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used in combination with IFN-« to amcliorate the salvage
rate of HCV infection [2]. It is nccessary to improve the
salvage rate of HCV infection by clarifying the efficacy of
IFN treatment since IFN-« is the most basic agent for HCV
treatment. Any agents that can support IFN activity will
improve the therapeutic effect for HCV infected patients.

Geranylgeranylacetone (GGA), an isoprenoid com-
pound, which includes retinoids, has been used orally as an
anti-ulcer drug developed in Japan [3]. GGA protects the
gastric mucosa from various types of stress without
affecting gastric acid secretion [4, 5]. Moreover, GGA
suppresses cell growth and induces differentiation or
apoptosis in scveral human leukemia cells [6, 7]. Another
isoprenoid compound, 3,7,11,15-tetramethyl-2,4,6,-10,14-
hexadecapentaenoic acid, which is designated as an acyclic
retinoid because it has the ability to interact with nuclear
retinoid receplors [8], causes apoptosis in certain human
hepatoma cells [9]. GGA acts as a potent inducer of anti-
viral genc expression by stimulating the ISGF3 formation in
human hepatoma cells [10]. GGA induces the expression of
antiviral proteins such as 2'5'-oligoadenylate synthetase
(2'5'-OAS) and double-stranded RNA-dependent protein
kinase (PKR) in hepatoma cell lines. GGA stimulates 2'5'-
OAS and PKR gene expression at the transcriptional level
through the formation of interferon-stimulated gene factor 3
(ISGF-3), which regulates the transcription of both genes.
GGA induces the expression of signal transducers and
activators of transcription 1, 2 (STAT-1, STAT-2) and p48
proteins, components of ISGF3, together with the phos-
phorylation of STAT1 [10]. However, no anti-HCV activity
was observed.

A ccll culture HCV replicon sysiem has been developed
as a useful tool for the study of HCV replication and mass
screening for anti-HCV reagents. OR6 cells stably har-
boring the full-length genotype 1 replicon containing the
Renilla luciferase gene, ORN/C-5B/KE [11], were used to
cxamine the influence of the anti-HCV elfect of IFN. The
luciferase activity in cell lysate of OR6 was correlated with
the HCV-RNA concentration, and the IC50 of IFN-« was
less than 10 TU/mL [11]. The OR6 system is a useful and
sensitive cell culture replicon system.

This study verified the anti-HCV activity of GGA in the
OR6 system. In addition, the mechanisms of anti-HCV
activity were examined in OR6 cells.

Materials and methods
Reagents

GGA was a gencrous gift from Eisai Co. (Tokyo, Japan).
Recombinant human IFN-a2a was purchased from Nippon
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Rosche Co. (Tokyo, Japan). Wortmannin, LY294002, Akt
inhibitor and rapamycin werce purchased from Calbiochem
(La Jolla, CA, USA).

HCYV replicon system

ORG6 cells stably harboring the full-length genotype 1
replicon, ORN/C-5B/KE, were used to examine the influ-
cnce of the anti-HCV effect of GGA. The cells were
cultured in Dulbecco’s modified Eagle’s medium (Gibco-
BRL, Invitrogen) supplemented with 10% fatal bovine
serum, penicillin and streptomycin and maintained in the
presence of G418 (300 mg/L; Geneticin, Invitrogen). This
replicon was derived from the 1B-2 strain (strain HCV-o,
genotype 1b), in which the Renilla luciferase gene is
introduced as a fusion protein with neomycin to facilitate
the monitoring of HCV replication.

Reporter gene assay

The OR6 cells were grown in 24-well plates. One day later,
the cells were incubated in the absence or presence of
varying concentrations of chemical blockers and GGA.
Alfter treatment, the cells were harvested with Renilla lysis
reagent (Promega, Madison, WI, USA) and luciferase
activity in the cells was determined using a lucifcrase
reporter assay system and a TD-20/20 luminometer. The
data were cxpressed as the relative Iuciferase activity.

