijack ATM and Chk2 and utilize ATM and Chk2 for HCV
RNA replication, thereby resulting in impairment of DNA
repair, enhancement of mutation frequency, and development
of hepatocellular carcinoma.

Finally, consistent with our finding that ATM was required
for HCV RNA replication, an ATM kinase inhibitor efficiently
suppressed genome-length HCV RNA replication at an ECy,
of approximately 2 pM at 72 h after the treatment (Fig. 4A).
Similarly, Lau et al. reported that the same ATM kinase in-
hibitor could suppress HIV-1 replication at an ECs;, of approx-
imately 2.3 uM (16). Importantly, the ECg, for HIV-1 repli-
cation is similar to that for HCV replication. Thus, this or
other ATM kinase inhibitors may represent a novel approach
for the clinical treatment of patients with chronic hepatitis C as
well as AIDS patients,
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derived from a patient with acute hepatitis C. Using an HCV replicon RNA library constructed with the
AH1 strain (genotype 1b), we first established a cloned cell line, sAH1, harboring the HCV replicon. Cured
cells obtained with interferon treatment of sAH1 cells were used for transfection with genome-length
HCV RNA possessing four mutations found in sAH1 replicon. Consequently, one cloned cell line, AH1, sup-
porting efficient replication of genome-length HCV RNA was obtained. By the comparison of AH1 cells
with the O cells supporting genome-length HCV RNA (HCV-O strain) replication. we found different
anti-HCV profiles of interferon-y and cyclosporine A between AH1 and O cells. Reporter assay analysis
suggests that the diverse effects of interferon-y are due to the difference in HCV strains. but not the cel-

© 2008 Elsevier Inc. All rights reserved.

Hepatitis C virus (HCV) infection frequently causes chronic hep-
atitis, which progresses to liver cirrhosis and hepatocellular carci-
noma. HCV infection has now become a serious health problem
because at least 170 million people worldwide are currently in-
fected with HCV [1]. HCV is an enveloped virus with a positive
single-stranded 9.6 kilobase (kb) RNA genome, which encodes a
large polyprotein precursor of approximately 3000 amino acid
(aa) residues [2,3]. This polyprotein is cleaved by a combination
of the host and viral proteases into at least 10 proteins in the fol-
lowing order: core, envelope 1 (E1), E2, p7. non-structural 2
(NS2), N53, NS4A, NS4B, NS5A, and NS5B [3].

As a striking breakthrough in HCV research, in 1999, an HCV
replicon system enabling robust HCV subgenomic RNA (Con-1
strain of genotype 1b) replication in specific human HuH-7 hepa-
toma cells has been developed [4]. After the first Con-1 replicon,
several HCV replicon (genotypes 1a, 1b, and 2a) systems using
HuH-7-derived cells have been developed. These replicon systems
have become powerful tools for basic studies of HCV replication,

O strain of genotype 1b; called O cell line) [ 10] using cured cells de-
rived from 5O cells [11]. in which HCV replicon RNA (HCV-O strain)
with an adaptive mutation (S2200R) is replicating. However, to
date, established genome-length HCV RNA-replicating stable cell
lines are limited to five HCV strains, H77 (1a), HCV-N (1b), Con-1
(1b), HCV-0 (1b), and JFH1 (2a) [7-10,12], and there is no RNA
replication system with an HCV strain derived from a patient with
acute hepatitis C. Furthermore, there have been few reports com-
paring these HCV strains.

To clarify these problems, we have attempted to establish a new
stable cell line, in which genome-length HCV RNA derived from a
patient with acute hepatitis C is efficiently replicating. We report
herein a new efficient RNA replication system with HCV derived
from a patient with acute hepatitis C and provide a comparative
analysis of RNA replication systems with AH1 and HCV-O strains
regarding the sensitivities to anti-HCV reagents, including inter-
feron (IFN)-x.

HCV-host cell interactions, and screening of anti-HCV reagents,
|5,6]. Furthermore, genome-length HCV RNA replication systems
have been developed | 7-9], since HCV replicons lacking HCV struc-
tural proteins are insufficient for further HCV research. We also
established a genome-length HCV RNA-replicating cell line (HCV-

“ The nucleotide sequence data reported in this paper will appear in the DDBJ,
EMBL, and GenBank nucleotide sequence databases under Accession No. AB429050.
* Corresponding author. Fax: +81 86 235 7392,
E-mail address: nkato@#md.okayama-u.acjp (N. Kato}.

0006-291X/$ - see front matter © 2008 Elsevier Inc. All rights reserved.
doi: 10,1016/} bbrc.2008.04.005

Cell culture. Cells supporting HCV replicon or genome-length HCV RNA, and
cured cells. from which the HOV RNA had been eliminated by IFN treatment, were
maintained as described previously [10].

Reverse transcription (RT)-nested PCR. RNA from a serum of patient AH1 [13]
with acute hepatitis C was prepared using the ISOGEN-LS extraction kit (Nippon
Gene Co. Japan). This RNA sample was used as a template for RT-nested PCR to am-
plify the HOV RNA. RT-nested PCR was performed separately in two parts; one part
(3.5 kb) covered from HCV 5'UTR to NS3. and the other part (6 kb) covered from N52
to NS5B. For the first part, the antisense primer AH3553R, 5'-CACACGCCGTTGATGC
AGGTCG-3 was used for RT. Primers 21 [11] and AH3519R. 5-TGCGTGGCGG
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TOGGAAACCACCTG-3' were employed in the first round of PCR (35 cycles). An inter-
nal primer pair (21X [11] and AH3466RX: 5'-ATTATICTAGAGGCCTGTGAGACTG
GTGATGATGC-3'; containing a Xbal site (underlined)) was used for the second
round of PCR (35 cycles). For the second part, the antisense primer 386K |11] was
used for RT. Primers 542 and 9388R |11] were employed in the first round of PCR
(35 cycles) An internal primer pair (3295X: 5-ATTATICTAGACTGACATGGA
GACCAAGATCATCAC-3; containing a Xbal site {(underfined) and 9357RX: 5°-ATTAT]
CTAGACCCGTTCACCGGTTGGGGAGCAG-3'; « ing a Xbal site (underlined)) was
used for the second round of PCR (35 cycles). These fragments overlapped at the
NS2 and NS3 regions and were used for sequence analysis for HOV RNA alter cloning
into the Xbal site of pBR3I2IMC [11], Superscript Il (invitrogen | and KOD-plus DNA
polymerase (Toyobo, Osaka, Japan) were used for RT and PCR, respectively,

Plasmid construcrion. PCR product (NS3 to NS5B of AH1 strain) with primers 542
and 9388R was further amplified with primers 35015: 5'-ATTATACTAGTCTCACAGG
CCGGGACAAGAACC-3'; containing a Spel site {underiined) and 9162RB: 5-ATTATC
GTACGGCCCAGTTGAAGAGGTACTTGCC-3'; containing a Bsiwi site [underlined).
The amplified fragment was digested with Spel and Bsiwl, and ligated into the
replicon cassette plasmid pNSSTRZ2ZRU [11], which was predigested with Spel and
BsiWL Using this ligation reaction mixture. a replicon RNA library (AHIN/3-58 in
Supplementary Fig. 1) was prepared by a previously described method [11 ). To make
the plasmid pAH1N/C-58/PL, LS, (VA); containing full-length HCV polyprotein of AH1
strain, pON/C-58 containing full-length HCV polyprotein of HCV-O strain [10] was
utilized. First, to make a fragment for pAHIN/C-58 (Supplementary Fig. 1), overlap-
ping PCR was used to fuse EMCV IRES to the core protein-coding sequence of the AH1
strain, as described previously [10]. The resulting DNA was digested with Pmel and
Clal. and then replaced with the Pmel-Clal fragment of pON/C-5B (pON/C-58/CoreAH
was obtained). Second, the Clal-Agel fragment of pHCV-AH1 containing full-length
HCV polyprotein of AH1 strain was replaced with the Clal-Agel fragment of pON/
C-58/CoreAH (pAHIN/C-58B was obtained) Finally, the Spel-BsiWl fragment of
PAHIN/3-5B clone 2 (see Fig. 1C) was replaced with the Spel-Bsiwl lragment of
PAHIN/C-5B (pAH1N/C-SB/PL. LS, (VA); was obtained).

RNA synthesis. Plasmid DNAs were linearized by Xbal and were used for RNA
synthesis with T7 MEGAscript (Ambion) as previously described [11].

RNA trangfection and selection of G418-resistant cells. The transfection of HOV
replicon RNA or genome-length HOV RNA synthesized in vitro into HuM-7-de-
rived cells was perfi d by electrop and the cells were selected in
the pressnce of G418 (0.3 mg/ml; Promega) for 3 weeks as described previously
[}

Quantificotion of HOV RNA. The quantitative RT-PCR (RT-qPCR) analysis for HCV
RNA was performed by LightCycler PCR as described previously [10]. Experiments
were done in triplicate.

Integration analysic Genomic DNA was extracted from the cultured cells
using the DNeasy Blood & Tissue Kit (QIAGEN), The HCV SUTR and the
IFN- gene were detected according to a PCR method described previously
1)

Western blot analysis. The preparation of cell lysates, sodium dodecyl sulfate-
polyacrylamide gel electropt is, and ting analysis were performed
as previously described [11]. The antibodies used in this study were those against
Core, E2, NS3. NS4A. NSSA. and NSSB [10]. p-Actin antibody (AC-15, Sigma) was
used as the control for the amount of protein loaded per lane. Immunocomplexes
were detected with the Renaissance enhanced chemiluminescence assay (Perkin-
Elmer Life Sciences, Boston, MA)

Sequence analysts of HCV RNA. To amplify replicon RNA and genome-length HOV
RNA, RT-PCR was performed as described previously [10.11). The PCR products
were subcloned into the Xbal site of pBRI2ZZMC. and sequence analysis was per-
formed as described previously [11].