Western blotting and antibodics

Western blotting with anti-STAT-1, anti-PKR (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-tyrosine-701
phosphorylated STAT-1, anti-scrine-727 phosphorylated
STAT-1, anti-scrine-2448 phosphorylated mTOR, anti-
mTOR, anti-threonine-389 phosphorylated p70S6K, anti-
p70S6K (Cell Signaling, Beverly, MA, USA) and
anti-HSP70 (Stressmarq Biosciences Inc, Victoria, Canada)
was performed as described previously {10]. Briefly, OR6
cells were lysed by the addition of a lysis buffer (50 mmol/L
Tris-HCl, pH 7.4, 1% Np40, 0.25% sodium deoxycholale,
0.02% sodium azide, 0.1% SDS, 150 mmol/L NaCl,
1 mmol/L EDTA, 1 mmol/L PMSF, 1 mg/mL each of
aprotinin, leupeptin and pepstatin, 1 mmol/L sodium
o-vanadate and 1 mmol/L NaF). The samples were separated
by clectrophoresis on 8-12% SDS polyacrylamide gels and
electrotransferred 1o nitrocellulose membranes, and then
blotted with each antibody. The membranes were incubated
with horscradish peroxidase-conjugated anti-rabbit IgG or
anti-mouse IgG, and the immunoreactive bands were visu-
alized using the ECL chemiluminescence system (Amer-
sham Lifc Science, Buckinghamshire, England).
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Fig. 1 The effect of GGA on the genome-length HCV RNA
replication system. a Dose dependent effect of GGA. b Time course
of GGA suppressed HCV replication. ¢ The additive effect of GGA
with IFN-a suppressed HCV replication. a The OR6 cells were treated
with 1-100 pmol/L. of GGA (lanes 2-5) and lane I was not treated.
One day later, Renilla luciferase activity was determined by
Juminometer (n = 4). The data are expressed as the mean + SD
and are representative of four similar experiments. The differences
between lane 3 versus 4, lane 3 versus 5 and lane 3 versus 5 were
statistically significant. b The ORG6 cells were treated 50 pmol/L of

siRNA transfection assay

mTOR gene knockdown was performed using siRNA (Cell
Signaling, Beverly, MA, USA). ORG6 cells were transfected
with100 nmol/L mTOR specific and non-targeted siRNA
as a control in accordance with the appended manual. Onc
day later, the cells were incubated in cither the absence or
presence of 50 pmol/L. GGA.

mTOR kinase activity assay

The cells were washed two times with TBS and lysed by
addition of lysis buffer [S0 mM Tris HCI, pH 7.4, 100 mM
NaCl, 50 mM f-glycerophosphate, 10% glycerol (w/v),
1% Tween-20 detergent (w/v), 1 mM EDTA, 20 nM
microcystin-LR, 25 mM NaF, and a cocktail of protcase
inhibitors]. The insoluble materials were removed by
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GGA and at the indicated time, HCV replicon assay was done
{n = 4). The differences between lane I versus 3-5 and lane 2 versus
4, 5 were statistically significant. ¢ The ORG6 cells were treated with
10 TU/mL of IFN-a in the absence (lane 1) or presence of treatment
with 1-100 umol/L of GGA (lanes 2--5). Non-treatment OR6 cells
has 100% of relative Renilla luciferase light unit. The differences
between lane I versus 4, 5 were statistically significant. Statistical
significance was accepted as a P value of <0.05. The data are
expressed as the mean + SD and are representative of four similar
experiments

centrifugation at 10,000 rpm for 15 min at 4°C, and the
supernatants were collected and subjected to analysis of the
mTOR kinase activity using a commercially available kit
(Calbiochem, San Dicgo, USA) according to thc manu-
facturer’s instructions.

Resulits
GGA with or without IFN had anti-HCV activity

OR6 cclls, the full-length HCV replication system, were
used to examine the effect of GGA. The cells were treated
with 1-100 pmol/L. of GGA for 24 h and the amount of
HCV replicon was measured by the Renilla lucifcrase
assay (Fig. 1a). The relative Renilla lucilcrase activity
deercased in a dose-dependent manner. Furthermore, GGA
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induced anti-HCV replicon aclivity was time dependent
(Fig. 1b). GGA was combined with IFN-¢ to examine the
additive effect (Fig. 1¢). One or 10 pmol/LL of GGA
combined with IFN-o decreased the relative Renilla lucif-
erase activity slightly (Fig. 1¢). However, 50 or 100 pmol/L
of GGA combined with IFN-o decreased the relative
Renilla luciferase activity with statistical difference. GGA
treatment did not have any statistically significant effect on
cell viability from 1 to 100 pmol/L of GGA for 24 h (data
not shown).