Northern blot analysts. Total RNA was extracted from the cultured cells using the
RNeasy Minl Kit (QIAGEN). Three micrograms of total RNA was used for the analy-
sis. HCV-specific RNA and p-actin were detected according to a method described
previously [10].

Luciferuse reporter assay, For the dual-luciferase assay, firefly luciferase vectors,
pGBP-1(-216)-Luc and p2'-5'-0AS(-159)-Luc |14], were used. The reporter assay
was performed as previously described |14). The experiments were performed in
at least triplicate.

Statistical analysis. Differences between AH1 and O cell lines were tested using
the Student’s t-test. P values <05 were considered statistically significant.
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Fig. 1. Characterization of sAH1 cells harboring HCV replicon. (A) No integration of the HOV sequence in the genomic DNA. Genomic DNA from sAH1cells was subjected to
PCR for the detection of the HOV 5'UTR and the IFN-p gene. O cells were used as a negative control. Lane PC, HOV sequence-integrated cells; lane NC, no genomic DNA: lane M,

100 bp DNA ladder. PCR products were detected by staining with ethidium bromide after 3% agarose gel e ph

sis, (B) Q analysis of intracellular replicon

RNA. The levels of replicon RNA were quantified by LightCycler PCR. 5O cells harboring HCV-0 replicon |11] were used for the comparison. (C) Amino acid substitutions
detected in intracellular AH1 replicon RNA. NS3 to NS5B regions of three independent clones sequenced were presented. L12625 and V1B97A conserved substitutions are
indicated by asterisks. Clone-specific aa substitutions (indicated by the numbers with dots) are s follows: 1. KIG91R: 2, M21051: 3, P1115L 4, V2360A; 5, K1368R; 6,
A1533T; 7. [2285V; B, D2377H. (D) IFN sensitivity of AH1 replicon. sAH1 cells were treated with IFN-a (Sigmal. IPN-§ (a gift from Toray Industries). and [FN-y {Sigma) (20 U}
ml each) for 5 days. For the comparison. sO cells were treated as well as sAH1 cells. NS5B was detected by Western blot analysis.

_246-



106 K Mori et al / Biochemical and Biop al
Results

Establishment of a G418-resistant cell line (sAH1) harboring HCV
replicon RNA

An HCV replicon RNA library prepared from the AH1 strain was
first transfected into sOc cells (cured sO cells) [11], and the G418-
resistant cells were selected as described previously [11]. Although
several G418-resistant colonies were obtained, production of these
colonies was due to integration of the HCV RNA sequence into the
chromosomal DNA (PC in Fig. 1A). Therefore, we further cleaned up
the replicon RNA library with additional DNase treatment, and it
was then transfected into OR6c cells (cured OR6 cells) |10). Conse-
quently, a G418-resistant colony was obtained and successfully
proliferated; this colony was referred to as sAH1, To exclude the
possibility of integration of a replicon RNA sequence into the geno-
mic DNA, we examined the presence of the HCV 5'UTR sequence in
the genomic DNA isolated from sAH1 cells by a PCR method de-
scribed previously [11]. Genome-length HCV RNA-replicating O
cells were also examined as a negative control. The results revealed
that the HCV RNA sequence was not integrated into the genomic
DNA in either sAH1 cells or O cells (Fig. 1A).

Regarding the level of replicon RNA in sAH1 cells, RT-gPCR anal-
ysis revealed that the titer of replicon RNA was approximately
3 = 107 copies/ug total RNA, and its level was equivalent to that
in 50O cells (Fig. 1B), suggesting that the efficiency of RNA replica-
tion in sAH1 cells is similar to that in 5O cells.

To exclude the possibility that sAH1 cells were derived from a
small number of ORG cells remaining after IFN treatment, and to
determine whether replicon RNA in sAH1 cells possesses cell cul-
ture-adaptive mutations |5), which enhance the efficiency of RNA
replication, we performed genetic analysis of the intracellular
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AH1 replicon. The sequences of three independent clones were
determined and compared with each other to avoid PCR error.
The obtained consensus nucleotide and aa sequences of NS3-
NS5B regions of the AH1 replicon showed 73% and 3.7%
differences, respectively, from those of the HCV-0 replicon [11].
indicating that sAH1 cells were not contaminated by the OR6 cells.
In contrast, to find conserved mutations in the AH1 replicon, we
determined the consensus nucleotide sequences of AH1 serum-de-
rived HCV RNA by comparison of the nucleotide sequences of three
independently isolated cDNA clones (Accession No, AB429050).
The K1609E (NS3) and S2200R (NSSA) adaptive mutations found
in O and OR6 cells were not detected in the AH1 replicon. However,
instead of these mutations, L12625 (NS3) and V1897A (NS4B) con-
served mutations were detected (Fig. 1C). Although V1897A has
been detected as an adaptive mutation in Con-1 replicon [15],
L1262S has until now remained undetected. In clone 2, the
P1115L mutation (number 3 in Fig. 1C), which has been reported
as an adaptive mutation [15,16], was detected.

To further characterize the sAH1 replicon, we compared the
sensitivities of sAH1 and sO replicons against anti-HCV reagents
(IFN-x, IFN-B, and IFN-v) [5,6,11]. Western blot analysis of NS5B re-
vealed that the IFN sensitivity of the sAH1 replicon was equivalent
to that of the sO replicon (Fig. 1D).

Establishment of a genome-length HCV-AH1 RNA-replicating cell line,
AH1

To develop a genome-length HCV RNA replication system, we
first constructed a pAH1N/C-5B/PL, LS, (VA); by the replacement
with sAH1 replicon clone 2 (Fig. 1C) into pAH1N/C-5B. AHIN/C-

SB/PL, 1S, (VA), RNA was transfected into sAH1c cells, cured
sAH1 cells. Following 3 weeks of culturing in the presence of
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Fig 2. Characterization of AH1 cells harboring genome-length HCV RNA. (A) Selection of G418-resistant cell lines. The levels of HOV RNA in GA18-resistant cells were
quantified by LightCycler PCR (upper panel). Core and NS4A were detected by Western blot analysis (lower panel ). (B) Western blot analysis. AH1, 0, sAH1, and sAH1¢ cells
were used for the comparison. Core, E2, NS3, NS4A, NSSA, and NSSB were detected by Western blot analysis. (C) Northern blot analysis. AH1, 0, sAH1, sAH1¢, and HuH-7 cells

were used for the comparison. In vitro-synt

ized AHIN/3-5B and AHIN/C-5B RNAs were also used for the comparison.
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G418, several colonies were obtained, and 4 colonies (2-1, 2-2, 2-3,
and 2-5) then successfully proliferated. We selected colony 2-2
among them because it showed high levels of HCV RNA and pro-
teins (core and NS4A) (Fig. 2A); this cell line was referred to as
AH1. To compare the expression levels of HCV proteins in AH1 cells
with those in O cells, Western blot analysis was further performed.
Although the levels of HCV proteins in AH1 cells were slightly low-
er than those in O cells, the expression levels of NS proteins in AH1
cells were equivalent to those in sAH1 cells (Fig. 2B). In this anal-
ysis, we noticed that the size of the E2 protein in AH1 cells was
7 kDa larger than that in O cells (Fig. 2B). This difference may be
due to the different numbers of N-glycosylation sites in E2 protein,
since 11 and 9 N-glycosylation sites in E2 proteins are estimated in
AH1 and HCV-O strains, respectively. Northern blot analysis also
showed the presence of HCV-specific RNA with a length of approx-
imately 11 kb in the extracts of total RNA prepared from AH1 cells,
similar to that in the O cells (Fig. 2C). We confirmed the presence of
replicon RNA (approximately 8 kb) in sAH1 cells (Fig. 2C). To check
the additional adaptive mutations in the genome-length AH1 RNA,
we performed sequence analysis of HCV RNA in AH1 cells. The
results (Supplementary Fig. 2) revealed no additional mutations de-
tected commonly among the three independent clones sequenced,
suggesting that additional adaptive mutations are not required for
genome-length HCV RNA replication. We therefore conclude that
the AH1 cell line can be used as a genome-length HCV RNA replica-
tion system with acute hepatitis C-derived HCV strain,

Diverse effects of anti-HCV reagents on HCV RNA replication in AH1
and O cells

To compare the effects of anti-HCV reagents on RNA replication
systems with different HCV strains, we examined the anti-HCV pro-
files of IFN-4, IFN-y, and cyclosporine A (CsA) [17] using AH1 and O

cells. Regarding IFN-a, the anti-HCV effect in AH1 cells was similar
to that in O cells (Fig. 3A). Although RT-gPCR analysis showed a sta-
tistically significant difference in both cell systems when 1 1U/ml of
IFN-x was used, such a difference was not observed in the Western
blot analysis (Fig. 3A). In contrast, a significant different effect of
IFN-+ was observed in both cell systems. RT-qPCR and Western blot
analyses revealed that RNA replication of the AH1 strain was less
sensitive than that of the HCV-0 strain when 1 or 10 IUfml of IFN-y
was used (Fig. 3B). Conversely, we observed that RNA replication
of the AH1 strain was mare sensitive to CsA than that of the HCV-0
strain (Fig. 3C), These results suggest that anti-HCV profiles of IFN-
v and CsA are rather different between AH1 and O cell systems.

Different anti-HCV profile of IFN-y is not correlated with the cellular
potentials of the [FN-y signaling pathway

To clarify whether the different effects of IFN-y observed
between AH1 and O cells are dependent on the cellular potentials
of the [FN-y signaling pathway. we performed a dual-luciferase
reporter assay using an IFN-y-inducible intrinsic GBP-1 gene pro-
moter. As a control, IFN-a-inducible intrinsic 2'-5'-0AS gene
promoter was also used for the analysis of the IFN-a signaling
pathway, The results revealed that a good response of both AH1
and O cells to IFN-a and IFN-y stimulation, with their potentials
for both signaling pathways being almost the same (Fig. 4). These
results suggest that the diverse anti-HCV effects of IFN-y are
dependent on the HCV strain, but not on the cellular potentials
of the IFN-y signaling pathway.

Discussion

In the present study, we established for the first time an HCV
RNA replication system with AH1 strain derived from a patient
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with acute hepatitis C, and found diverse anti-HCV effects of IFN-y
and CsA between AH1 and HCV-O strains.

The levels of HCV replicon RNA and genome-length HCV RNA in
sAH1 and AH1 cells were assigned to 3 = 107 and 2 x 107 copies/ug
total RNA, respectively. These values are similar to those obtained
from previously established HCV RNA replication systems [5].
Since known adaptive mutations (P1115L and V1897A) and addi-
tional conserved mutations (L.1262S) were detected in the devel-
oped sAH1 replicon, these mutations may contribute to enhanced
levels of RNA replication. The expression levels of genome-length
HCV RNA and proteins observed in the present study suggest that
genome-length HCV RNA replication efficiently occurs in AH1 cells,
and that this RNA replication system is useful for comparison with
already developed genome-length HCV RNA replication systems
with HCV-N (7], Con-1 [8,9], or HCV-O [10] strains.

In the comparative analysis of genome-length HCV RNA replica-
tion systems with AH1 and HCV-O strains, we found that IFN-y and
CsA showed different anti-HCV profiles between AH1 and HCV-0
strains, Regarding IFN-y, RNA replication of the AH1 strain
(ECs0 = 1.9 IU/ml) was less sensitive than that of the HCV-O strain
{ECsq = 0.3 [Ufml). Windisch et al. [18] have previously reported
that RNA replication in an HCV replicon system using HuH-6
hepatoma cells is highly resistant (ECsy was more than 100 U/
ml) to IFN-v, and that its resistant phenotype is not due to a general

defect in the IFN-y signaling pathway. In that study, they specu-
lated that some mutations within a critical effector gene in HuH-
6 cells might account for the inability of the cells to reduce the
number of replicon RNAs in response to IFN-y. Although such a
possibility is not completely excluded, the diverse effects of IFN-y
observed in the present study were likely due to the difference in
viral strains because RNA replication of the AH1 strain is still sen-
sitive to IFN-y. To clarify this point, development of an additional
HCV RNA replication system such as an OR6 assay system with
more quantitative reporter genes [10] is needed.

Regarding CsA. RNA replication of the AH1 strain (ECso=
0.13 pg/ml) showed more sensitivity than that of the HCV-O strain
(ECsg = 0.35 ug/ml). Ishii et al. [17] have previously reported that
RNA replication of the JFH1 strain (genotype 2a) is less sensitive
to CsA than genotype 1b strains, including the HCV-0 strain. In that
study, they concluded that the difference in sensitivity of JFH1 and
genotype 1b strains to CsA could be attributed to characteristic dif-
ferences in the HCV strains, not to the parent cell strain. In addi-
tion, sensitivity to CsA was almost the same among genotype 1b
strains in that study. Therefore, we estimate that the AH1 strain
is more sensitive to CsA than these genotype 1b strains examined
to date. Further analysis will be necessary to clarify the mechanism
underlving differences in sensitivity to CsA among genotype 1b
strains.

In conclusion, an HCV RNA replication system with the AH1
strain would be useful for comparison with other strain-derived
systems in various HCV studies, including analysis of the effects
of anti-HCV reagents.
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PPARa activation is essential for HCV core
protein—induced hepatic steatosis
and hepatocellular carcinoma in mice
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Transgenic mice expressing HCV core protein develop h:ﬁ:f-ic stearosis and hepatocellular carcinoma (HCC),
but the mechanism underlying this process remains unclear. Because PPAR« is a central regulator of triglyc-
eride homeostasis and mediates hepatocarcinogenesis in rodents, we determined whether PPARa contrib-
utes to HCV core protein-induced diseases. We generated PPARc-homozygous, -heterozygous, and -null mice
with liver-specific transgenic expression of the core protein gene (Ppara™/*:HCVcpTg, Ppara’:HCVcpTg, and
Ppara~/~HCVcpTg mice. Severe steatosis was unexpectedly observed only in Ppara*:HCVcpTg mice, which
resulted from enhanced fatty acid uptake and decreased mitochondrial B-oxidation due to breakdown of mito-
chondrial outer membranes. Interestingly, HCC developed in approximately 35% of 24-month-old Ppara*/:
HCVcpTg mice, but tumors were not observed in the other genotypes. These phenomena were found to be
closely associated with sustained PPAR« activation. In Ppara*/:HCVcpTg mice, PPARx activation and the
related changes did not occur despite the presence of a functional Ppara allele. However, long-term treatment
of these mice with clofibrate, a PPAR« activator, induced HCC with mitochondrial abnormalities and hepatic
steatosis. Thus, our results indicate that persistent activation of PPAR« is essential for the pathogenesis of

hepatic steatosis and HCC induced by HCV infection.

Introduction
HCYV is one of the major causes of chronic heparitis, whereas
patients with persistent HCV infection have a high incidence of
hepatocellular carcinoma (HCC) (1, 2). Occurrence of HCC asso-
ciated with chronic HCV infection has increased over the past 2
decades (3-5), and chronic HCV infection is recognized as a seri-
ous debilitating disease. However, the mechanism in which chron-
ic HCV infection mediares hepatocarcinogenesis remains unclear.
HCV core protein was shown to have oncogenic potencial (6).
To examine how HCV core protein participates in HCV-related
hepatocarcinogenesis, transgenic mouse lines were established
in which HCV core protein is expressed constitutively in liver at
cellular levels similar to those found in chronic HCV-infected
patients (7). These mice exhibited hepatc steatosis (7) and insu-
lin resistance (8) as early as 3 months of age; on further aging,
these symptoms worsened and heparic adenomas developed in
approximately 30% of mice between 16 and 18 months of age
(9). Finally, HCC was found within hepatic adenomas in a clas-
sic “nodule-in-nodule” pathology (9). Interestingly, no heparic
inflammarion or fibrosis was found in these mice throughour

Nonstandard abbreviations used: ACC, acetyl-CoA carboxylase; ADX, acyl-CoA oxi-
dase; CDK, cyclin-dependent kinase; CYP4A1, cytochrome PAS0 4AL; FAS, fatey acid
synthase; FAT, fatty acid translocase; FATP, farty acid transport protein; HCC, hepato-

cellular caramoma; HCVepTg, HCV core protein-exp 8 genic; L-PABP, liver
fatty acid-tunding p MCAD, medium-chain acyl-CoA dehydrogenase; MTP,
microsomal transfer protein, 8-OHAG, 8-hyd 2’ -deoxyg . PCNA, prolife

aring cell nuclear antigen; RXRax, retinoid X recepeor @
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the course of HCC development (9), which suggested thac the
HCV core protein itself induces hepatic steatosis and HCC inde-
pendently of hepatitis.

Several studies support the contention that hepatic steatosis
promotes the development of HCC (10). Epidemiologic data have
identified hepatic steatosis as a major accelerating factor of hepa-
tocarcinogenesis in chronic HCV-infected patients (11). Moreover,
increases in ROS producrion that can cause oxidative DNA dam-
age, mitochondrial abnormalities, and accelerated hepatocyre
proliferation were observed in the stearoric livers (12-14). Thus,
an intriguing possibilicy has emerged thar alteration of farty acid
metabolism in hepatocytes may be central to the pathogenesis of
HCC induced by HCV core protein.

PPARs are ligand-activared nuclear receprors belonging to the
steroid/thyroid hormone receptor superfamily; 3 isoforms des-
ignated as a, B/, and ¥ exist, all of which are involved in lipid
homeostasis (15). PPARa regulates constitutive transcription of
genes encoding farry acid-metabolizing enzymes (16) and is associ-
ated with the maintenance of fatty acid transport and metabolism,
primarily in liver, kidney, and heart. Administration of PPARa ago-
nists, such as the widely prescribed fibrate drugs clofibrate, gemfi-
brozil, and fenofibrate, ameliorate hyperlipidemia in humans (17)
and hepatic steatosis in mice (18),

On the other hand, long-term administration of PPARa ligands
to rodents causes accelerated hepatocyte proliferation, increased
ROS generation, and development of HCC (19, 20). Disruption of
the PPAR« gene was shown to prevent the development of HCC
caused by long-term exposure to PPARa acrivarors (21). Interest-
ingly, accumulation of fatty acids/triglycerides in hepatocytes
Number 2 683