GGA did not activate the tyrosine-701 and serine-727
on STAT-1, and did not induce PKR and HSP-70
in OR6 cells

GGA mediated phosphorylation of STAT-1 at the tyrosine-
701 and serine-727 residues was investigated using anti-
bodies to phospho-specific STAT-1 on OR6 cells. No
phosphorylation of tyrosine-701 and serine-727 on STAT-1
was detected in ORG6 cells (Fig. 2a). IFN induce anti-viral
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Fig. 2 Effect of GGA on STAT-1 (a), PKR (b) and HSP-70 (¢).
a The ORG cells were either untreated (/ane I) or treated with 10 IU/mL
of IFN-o (lane 2) for 30 min or treated with 50 umol/L. GGA (lane 3)
and then were phosphorylated STAT-1 at tyrosine-701 residue (upper
panel) and at serine-727 residue (middle panel), the expression
STAT-1 (lower panel) was analyzed by Western blotting. b The OR6
cells were either untreated (lane I) or treated with 10 IU/mL of
IFN-« (lane 2) for 30 min or treated with 50 pmol/L GGA (lane 3),
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protein, PKR, and STAT-1 has an interferon stimulating
responsive clement (ISRE) in the promoter region [12].
The expression levels of both proteins did not change
thronghout this study, as indicated by a Western blotting
analysis (Fig. 2b, c). Next, the role of HSP in the mecha-
nism of GGA activity was examined because GGA is an
inducer of HSP. The HSP-70 expression was increased by
pre-exposure o heat shock (Fig. 2d, lanes 2, 4), but it did
not increase due to the effects of GGA (Fig. 2d, lanes 3, 4).

Rapamycin and mTOR specific siRNA, but not PI3-K
inhibitor and Akt inhibitor, were able to cancel
the GGA induced anti-HCV activity

The role of the PI3-K-Akt-mTOR pathway the anti-HCV
activity of GGA was examined in OR6 cells. The cells
were treated with GGA after 3 h in the presence or absence
of rapamycin as an mTOR inhibitor, Akt inhibitor, or
wortmannin as a PI3-K inhibitor (Fig. 3). Pretrcatment
with rapamycin attenuated the anti-HCV replication effect
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and then the expression of PKR (upper panel) was analyzed by a
Western blotting analysis. The f-actin (lower panel) protein
expression was used as an internal control. ¢ The OR6 cells were
either untreated (lane I) or given heat shock (at 42°C 15 min,
overnight recovery at 37°C) (lanes 2, 4) or treated with 50 pmol/L.
of GGA (lanes 3, 4) and then the expression HSP-70 (upper panel)
was analyzed by Western blotting. fi-Actin (lower panel) protein is
the internal control

J Gastroenterol

Fig. 3 Changes in GGA 120
suppressed HCV replication by
rapamycin, but not PI3-K
inhibitor and Akt inhibitor. OR6
cells were treated with

1-100 pmol/L of GGA in the
absence {lanes 2-5) or presence
of pretreatment (lanes 7-10,
12-15, 17-20) for 3 h. Lanes I,
6, 17 and 16 were not treated
with GGA. Lanes 6, 11 and 16
were treated with wortmannin,
an Akt inhibitor, and rapamycin,
respectively. One day later,
Renilla luciferase activity was
determined by luminometer

(n = 4). The data are expressed
as the mean = SD and are
representative of four similar
experiments
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in comparison to GGA alone (Fig. 3, lanes 17-20),
whereas pretreatment with wortmannin and Akt inhibitor
did not increase the Renilla luciferase activity (Fig. 3, lanes
7-10, 12-15). siRNA transfection was used for mTOR
knockdown to explore role of mTOR in the anti-HCV
activity (Fig. 4). The transfection cfficiency of the siRNA
was confirmed by a Western blotting analysis. In this
experiment, the detectable band intensities were quantified
by the National Institutes of Health image software pro-
gram. Although the transfection efficiency of siRNA was
barely 46% (Fig. 4a), GGA-induced anti-HCV activity was
clearly inhibited in mTOR-siRNA transfected cells
(Fig. 4b, lanc 4, 6) in comparison to the control cclls
(Fig. 4b, lanes 3, 5).