Volume 118 February 2008



research article

A
HCVep - 4P
Ppara ++ ++
e -
gt core
e e e -— Actin
C  Ppara*" Ppara*" Ppara*

Figure 1

1

HCVep -+ -+

Age 9 months 24 months

Phenotype changes in transgenic mouse liver. (A) Immunobiot analysis of HCV core protein expression in livers of 9-month-old mice. Because no signif-
icant individual differences in the same mouse group were found in the preliminary experiments, 10 mg of liver prepared from each mouse (n = 6 /group)
was mixed and homogenized. Whole-liver lysate (50 pg protein) was loaded in each well. The band of actin was used as the loading control. Results
are representative of 4 independent experiments. PC, lysate prepared from COS-1 cells overexpressing HCV core protein as a positive control. (B)
Histological appearance of hematoxylin- and eosin-stained liver sections from 8-month-old HCVepTg mice. Upper and lower rows show a lower (x40)
and higher (x400) magnification, respectively. Microvesicular and macrovesicular steatosis was found only in Ppara+*:HCVepTg mice. No inflamma-
tion or hepatocyte degeneration was evident in any of the genotypes. (C) Histological appearance of hematoxylin- and ecsin-stained liver sections
from 24-month-old HCVepTg mice. Upper and lower rows show a lower (x40) and higher (x400) magnification, respectively. Hepatic steatosis was
marked in Ppara++:HCVcpTg mice, but notin other mice. Hepatic inflammation, fibrosis, and deganeration were not observed. In Ppara*-:
HCVepTg and Ppara-—HCVepTg mice, dysplastic hepatocytes and precancerous lesions were not detected throughout the entire liver. (D) Content
of liver triglycerides. Results are expressed as the mean + SD (n = 6/group) and compared between genctypes at the same age. *F < 0.05 compared

with Ppara*'* nontransgenic mice; **P < 0.05 compared with Ppara*-HCVepTg mice; *P < 0.05 compared with Ppara~-HCVepTg mice.

could lead to continuous PPARa activation because of the pres-
ence of farty acid metabolites that serve as natural PPARa ligands.
For example, mice lacking expression of the peroxisomal acyl-CoA
oxidase (AOX) gene showed massive accumularion of very-long-
chain fatty acids in hepatocytes, severe microvesicular stearosis,
chronic PPARa activation, and development of hepatic adenoma
and HCC by 15 months of age (22). These results suggest a strong
contribution of activated PPAR« to liver tumorigenesis.

On the basis of several lines of evidence, we hypothesized chat
PPARa might contribute to hepatocarcinogenesis in HCV core
protein-expressing transgenic (HCVepTg) mice. To explore this
possibility, PPARa-homozygous (Ppara*/"), PPARa-heterozygous
(Ppara*/"), and PPARa-null (Ppara/*) mice bearing the HCV core
protein gene, designated Ppara’/:HCVcpTg, Ppara’/~HCVcpTg,
and Ppara/:HCVcpTg mice, were generated, and phenotypic
changes were examined. Surprisingly, we found thar severe hepartic
steatosis and HCC induced by HCV core protein developed only in
Ppara*!* mice, which were related to persistent PPARa activation,

Results

Expression of HCV core protein in transgenic mice. Ppara/"HCVcpTg and
Ppara*/:HCVepTg mice appeared healthy, and body weight in boch
genotypes was similar to that of Ppara/*:HCVcpTg and Ppara*’* mice

(22 ‘The Journal of Clinical Investigation
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withour the transgene. When heparic expression of HCV core prorein
in 9-month-old transgenic mice was examined by immunoblot anal-
ysis, it was similar among Ppars/:HCVcpTg, Ppara’/~HCVcpTg, and
Ppara/:HCVepTg mice (Figure 1A) and was also similar to expression
in HCVepTg mice reported previously (7, 9). Age and sex had only a
minor influence on the hepatic expression of HCV core protein.

Requirement of homozygous PPARa for the development of bepatic ste-
atosts in transgenic mice. Livers of 9-month-old male HCVepTg mice
with or without the Ppara allele were examined. Those of Ppara®/*:
HCVcpTg mice were soft, slightly enlarged, and light in color and
histologically showed macrovesicular and microvesicular stearosis
with no apparent inflammation or hepatocyte necrosis (Figure 1B),
in agreement with previous reports (7, 9). Biochemical analysis of
liver extracts showed marked hepatic accumulation of triglycerides
(Figure 1D). In contrast, livers of 9-month-old Ppara*/:HCVcpTg
and Ppara’/~HCVcpTg mice showed neither histological abnormal-
ities nor accumulation of triglycerides (Figure 1, B and D). Heparic
levels of free farry acids in Ppara’/*:HCVcpTg mice were approxi-
mately 3 imes those in Ppara™/ :HCVcpTg and Ppara~:HCVcpTg
mice or Ppara*’* mice not expressing the HCV core prorein.

In 24-month-old Ppara*/:HCVepTg mice, heparic steatosis was
found (Figure 1C), and the hepatic levels of triglycerides were fur-
ther increased (Figure 1D). Apparent inflammarion, hepatocyre
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Figure 2

Analyses of factors associated with hepatic fatty acid and triglyceride metabolism. (A) Expression of genes associated with fatty acid and triglyc-
eride metabolism in 8-month-old mouse livers. Total RNA was extracted from each mouse liver, and mRNA levels were determined by RT-PCR.
mANA levels were normalized by those of GAPDH and subsequently normalized by those in Ppara** nontransgenic mice. Results are expressed
as the mean = SD (n = B/group). "P < 0.05 compared with Ppara** nontransgenic mice; **P < 0.05 compared with Ppara*-HCVcpTg mice;
*F < 0.05 compared with Ppara~—HCVcpTg mice. (B) Uptake of fatty acids in 9-month-old mouse livers. Liver slices obtained from 3 mice in each
group were incubated in medium containing 0.8 mM [1-“C]palmitic acid for 7 h. Fatty acid uptake ability was estimated by the sum of palmitic
acid converted to CO; and ketone bodies with that incorporated into total cellular lipids after incubation. The experiment was repeated 3 times.
Results were normalized by those of Ppara** nontransgenic mice and expressed as the mean + SD. (C) Plasma concentrations of free fatty
acids, glucose, and insulin. After an overnight fast, biood was obtained from each mouse and the above variables were determined. Results are

expressed as the mean + SD (n = 6/group).

degeneration and necrosis, and fibrosis were not detected. On the
other hand, Ppara*/~HCVcpTg and Ppara/-HCVcpTg mice showed
no steatosis (Figure 1, C and D). These results indicare that heparic
steatosis develops in Ppara*/*:HCVcpTg mice, but not in Ppara™/:
HCVepTg and Ppara”/-:HCVcpTg mice.

Hepatic fatty acid and triglyceride metabolism in transgenic mice. To
investigate the mechanism responsible for the development of
severe stearosis in Ppara*/:HCVcpTg mice, the expression of genes
associated with farty acid and triglyceride mecabolism in the livers
of 9-month-old mice was analyzed using the quanritative RT-PCR
method. As shown in Figure 2A, the mRNA levels of genes related
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to de novo lipogenesis (farry acid synthase [FAS] and aceryl-CoA
carboxylase [ACC]) and secretion of VLDL (microsomal transfer
protein [MTP] and apoB) were constant in all groups. The mRNA
levels of fatty acid translocase (FAT) and farty acid transport pro-
tein (FATP), which are associated with the uptake of fatty acids into
hepatocytes, were significantly increased only in Ppara*/*HCVcpTg
mice, but the mRNA levels of heparic triglycenide lipase, anoth-
er contributor to fatty acid uprake, remained unchanged (data
not shown). The mRNA levels of liver fatty acid binding protein
(L-FABP) were also elevated only in Ppara’/*:HCVcpTg mice. Sur-
prisingly, the mRNA levels of AOX and medium-chain acyl-CoA
February 2008 685

Volume 118 Number2

—253-



research article

A
!:E‘ —elAD “E‘ -
S H '2% £
o 30 s &0
TE E oE _g
HER R IE
8% g 10 £3 E 20
388" 3E
Ppara  +++l+ +I- - Ppara
HCVep - + HCVep
Cc HCVep - + D HCVep - +
Ppara s ¥Te - - Ppara ++ ++ +- 4
- - _— +— cylL.c —— —— a— LACS
) (eriomanc fraction) 10 0.5% 1.1 1.0
——— — Cyl.C — e e +— CPT-|
(mitochondrial fraction) 10 0.4%12 14
e e . 4= CPTI
: e Nl 10 08 09 10
o= — —— <+« MCAD
1.0 0.9 09 09
Figure 3

Analyses of mitochondrial abnormalities. (A) Lignoceric and palmitic acid f-oxidation activities in 8-month-old mice. Results are axpressed as the
mean =+ SD (n = 6/group). *P < 0.05 compared with Ppara** nontransgenic mice; **P < 0.05 compared with Ppara*—HCVcpTg mice; *P < 0.05
compared with Ppara~-:HCVcpTg mice. (B) Electron microscopic features of hepatic mitochondria of 8-month-old HCVepTg mice. Upper and
lower rows show a lower and higher magnification, respectively, In Ppara*+:HCVepTg mice, some mitochondria showing discontinuance of
outer membranes (arrows) and amorphous inner structures were observed. In Ppara+-:HCVepTg and Ppara~-HCVepTg mice, mitochondria
appeared normal; the scale bars represent 200 nm (top) and 30 nm (bottom), respectively, (C) Immunoblot analysis of cytochrome ¢ in 8-month-
old mice, Whole-liver lysate, mitochondrial fraction, or cytosolic fraction (50 ug protein) was loaded in each well. Results are representative of 4
independent experiments. (D) Immunoblot analysis of representative mitochondrial fi-oxidation enzymes using a mitochondrial fraction prepared
from 9-month-oid mouse livers. The mitochondrial fraction (20 ug protein) was loaded in each well. Results are representative of 4 independent
experiments. The band intensity was quantified densitometrically and normalized by that in Ppara** nontransgenic mouse. The mean value of

the fold changes is shown under the representative band. LACS, long-chain acyl-CoA synthase; CFT, camitine palmitoyl-CoA transferase.

dehydrogenase (MCAD), a rate-limiting enzymes in the peroxi-
somal and mitochondrial f-oxidation pachways, respectively, were
significantly increased in Ppans”/:HCVcpTg mice. When farry acid
uptake ability was measured in fresh liver slices, it was significantly
enhanced only in Ppara*/*;HCVcpTg mice (Figure 2B). Additionally,
plasma free fatty acid levels were higher in these mice than in mice
in the other groups. Although there were no differences in fasting
plasma glucose levels between the groups, hyperinsulinemia was
observed only in Ppara*/:HCVcpTg mice (Figure 2C), in agreement
with the previous observation thar significant insulin resistance
developed in these mice (8). Similar results were obrained from
24-month-old mice (data not shown). These results combined
show thart the increased plasma fatry acid levels, which were likely
due ro enhanced peripheral fatty acid release caused by insulin
resistance, and the increase in farty acid uprake ability are consis-
rent with sreatogenesis in Ppars*/:HCVepTg mice.