GGA induced mTOR activity, mTOR phosphorylation
and p70S6K phosphorylation in OR6 celis

The phosphorylation of the serine-2448 residues of mTOR
by 50 umol/L. of GGA was detected 30 min after GGA
treatment. The band intensity of serine-2448 phosphory-
lated mTOR decreased by pretreatment with rapamycin but
was almost same as with GGA alone following pretreat-
ment with LY294002 (Fig. 5a). Furthermore, an mTOR
activity assay was conducted to confirm the activity
mechanism of GGA (Fig. 5b). The mTOR activity was

.increased by treatment with GGA alone (Fig. Sb, lane 4)

and was inhibited by pretreatment with rapamycin (Fig. 5b,
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lane 6), whereas pretreatment with LY94002 did not sup-
press the mTOR activity (Fig. 5b, lanc 5). Furthermore, to
cvaluate the mTOR activity, we investigated the level of
phospholylated-p70S6K by a Western blotting analysis
(Fig. 5c). The phosphorylation of the threonine-389 residue
of p70S6K by 50 pmol/L of GGA was detected. Similar to
mTOR, the band intensity of phospho-threonine-389 of
p70S6K decreased after pretreatment with rapamycin, but
the intensity was almost the same as that scen following
trecatment  with GGA alone after pretreatment  with
L.Y294002 (Fig. Sc).

Discussion

GGA demonstrated the anti-HCV activity in this study. The
anti-HCV effect depended on the GGA induced mTOR
aclivity, not STAT-1 activity. An additive effect was
observed with the combination of IFN and GGA.

GGA is a non-toxic heat shock protein (HSP) 70 inducer
[13]. Various GGA activities outside of the stomach are
also related to HSP induction [14-16]. GGA induced HSP-
70 cxerts an anti-ischemic stress activity in the heart and
liver [16, 17], an anti-inflammatory activity in various cell
types [18] and promotes liver regeneration [19]. GGA
induces thioredoxin as well as HSP-70 in hepatocytes and
other cells [20]. Thioredoxin anti-virus activity, is induced
by AP-1 and NF-xB but not HSP-70 [21]. GGA has potent
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Fig. 4 Changes in GGA suppressed HCV replication by mTOR-
siRNA. a ORG6 cells were transfected with mTOR-siRNA (lane 1) or
the non-targeted siRNA (lane 2). The expression of mTOR was
evaluated by a Western blotting analysis. b The OR6 cells were
transfected with mTOR-siRNA (lanes 2, 4 and 6) and the non-
targeted siRNA (lanes 1, 3 and 5). One day later, the cells were
treated with GGA (lanes 3-6). The HCV replicon assay is the same as
Fig. 3. Non-treatment OR6 cells has 100% of relative Renilla
luciferase light unit. The Renilla luciferase activity increased in the
ORG6 cells transfected with mTOR-siRNA (lane 2) in comparison to
the non-targeted siRNA (lane 1). However, in OR6 cells treated with
GGA, there was a greater elevation of Renilla luciferase activity in
OR6 cells transfected with mTOR-siRNA (lanes 4 and 6) as
compared to that with the non-targeted siRNA (lanes 3 and 5). The
data are expressed as the mean =+ SD and are representative example
of four similar experiments

antiviral activity via the enhancement of anliviral factors
and can clinically provide protection from influcnza virus
infection {22]. GGA significantly inhibits the synthesis of
influenza  virus-associated proteins and  prominently
enhances the expression of human myxovirus resistance 1
(MxA) followed by increased HSP-70 transcription [22].
Morcover, GGA augments the cxpression of an interferon-
inducible double-strand RNA-activated protein  kinase
(PKR) gene and promotes PKR autophosphorylation and
concomitantly alpha subunit of cukaryotic initiation factor
2 phosphorylation during influcnza virus infection [22].
These anti-virus activitics arc related to GGA induced
HSP-70. But, HSP-70 protein and PKR were not induced
by GGA in OR6 cells in the current study. There is
apparently no relationship between the GGA induced anti-
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HCV activity and HSP, PKR in ORG6 cells. Therefore, we
thought that HSP and PKR-independent anti-HCV activity
induced by GGA was present in this hepatoma-derived cell
line.

GGA induction of anti-viral protein is dependent upon
STAT-1 tyrosine phosphorylation in HuH-7 and HepG2
[10]. However, GGA did not induce STAT-1 tyrosine
phosphorylation and anti-virus protein, PKR, in OR6 cells
in this study. Morcover, the GGA induced anti-HCV
activity depended on mTOR activity, not STAT-1. OR6
cells are (ull length HCV replicon transfected HuH-7 cells
[11]. HCV virus products inhibit the Jak-STAT pathway
[23-25). The mechanism of inhibition of the Jak-STAT
pathway is multi-factorial including the suppressor of
cytokine signaling 3 (SOCS-3) expression [26], protein
phosphatasc 2A (PP2A) induction [27], STAT-3 expression
[28] and IL-8 expression [29]. GGA induced STAT-1
tyrosine phosphorylation and inducible PKR protein levels
are also minor. Generally, the replicon transfection induces
the intrinsic IFN [30], but STAT-1 tyrosine phosphorylation
was not detecied in combined OR6 cells. HCV replicon
produced viral product might be inhibiting GGA-induced
STAT-1 tyrosine phosphorylation.

mTOR is associated with the IFN induced anti-HCV
signal [31]. The IFN activated mTOR pathway exhibits
important regulatory effects in the generation of the IFN
responses, including the anti-encephalomyocarditis virus
eflfect [32]. IFN-induced mTOR is LY294002 sensitive and
does not affect the IFN-stimulated regulatory clement
(ISRE) dependent promoter gene activity. A relationship
has been obscrved between the replication of the hepatitis
virus and mTOR activity. p2l-activated kinase 1 is acli-
vated through the mTOR/p70 S6 kinase pathway and reg-
ulates the replication of HCV [33]. The IFN induced
mTOR activity, independent of PI3K and Akt, is the crit-
ical factor for its anti-HCV activity and Jak independent
TOR activity involves STAT-1 phosphorylation and
nuclear localization, and then PKR is expressed in hcpa-
tocytes [31]. No relationship between GGA and mTOR has
been reported. However, GGA induced anti-HCV activity
depended on mTOR activity independent of PI3-K-Akt, as
obscrved with IFN induced mTOR activity.

When 150 mg of GGA was administered orally, the
serum concentration of GGA was approximately 7 pmol/L
[34]. The concentration of GGA in the portal blood would
be several-fold higher than the serum concentration of
GGA,; therefore, we speculated that the pharmacological
action that would be obtained in clinical practice would be
the same as that observed in this study.

GGA, a drug that can be safely administered orally, has
mTOR dependent anti-HCV activity. The combination of
IFN and GGA has an additive effect on anti-HCV activity.
The current resulls suggest that combination therapy with
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Fig. 5 Effect of GGA on mTOR and effect of LY294002 and
rapamycin on GGA-induced serine phosphorylated mTOR and
threonine phosphorylated p70S6K. a After pretreatment with
10 nmol/L LY294002 (lane 3) and 1 pmol/L rapamycin (lane 4) for
3 h, the OR6 cells were either untreated (lane 1) or treated with
50 pmol/L. GGA (lanes 2-4) for 30 min and then were phosphory-
Jated mTOR at serine-2448 residue (upper panel), the expression of
mTOR (lower panel) was analyzed by Western blotting. b After
pretreatment with 10 nmol/L. LY294002 (lanes 2 and 5) and 1 pmol/L
rapamycin (lanes 3 and 6) for 3 h, the ORG6 cells were either untreated
(lanes 1-3) or treated with 50 pmol/L. GGA (lanes 4-6) for 30 min.