Decreased mitochondrial P-oxidation in transgenic mice. Although
the transeriprional activities of major f-oxidation enzymes were
markedly increased, Ppana*/:"HCVcpTg mice had severe steatosis.
To explore this discrepant resulr, peroxisomal and mirochondnial
f-oxidation activities were measured using lignoceric and pal-
mitic acids as substrates, respectively. The lignoceric acid-degrad-
ing capacity was increased only in Ppara*/*:HCVepTg muce, where
it corresponded ro an increase in AOX expression. However, the
capacity for palmitic acid degradation, which occurs particularly
in mirochondria, was significantly lower in Ppana*/:HCVcpTg mice
than in Ppara*/~HCVcpTg and Ppara:HCVcpTg mice (Figure 3A).
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Thus, decreased mitochondrial B-oxidation ability was considered
to be another important mechanism for the development of ste-
arosis induced by the core prorein.

We further evaluated mitochondrial abnormalities. In electron
microscopic examination, discontinuous outer membranes (Figure
3B, arrows) and lack of an internal structure were observed in some
mitochondria of Ppara*/*:HCVcpTg mouse livers, in agreement
with the previous report (9), However, these abnormalities were not
seen in Ppara*/:HCVcpTg and Ppara/HCVcpTg mice (Figure 3B).
Immunoblot analysis showed that cytochrome ¢, which is usually
localized in the mirochondrial intermembrane space, was present
in the cyrosolic fractions of Ppara*/*:HCVepTg mice (Figure 3C).
Moreover, immunoblot analysis using mitochondrial fractions
showed that the expression levels of long-chain acyl-CoA synthase
and carnitine palmitoyl-CoA transferase-I, which are enzymes
indispensable to the initial step of mitochondnal f-oxidation and
are localized mainly in mirochondrial outer membranes, were sig-
nificantly decreased only in Ppara”/:HCVepTg mice (Figure 3D).

Overall, these results suggest that homozygous PPARa is essen-
tial to the pathogenesis of heparic stearosis induced by the HCV
core protein, which results from a decrease in mitochondrial
fatty acid degradation capacity caused by the breakdown of mito-
chondnal outer membranes and a disproportionate increase in
the uptake of fatry acids. Interestingly, steatosis and the related
changes did not occur in Ppara®/- and Ppara~/- mice expressing the
HCV core protein, which suggested thar these changes were not
caused by the core protein itself.
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Table 1
Incidence of HCC in 24-month-old mice

HCV core protein  Ppara  Mice Mice with HCC Incidence
() (m) (%)

- +4 20 0 0

- 4= 18 0 0

- —- 20 0 0

+ ++ 17 6 3534

+ +- 16 0 0

+ -~ 14 0 0

Mice were killed at 24 months of age for analysis. HCC was diagnosed
according 1o histological findings. *P < 0.05 compared with Fpara+*
nontransgenic mice, P < 0.05 compared with Ppara~-HCVcpTg mics,
P < 0.05 compared with Ppara~—HCVcpTg mice,

Requirement of hbomozygous PPARa for bepatic tumor development in
transgenic mice. At 9 months of age, hepatic nodules were not observed
atall in transgenic mice, whereas, ar 24 months, approximarely 35%
of Ppara*/;HCVepTg mice had macroscopically evident heparic nod-
ules (Table 1). Microscopically, these nodules had the appearance
of well-differentiated HCC with trabecular features, which was con-
sistent with the previous report (9). Surprisingly, Ppara” :HCVepTg
and Ppara”=HCVcpTg mice of the same ages developed no evidence
of hepatie tumors, despite the expression of HCV core protein at
similar levels to those found in Ppara”*:HCVepTg mice (Table 1).

research article

or precancerous lesions throughout the livers in Ppara®~HCVcpTg
and Ppara~~:HCVcpTg mice (Figure 1C). These results provide
strong evidence thar homozygous PPAR« is essenrial for heparic
tumorigenesis induced by HCV core protein.

Increased bepatocyte proliferation only in Ppara™/*:HCVcpTg mice.
Because sustained acceleration of heparocyre proliferation rela-
tive to apoprosis may promote the development of HCC, these
opposing processes were quantified in the livers of 24-month-
old mice. Borh the liver-to-body weight ratio and the number of
hepatocytes expressing proliferatung cell nuclear antigen (PCNA)
were increased only in Ppara*/:HCVcpTg mice (Figure 4, A and
B). In contrast, the number of TUNEL-positive hepatocytes and
the hepatic caspase 3 acuvity, indicators of heparocyte apopro-
sis, remained similar among the 3 mouse strains (Figure 4, C and
D). Interestingly, despite che presence of HCV core protein, the
amounts of these proliferative and apoprotic markers in Ppara*/~:
HCVepTg and Ppara/:HCVcpTg mice were similar to those in
Ppara*/* nontransgenic mice. Expression levels of several proteins,
such as protooncogenes (c-Fos and ¢-Myc), cell-cycle regulators
(eyclin D1, cyclin-dependent kinase [CDK] 4, and PCNA), and
phosphorylated ERK 1 and 2, all of which are associated with
hepatocyte proliferation, were elevated in Ppara*/*:HCVcpTg mice
bur not in other genotypes (Figure 4, E and F).

Increased oxidative stress and DNA damage only in Ppara®:HCVepTg
mice, HCV core protein is associated with increased production of
ROS (23). Enhanced ROS production induces nuclear DNA dam-
age, which results in the initiation of heparocarcinogenesis, and

Microscopic examination showed that there were no dysplasticcells  can also injure organelles, which can result in disorders in their
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Figure 4

Increased hepatocyte proliferation in Ppara**:HCVepTg mice at 24 months of age. (A) Liver-to-body-weight ratio. Resulls are expressed as the
mean = SD (n = 6/group). (B) Numbers of proliferating hepatocytes. Two thousand hepatocytes were examined in each mouse, and hepatocyte
nuclei positive for anti-PCNA antibody were counted. Results are expressed as the mean + SD (n = 6/group). For A and B, comparisons are
designated as follows: *P < 0.05 compared with Ppara*** nontransgenic mice; **P < 0.05 compared with Ppara*-~:HCVcpTg mice; *P < 0.05
compared with Ppara--:HCVcpTg mice. (C) Numbers of apoptotic hepatocytes. Liver sections were subjected to TUNEL staining, and TUNEL-
positive hepatocyte nuclei were counted in 2,000 hepatocytes from each mouse. Results are expressed as the mean + SD (n = 6/group). (D)
Caspase 3 activity. Results are expressed as the mean = SD (n = 6/group). (E) Immunoblot analysis of oncogene products and cell cycle regula-
tors, The same sample used in Figure 1A (whole-liver lysate, 50 ug protein) was loaded in each well. The band of actin was used as the loading
control. Results are representative of 4 independent axperiments. The band intensity was quantified densitomatrically, normalized by that of
actin, and subsequently normalized by that in Ppara+ nontransgenic mice. The mean value of the fold changes is expressed under each band.
(F) immunoblot analysis of phosphorylated ERK1/2 and total ERK1/2. The same samples in Figure 4E (50 pg protein) were used.
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function. The number of hepatocytes positive for 8-hydroxy-2'-
deoxyguanosine (B-OHdG), an indicator of oxidative damage
to nuclear DNA, was increased only in 24-month-old Ppara*/*:
HCVcpTg mice (Figure 5, A and B). Lipid peroxides were slightly
increased in the livers of 9-month-old Ppara*/:HCVcpTg mice (data
not shown) and were more abundant in the livers of 24-month-
old Ppara*/*:HCVepTg mice than in those of Ppara*/\HCVcpTg
and Ppara-/;HCVepTg mice or Ppara’/* nontransgenic mice (Fig-
ure 5C). Expression of typical ROS-generating enzymes (AOX and
cyrochrome P450 4A1 [CYP4Al]) and ROS-eliminaring enzymes
(caralase and Cu, Zn-SOD) was examined. Immunoblot analys'u
showed marked increases in the expression of AOX and CYP4Al
and mild increases in that of catalase only in Ppara”/*:HCVcpTg
mice. No changes in Cu, Zn-50D were found in the subgroups of
transgenic mice (Figure 5D). These results suggest thar enhanced
oxidative stress causes damage in nuclear DNA and probably in
mitochondria in the Ppara*/:HCVepTg mice.

Persistent and spontaneous PPARa activation i Ppara®/:HCVepTg
mice. Liver cumorigenesis induced by long-term exposure to per-
oxisome proliferators and the relared changes, such as sustained
hepatocyte proliferation and increased oxidarive stress, are asso-
ciated with persistent PPARa activation (19-21). To examine the
activation of PPARq, we quantified the level of PPARa mRNA,
which is induced by PPARa activation (24, 25). PPARa mRNA
levels were higher in 9-month-old Ppara"/*:HCVcpTg mice than
in Ppara®/* nontransgenic mice (Figure 6A). These increases were
more pronounced at 24 months of age. However, there were no
differences in PPARa mRNA levels berween Ppara”/:HCVcpTg
and Ppara*/- nontransgenic mice at either 9 or 24 months of age.
The expression levels of rypical PPARa rarger genes (16, 25, 26)
— such as FAT, FATP, L-FABP, AOX, and MCAD (Figure 2); c-Myc,
cyclin D1, CDK4, and PCNA (Figure 4); and CYP4Al (Figure 5)
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Figure 5

Increased oxidative stress and DNA damage in Ppara**:HCVcpTg
mice at 24 months of age. (A) Immunohistochemical staining using
antibody against 8-OHdG. In Ppara*+:HCVcpTg mice, some stea-
totic hepatocytes were positive for 8-OHdG. Original magnification,
=400, (B) Numbers of 8-OHdG-positive hepatocytes. Hepatocyte
nuclei stained with anti-8-OHdG antibody were counted in 2,000
hepatocytes of each mouse. Results are expressed as the mean = SD
(n = €/group). (C) Hepatic content of lipid peroxides, Resulls are
expressed as the mean = SD (n = 6 /group). *P <.0.05 compared
with Ppara** nontransgenic mice; **P < 0.05 compared with Ppara+—
HCVepTg mice; *P < 0.05 compared with Ppara~-HCVecpTg mice. (D)
Immunoblot analysis of AOX, CYP4A1, catalase, and Cu, Zn-SOD,
The whole-liver lysate used in the experiment in Figure 4E (20 g
protein for AOX and CYP4A1 and 50 ug for others) was loaded in
each lane. The band of actin was used as the loading control. Results
are representative of 4 independent experiments. A and B indicate
full-length and truncated AOX, respectively. The band intensity was
quantified densitometrically, normalized by that of actin, and subse-
quently normalized by that in Ppara+* nontransgenic mice. The mean
value of the fold changes is expressed under each band. *P < 0.05
compared with Ppara** nontransgenic mice.

— were simultaneously and synchronously increased in Ppara®’:
HCVcpTg mice, but notin Ppara”/~:HCVepTg or Ppara”’/"HCVcpTyg
mice. These results confirm that persistent activation of PPARa
occurs only in Ppara*/*:HCVepTg mice. Various changes observed
in Ppara*/*:HCVepTg mice, i.e., increased farry acid uptake, mito-
chondrial abnormalities, steatosis, ROS overproduction, acceler-
ated hepatocyte proliferation, and heparocarcinogenesis, were
considered to be closely linked with sustained PPARa activarion.

Nuclear PPARa content. The results described above suggest that
persistent PPAR« activation is critical to the stearogenesis and
heparocarcinogenesis induced by the HCV core protein. A ques-
tion arises as to why Ppara”/:HCVepTg mice with an active Ppara
allele do not exhibit the hallmarks of PPARa activation and do
not develop HCC. To address this issue, the nuclear PPARa con-
tent was analyzed. Immunoblot analysis for PPARa showed that
the amount of nuclear PPARa protein in Ppara*/*:HCVcpTg mice
was approximately 2- to 3-fold that of Ppara”/* nontransgenic mice,
which was disproportionate to the higher PPARa mRNA levels
(approximately 1.2- to 1.6-fold) (Figure 6, A and B). The level of
nuclear PPARa in Ppara*/HCVcpTg mice was significantly lower
than that in Ppara®/*:HCVcpTg mice and was similar to that in
Ppara"* nontransgenic mice (Figure 6B). Thus, the lower amount
of nuclear PPARa in Ppara*/:HCVcpTg mice than in Ppara®/":
HCVepTg mice might have heightened the threshold of expression
required for long-term spontaneous PPARa activation.

The degree of an increase in nuclear PPARx levels was evidently
higher than the degree of an increase in PPARa mRNA levels in
HCVepTg mice (Figure 6, A and B). To investigate this dispariry,
the stability of nuclear PPARa was evaluated by pulse-chase experi-
ments using isolated hepatocytes obrained from these mice. The
half-life of nuclear PPARa was significantly longer (P < 0.05) in
Ppara*/*:HCVecpTg mice (11.5 + 2.3 h) than in Ppara"/* nontrans-
genic mice (5.8 + 1.4 h) (Figure 6C). The half-life of nuclear PPARa
in Ppara”’HCVcpTg mice tended to be prolonged compared with
that in Ppara*/- nontransgenic mice (Figure 6C). These results sug-
gest thar the stability of nuclear PPARa was increased as a result
of HCV core protein expression. Because it is known that the core
protein interacts with retinoid X recepror a (RXRa) (27) and that
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PPARa influences the stability of RXRa (28), it is plausible that the
core protein would affect its action in nuclei through an interaction
with the PPARa-RXRa hererodimer and stabilizarion of PPARa.

Development of hepatic steatosis and HCC with long-term clofibrate treat-
ment in Ppara”~:HCVepTg mice. To further confirm the significance
of persistent PPARa activation on core protein-induced patho-
logical changes, Ppara®~ and Ppara’:HCVcpTg mice were fed a
standard diet containing 0.05% clofibrate for 24 months. Interest-
ingly, heparic steatosis appeared in the clofibrare-treated Ppara/~
HCVepTg mice, but not in the Ppara”~ mice under the same treat-
ment conditions (Figure 7, A and B). Similar to our observations
in Ppara**:HCVcpTg mice not treated with clofibrate, aberrant
mitochondria with discontinuous outer membranes and decreased
palmitic acid f-oxidation activity were found only in the clofibrate-
treated Ppara” " HCVepTg mice (Figure 7, Aand C). In addition, lev-
els of MCAD mRNA; AOX, and CYP4A1 proteins; PPARa mRNA;
and nuclear PPARa protein were higher in the clofibrate-treared
Ppara*/~HCVepTg mice than in the clofibrate-treated Ppara®/~ mice
(Figure 7, D-F), which suggests that the degree of PPARa activa-
tion in the former group was greater than that in the lacter group
and similar to that in Ppara*:HCVcpTg mice not treated with clo-
fibrare. Finally, the incidence of HCC after clofibrate treatment
was higher in Ppara*/~HCVcpTg mice (25%; 5 in 20 mice) than in
Ppara®’~ mice (5%; 1in 20 mice). Therefore, these results corrobo-
rate the importance of constant PPARa acrivarion ro the pathogen-
esis of hepatic stearosis and HCC in the transgenic mice.
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Figure 6

Persistent PPARa activation in Ppara*+HCVcpTg mice. (A) PPARa
mANA levels. Total RNA was prepared from each mouse, and PPARa
mRNA levels were determined by RT-PCR, normalized by those
of GAPDH, and subsequently normalized by those of 9-month-old
Ppara* nontransgenic mice. Results are expressed as the mean + SD
(n = 6 /group). (B) Immunablot analysis of nuclear PPARa. The nucle-
ar fraction obtained from each mouse (100 pg protein) was loaded in
each well. The band of histone H1 was used as the loading control.
Results are representative of & independent experiments. The band
intensity was quantified densitometrically, normalized by that of histone
H1, and subsequently normalized by that in 9-month-old Ppara++
nontransgenic mice. The mean value is expressed under each band.
*P < 0.05 compared with nontransgenic mice of the same age and
Ppara genotype. (C) Pulse-chase experiments for 3, 6, and 12 h and
pulse-label (P) experiments for nuclear PPAR« using isolated mouse
hepatocytes. Left: labeled PPARa bands on x-ray film. Pulse-label and
pulse-chase experiments were performed as described in Methods.
Resulls are representative of 4 independent experiments. Right: hall-
life of PPARa. The band intensity was measured densitlometrically
and subsequently normalized by that of the pulse-label experiments.
The percentage of the band intensity was plotted, and the half-life of
PPARa was calculated. Results obtained from 4 indepandent experi-
ments are expressed as the mean + SD. *P < 0.05 compared with
nontransgenic mice in the same Ppara genotype.

Discussion

A novel and striking finding in rhis study is the absolurte require-
ment of persistent PPARa activation for the development of
HCV core protein-induced steatosis and HCC. Our data also
show that the HCV core protein alone cannot induce steatosis
and HCC in transgenic mice.

Mechanisms of development of steatosis in HCVcpTg mice were
previously explained as an enhancement of de novo synthesis of
fatry acids (29) and a decrease in MTP expression, the larter of which
results in insufficient VLDL secretion from heparocytes (30). In the
present study, we revealed 2 novel mechanisms of steatogenesis in
the transgenic mice, i.e., an impairment of mitochondrial f-oxida-
tion due to the breakdown of mirochondrial outer membranes and
an increase in fatty acid uptake into hepatocytes, associated with
PPARa activation. PPARa activation, mirochondrial dysfunction,
and heparic stearosis appeared in 9-month-old Ppara*/:HCVcpTg
mice and continued until 24 months of age, clearly preceding
development of HCC. These findings thereby indicate a correlation
between PPARa activation, hepatic steatosis, and HCC.

We obtained the novel and rather paradoxical finding thar sig-
nificant PPARa activation, which generally 1s expected to reduce
heparic triglyceride levels, is essential for the development of severe
steatosis induced by HCV core protein. According to the results of
this study, the following hypothesis concerning the development
of steatosis in Ppara*/*:HCVepTg mice 1s proposed. First, the HCV
core protein localizes partly in mitochondria (9). A recent study
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Figure 7

Development of hepatic steatosis by long-term treatment of clofibrate in Ppara*~:HCVepTg mice. (A) Histolegical examination of Ppara+- and
Ppara+-HCVcpTg mice treated with diet containing 0.05% (w/w) clofibrate for 24 months (CF). Top: Histological appearance of H&E-stained
liver sections. Magnification, =40. Microvesicular and macrovesicular steatosis were detected only in clofibrate-treated Ppara*~:HCVepTg mice.
Middle and bottom: Electron microscopic features of hepatic mitochondria. Some C-shaped mitochondria showing discontinuance of outer
membranes (arrows) were found in clofibrate-treated Ppara*'~HCVcpTg mice. Scale bars: 400 nm (middle), 30 nm (bottom). (B and C) Content
of liver triglycerides and lignoceric and palmitic acid -oxidation activities. (D) MCAD mRNA levels. mRNA levels were normalized to those of
GAPDH and subsequently normalized to those in Ppara*'* nontransgenic mice. (E) Immunoblot analysis of AOX and CYP4A1. Whole-liver lysate
(20 ug protein) was loaded in each lane. Actin was used as a loading control. Resulls are representative of 6 independent experiments. (F)
PPARa mRNA levels and nuclear PPARa contents. Left: PPARa mANA levels. The same samples used in D were adopted. Right: Immunoblot
analysis of nuclear PPARa. Nuclear fraction obtained from each mouse (100 ug protein) was loaded in each well. Histone H1 was used as a
loading control, In E and F, the mean value of the fold changes is shown under each band. Results are representative of 6 independent experi-
ments. Band intensity was quantified densitometrically, normalized to that of the loading control, and subsequently normalized to that in Ppara+/
nontransgenic mice. *P < 0.05 compared with untreated mice of the same genotype; **P < 0.05 compared with clofibrate-treated Ppara*- mice

without core protein gene, Results are expressed as mean + SD (n = 6/group).

showed that, in isolated mitochondria, the core protein directly
increased Ca?* influx, inhibired elecrron transport complex I activ-
ity, and induced ROS production (31), all of which can increase the
fragility of mitochondria and depress mitochondrial function. In
addition, the HCV core protein also localizes in nuclei (9) and can
coexist in PPARa-RXRa heterodimer through a direct interaction
with the DNA-binding domain of RXRa, which enhances the tran-
scriptional activity of PPARa targer genes, such as AOX, despire
the absence of PPAR« ligands in culrured cells (27). The HCV core
protein can also be involved in the PPARa-RXRa complex through
a direct interaction with cyclic-AMP responsive element binding
protein-binding protein (32), which is able to bind to PPAR« (33).
Thus, the core protein probably serves as a coactivator and stabi-
lizer of PPAR@ in vivo, which was further confirmed in this study.
Moreover, because it is also known thar the core protein itselfacti-
vates ERK1/2 and p38 mirogen-activated protein kinase (34), these
acrivarions might phosphorylate PPARa and thereby transactvate
it (35). The core protein-induced PPAR« activation enhances the
basal expression of AOX and CYP4Al, which leads to increased
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production of ROS and dicarboxylic acids. These toxic compounds
can damage mitochondrial outer membranes, which impairs the
mitochondrial B-oxidation system. These damages directly induce
the accumulation of long-chain fatry acids in heparocytes. Fur-
thermore, PPARa activartion increases the expression of FAT and
FATP, which promotes the influx of fatty acids from blood. Long-
chain fatty acids and their CoA esters accumulated in hepatocytes
are likely ro acr as porent detergents, which further damages the
ourer membranes of mitochondria. Fatty acids and their deriva-
tives function as natural ligands of PPARa, which results in the
activation of PPARa and the induction of FAT, FATP, AOX, and
CYP4Al, which furcther accelerares mitochondrial damage, the
reduction of mitochondrial B-oxidation activity, and the accumu-
lation of fatty acids in a vicious cycle.

Persistent PPARa activation increases oxidarive DNA damage
because of a disproportionate increase in ROS-generating enzymes
relative to the levels of degrading enzymes such as catalase and
SOD, which can predispose hepatocytes to malignant transforma-
tion. In addition, persistent PPARa acrivation leads to increased
Volume 118
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Table 2 from Ppara*/~HCVecpTg mice were similar to
Primer pairs used for RT-PCR those from Ppars:HCVcpTg mice, which dem-
onstrates that the presence of functional PPARa
Gene GeneBank Primer sequence Product itself 1s not a prerequisite for the occurrence of
accession (bp) stearosis and HCC induced by the HCV core pro-
number tein. Moreover, a comparison berween Ppara*/
ACC NM_133360 F 5'-GGGCACAGACCGTGGTAGTT-3' 105 HCVcpTg and Ppara*/~:HCVcpTg mice uncov-
R 5-CAGGATCAGCTGGGATACTGAGT-3' ered an unexpected and important fact that the
ApoB NM_009693 ; :Z-mmm%gﬁ 5 85 core protein-dependent pathological changes
AOX NMO1ST28 5'_1_' Gc GuTuﬁmTGBGJwTGwT r;sz ACTTGAATGAC-3" 145 do not a.ppea.r'w‘:rhout. significant actuvation of
: ; PPARa Thus, itis not the presence of PPARa per
R 5-AATTTCTACCAATCTGGCTGCAC-3 bue rather 2 high lovel of PPARG activari
FAS NM_007888  F 5-ATCCTGGAACGAGAACACGATCT-3' 140 R T AREaR
R 5-AGAGACGTGTCACTCCTGGACTT-3' that seems tUb(‘l:SS.C‘l'.Inﬂ.! forthe clr_vel.opmmtof
FAT NM_007643  F 5'-CCAAATGAAGATGAGCATAGGACAT-3' 87 HCV core protein-induced steatosis and HCC.
R 5-GTTGACCTGCAGTCGTTTTGC-3' To reinforce the abovementioned hypoth-
FATP NM_011977 F  5'-ACCACCGGGCTTCCTAAGG-3' 80 esis, Ppara*/- and Ppara*/-:"HCVcpTg mice were
R 5-CTGTAGGAATGGTGGCCAAAG-3' treated with an exogenous PPAR agonist, clo-
GAPDH M32593 F  5-TGCACCACCAAGTGCTTAG-3' ) 177 ﬁbu[c. for 24 montchs. In Ppam'.l'- mjcc’ long.
R 5:‘66”60‘“666”6”6”“6‘3 5 term clofibrate treatment caused a certain
L-FABP NM_017399 F  5-GCAGAGCCAGGAGAACTTTGAG-3 121 level of persistent PPARa activation and a low
R S-TITGATTTTCTICCCTICATECA-3 incidence of HCC. Interestingly, in Ppara’/~:
MCAD NM_007382  F 5-TGCTTTTGATAGAACCAGACCTACAGT-3' 128 H g ¢ Jhapds ‘
; o CVcpTg mice, clofibrate trearment induced
R 5-CTTGGTGCTCCACTAGCAGCTT-3 : 3 = d
MTP  NM_008642 F 5-GAGCGGTCTGGATTTACAACG-3 72 T I B S
R §-GTAGGTAGTGACAGATGTGGCTTTTG-3 much higher incidence, accompanied by dam-
PPARa  NM_011144  F 5-CCTCAGGGTACCACTACGGAGT-3' 69 aged mitochondrial outer membranes, severe
R 5-GCCGAATAGTTCGCCGAA-3' steatosis, and decreased mitochondrial f-oxi-
dation activity. The results from the clofibrace-
F. 1 i R, sequence.

cell division, as revealed by the expression of cell cycle regulators
such as cyclin D1 and CDK4. Furthermore, there is little change
in apoprosis, which, under normal circumstances, would remove
damaged cells capable of undergoing transformation. Thus, under
these condirions, it is plausible thar some aberrant hepatocytes do
not undergo apoptosis and develop into HCC.

It is well known thar chronic activation of PPAR« is associated
with hepatocarcinogenesis in mice exposed to peroxisome prolifer-
ators or in mice lacking AOX expression. The commeon clinicopath-
ological characteristics of HCC in these mice are multicentric HCC
(20, 22, 36, 37), the well-differentiared appearance of HCC includ-
ing trabecular fearures and often a “nodule-in-nodule” pattern (22,
36, 37), and no evidence of fibrosis or cirrhosis in the nonneoplas-
tic liver parenchyma (22, 36), similar to thar observed in Ppara*/*:
HCVepTg mice. However, mice chronically exposed to peroxisome
proliferators are clearly distinct from Ppara*/:HCVepTg mice in
that they have normal mitochondrial organization, increased mito-
chondrial f-oxidarion activity, and no steatosis (16, 36). AOX-null
mice are also different from Ppara*/*:HCVepTg mice with respect to
mitochondrial scructure (22). These detailed comparisons between
the 3 mouse models reveal the importance of mitochondrial abnor-
malities in the pathogenesis of HCV-relared diseases.

PPARa is known to regulate the hepatic expression of many pro-
teins associated with fatty acid and triglyceride metabolism, cell divi-
sion and apoprosis, oxidative stress generation and degradation, and
so forth (15, 16, 20, 21, 24-26}; therefore, complete deletion of the
PPARa gene from mice might cause hitherto unknown influences
on the pathways involved in the development of heparic steatosis and
HCC. To consider these unknown effects, Ppana”/~HCVecpTg mice
were adopted in the current study. Surpnsingly, almost all results
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treated Ppara*/"HCVecpTg mice were similar to

those of the Ppara™/":HCVepTg mice not treated

with clofibrate. Therefore, these findings fur-
ther support the concept that a long-term and high level of PPARa
activarion is necessary for steatogenesis and heparocarcinogenesis
in HCVepTg mice and emphasize the significant role of the HCV
core protein as a PPARa coactivaror in vivo.

A pulse-chase experiment showed that PPARa was stabilized in
hepatocyte nuclei in mice expressing the HCV core prorein. Many
nuclear receptors, including PPARa and RXRa, are known to be
degraded by the ubiquitin-proteasome system (38), which plays
an important role in modulating the activity of nuclear receptors.
Further studies will be needed ro clarify whether the core protein
influences the ubiquitin-proteasome pathway.

Recent studies have shown conflicting result, i.e., that PPARa
was downregulated in the livers of chronic hepatitis C patients (39,
40). Although the association berween PPARa funcrion and chron-
ic HCV infection remains a matter of controversy in humans, the
changes observed in the transgenic mice resemble in many ways the
clinicopathological features of chronically HCV-infected patients;
both show a high frequency of accompanying stearosis (10, 40, 41),
increased accumulation of carbon 18 monounsaturated fatty acids
in the liver (42), mitochondrial dysfunction (43), increased insu-
lin resistance (44) and oxidarive stress (45, 46), male-preferential
(2) and multicentric occurrence of HCC (47, 48), and the well-dif-
ferentiated appearance of HCC, including trabecular features and
often a “nodule-in-nodule” pattern (47, 48). Thus, it is postulated
that the mechanism of steatogenesis and hepatocarcinogenesis we
proposed may pardially apply to patients with chronic HCV infec-
tion. If so, therapeutic interventions ro alleviate persistent and
excessive PPARa acrivation mighr be beneficial in the prevention
of HCC. To clarify the exact relationship between PPARa activa-
tion and HCV-induced hepatocarcinogenesis in humans, further
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experiments using noncancerous liver tissues obtained from HCV-
related HCC patients and using mice carrying human PPARa and
HCV core protein genes are needed.

In conclusion, we clarified for the first time that persistent and
porent PPAR« activation is absolutely required for cthe develop-
ment of severe steatosis and HCC induced by HCV core protein.
In addition, we uncovered paradoxical and specific funcrions of
PPAR« in the mechanism of steatogenesis mediated by the core
protein. Our results offer clues in the search for novel therapeutic
and nutritional management options, especially with respect to
neutral lipids, for chronically HCV-infected patients.

Methods

Mice. The generation of HCVcpTg mice and Ppans (- mice was described previ-
ously (7, 24, 49). Male HCVcpTg mice and female Ppara-"- mice were mared,
and F1 mice bearing the HCV core protein gene were intercrossed to pro-
duce F2 mice. Ppara*/’, Ppara*’, and Ppans - mice beaning the HCV core pro-
tein gene, designated as Ppara”/:HCVepTg, Ppara®/ HCchTg.mdM

Y
>

proteins, whole lysates or cytosolic fractions (50 pg protein) were subjected
to elec esis. After elecrropl is, the proteins were rransferred to
nitrocellulose membranes, which were incubated with the primary antibody
and then with alkaline phospharase-conjugared goar ann-rabbit or anti-
mouse IgG. Antibodies ag HCV core p 1, farty aad bolizing
enzymes, CYP4A1, catalase, and PPARa were described previously (9, 16, 24,
50). Antibodies against other proteins were purchased commercially: cyto-
chrome ¢anubody from BD Transd ies and other antibod-
ies from Santa Cruz Biotechnology. The band of actin or histone H1 was
used as the loading control. The band intensiry was measured dmmumem—
cally, normalized to that of actin or h H1, and subseq
as fold changes relative to thar of Ppars*/* nontransgenic mice.
Analysis of mRNA. Total liver RNA was extracted using an RNeasy Mini
Kit (Qiagen), and ¢cDNA was generated by SuperScript Il reverse transcrip-
tase (Gibeo BRL), Quantitative RT-PCR was performed using a SYBR green
PCR kit and an ABI Prism 7700 Sequence Detection System (Applied Bio-
systems). The primer pairs used for RT-PCR are shown in Table 2. The
mRNA level was normalized to the GAPDH mRNA level and subsequently
expressed as fold changes relative to that of Ppars’/* nontransgenic mice.

non Lab

! e

HCVepTg mice, in the F4 generation were subjecred ial Because
HCC develops preferentially in male HCVepTg mice (9), male mice were ana-
lvzed, Age-marched male Ppara*/* mice without the core protein gene were
used as controls. For identifying genotypes, genomic DNA was isolared from
mouse tails and amplified by PCR. Primer pairs were designed as described
elsewhere: $-GCCCACAGGACGTTAAGTTC-3 and 5'-TAGTTCACGCC-
GTCCTCCAG-3 for the HCV core gene (7) and 5'-CAGAGCAACCATCCA-
GATGA-3 and 5'-AAACGCAACGTAGAGTGCTG-3' for the PPARa gene
(24). Amplified alleles for HCV core and PPARa genes were 460 and 472 base
pairs, respectively, Five mice per cage were fed a rounine dier and were kepr free
of specific pathogens according to institutional guidelines. For the clofibrate
treatment experiments, 2-month-old male Ppara*/ and Ppans’/“HCVepTg
mice were randomly divided into 2 groups (n = 20 in each group) and were
fed either a routine diet or one containing 0,05% (w/w) clofibrate (Wako Pure
Chemicals Industries) for 24 months. All mice were killed by cervical disloca-
tion before rh:-irl.ivmwnm:u:d 1f a heparic rumor was present, the tumor

Light microscopy and immunohistochemical analysis. Small blocks of liver
tissue from each mouse were fixed in 10% formalin in phosphate-buff-
ered saline and embedded in paraffin. Sections (4 um thick) were stained
with hematoxylin and eosin. For immunohistochemical localizarion of
PCNA and 8-OHdG, other small blocks of liver tissue were fixed in 4%
paraformaldehyde in phospharte-buffered saline. Sections (4 pm thick)
then were affixed to glass slides and incubared overnight with mouse

ibodies againse PCNA (1:100 diluton; Santa Cruz) or

8-OHdG (1:10 dilution; Japan Institute for the Control of Aging). Sections

were immunostained using EnVision+ kit, with 3,3'-diaminobenzidine

as a substrate (DAKO). Hepatocytes positive for PCNA or 8-OHAG were

d in 10 randomly selected x400 microscopic fields per section.

Two-thousand hepatocytes were examined for each mouse, and the num-
ber of immunostained hepatocyte nuclel was expressed as a percentage.

Assessment of bepatocyte apoptosis. TUNEL assay was performed using a

was removed and subjected to histological analysis, and the g liver MEBSTAIN Apoptosis Kit IT (Medical & Biological Laboratories). Two

rissues were used for biochemical analyses. All animal expen werecon-  thousand hepatocyres were d for each and the number of

ducred in accordance with animal study protocols outlined in the Guide for ~ TUNEL-positive hepatocytes was expressed as a percentag)

the Care and Use of Lab ry Animals prepared by the National Academy of Pulse-label and pulse-chase experiments. Parenchymal hepatocytes were 150-

Sciences and approved by the Shinshu University School of Mnd.u:m:. lated by the modified in sitw perfusion method (51). After perfusion with
Preparation of nuclear, mitochondrial, and cytosolic fractions. Appre ly  0.05% collag solution (Wako), the isolared hepatocytes were washed

400 mg of liver tissue was minced on ice and transferred ro 10% (w/v) iso-
lation buffer (250 mM sucrose in 10 mM Tris-HCl [pH 7.4] and 0.5 mM
EGTA and 0.1% bovine serum albumin [pH 7.4]). The samples were gently
homogenized by 10-20 strokes with a chilled Dounce homogenizer (Whea-
ton) and loose-fitting pestle. The h re was centrifuged ar 500 x g
for 5 min ar 4°C. The supernatant was retained, and the resulung pellet
was resuspended with isolation buffer and centrifuged ar 4,500 g for 10 min
at 4°C. The pellet fraction was suspended again and centrifuged at
20,000 x g for 1 h at 4°C, and the resulting peller was used as the nuclear
fraction. The combined supernatant fractions were centrifuged ac 7,800 x g
for 10 min at 4°C to obtain a crude mitochondria peller. This peller was
resuspended with isolarion buffer, centrifuged ar 7,800 x g for 10 min at
4°C, and used as the mitochondnal fraction. Finally, all supernatant frac-
tions were collected and centrifuged ar 20,000 x g for 30 min ar 4°C, and
the resulring supernatant was used as the cytosolic fracton.
Immunoblot analysis. Protein concentrations were measured colonmern-
ca.i!y \md'l a BCA Prnmn Assay kit (Pierce). For the analysis of farty acid-
i patocyte mitochondrial fractions or whole-liver
lysares (20 ;ng pmmn) were subjected to 10% SDS-PAGE (16). For analysis
of PPARa, nuclear fractions (100 pg protein) were used. For analysis of other
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3 rimes by means of differential centnifugation and the dead cells were
removed by density-gradient centrifugation at 500 g for 3 min at 4°C on
Percoll (Amersham Pharmacia Biotech). The live hepatocytes were washed
and suspended in William's E medium containing 5% FBS. When the
viabiliry of the isolated hepatocytes exceeded 85% as derermined by che
trypan blue exclusion test, the following experiments were conducted. The
isolared hepatocytes were washed twice and incubared in methionine-free
medium containing 5% dialyzed FBS for 1 h at 37°C. The medium was
replaced with the same medium containing 300 mCi/ml of [*S]merhionine
(Amersham Pharmacia Biotech). After a 3-h incubation, the labeled medi-
um was exchanged for the standard med and the preparation was
chased for 3, 6, or 12 h. The labeled cells were washed, homogenized, and
centrifuged at 800 g for § min ar 4°C to obain a crude nucleus peller. This
pellet was resuspended with isolation buffer and centrifuged ar 20,000 g
for 1 har4°C ro prepare the nuclear fracrion. The levels of radioacrivity in
the homogenates of the pulse-labeled prepararions were similar berween
the t ic and the nont ic mice, which suggested thar the
[**S]methionine uptake capacity in the former hepatocytes was similar to
that in the larrer. The nuclear fracrion was lysed in RIPA buffer (10 mM
Tris-HCl, pH 7.4; 0.2% sodium deoxycholare, 0.2% Nonidet P-40, 0.1% SDS,
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