GGA and IFN is, therefore, expected to improve the anti-
HCV activity. It will, therefore, be necessary to examine
the clinical effectiveness of the combination with GGA and
IFN for HCV patients in the future.
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Abstract We developed a new cell culture drug assay
system (AHIR), in which genome-length hepatitis C virus
(HCV) RNA (AHI strain of genotype 1b derived from a
patient with acute hepatitis C) efficiently replicates. By
comparing the AHIR system with the OR6 assay system
that we developed previously (O strain of genotype 1b
derived from an HCV-positive blood donor), we demon-
strated that the anti-HCV profiles of reagents including
interferon-y and cyclosporine A significantly differed
between these assay systems. Furthermore, we found
unexpectedly that rolipram, an anti-inflammatory drug,
showed anti-HCV activity in the AHIR assay but not in the
ORG6 assay, suggesting that the anti-HCV aclivity of roli-
pram differs depending on the HCV strain. Taken together,
these results suggest that the AHIR assay system is uscful
for the objective cvaluation of anti-HCV reagents and for
the discovery of different classes of anti-HCV rcagents.

Keywords HCV - Acute hepatitis C - Anti-HCV drug
assay system - Anti-HCV activity of rolipram

Introduction

Hepatitis C virus (HCV) infection frequently causes
chronic hepatitis, which progresses to liver cirrhosis and
hepatocellular carcinoma. HCV is an enveloped virus with
a positive single-stranded 9.6 kb RNA genome, which
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encodes a large polyprotein precursor of approximately
3,000 amino acid (aa) residues [1, 2]. This polyprotein is
cleaved by a combination of the host and viral proteascs
into at lcast 10 proteins in the following order: Core,
envelope 1 (El), E2, p7, non-structural 2 (NS2), NS3,
NS4A, NS4B, NS5A, and NS3B [1].

Human hepatoma HuH-7 cell culture-based HCV rep-
licon systems derived from a number of HCV strains have
been widely used for various studies on HCV RNA repli-
cation [3, 4] since the first replicon system (based on the
Conl strain of genotype 1b) was developed in 1999 [5].
Genome-length HCV RNA replication systems (see Fig. 2
for details) derived from a limited number of HCV strains
(H77, N, Conl, O, and JFH-1) are also sometimes used for
such studies, as they are more uscful than the replicon
systems lacking the structural region of HCV, although the
production of infectious HCV from the genome-length
HCV RNA has not been demonstrated to date (3, 4]. Fur-
thermore, these RNA replication systems have been
improved cnough to be suitable for the screening of anti-
HCV reagents by the introduction of reporter genes such as
luciferase {3, 4, 6). We also developed an HuH-7-derived
cell culture assay system (OR6) in which genome-length
HCV RNA (O strain of genotype 1b derived from an HCV-
positive blood donor) encoding renilla luciferase (RL)
cfficiently replicates [7]. Such reporter assay systems could
save time and facilitate the mass screening of anti-HCV
reagents, since the values of luciferase correlated well with
the level of HCV RNA after treatment with anti-HCV
rcagents. Furthermore, OR6 assay system bccame more
uscful as a drug assay system than the HCV subgenomic
replicon-based reporter assay systems developed to date
[3, 4], because the older systems lack the Core-NS2 regions
containing structural proteins likely to be involved in the
cvents that take place in the HCV-infected human liver.
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Indeed, by the screening of preexisting drugs using the
ORG6 assay system, we have identified mizoribine (8],
statins {9], hydroxyurea [10], and teprenone [11] as new
anti-HCV drug candidates, indicating that the OR6 assay
system is useful for the discovery of anti-HCV reagents.

On the other hand, we previously cstablished for the first
time an HuH-7-derived cell line (AH1) that harbors genome-
length HCV RNA (AH1 strain of genotype 1b) derived from
apatient with acute hepatitis C [12]. In that study, we noticed
different anti-HCV profiles of interferon (IFN)-y or cyclo-
sporine A (CsA) between AH1 and O cells supporting gen-
ome-length HCV RNA (O strain) replication {7]. From these
results, we supposcd that the diverse effects of IFN-y or CsA
were attributable to the difference in HCV strains [12].

To test this assumption in detail, we first developed an
AH1 strain-derived assay system (AH1R) corresponding to
the OR6 assay system, and then performed a comparative
analysis using AHIR and OR6 assay systems. In this
article, we report that the difference in HCV strains causes
the diverse cffcets of anti-HCV reagents, and we found
unexpectedly by AHIR assay that rolipram, an anti-
inflammatory drug, is an anti-HCV drug candidate.

Materials and methods
Reagents

IFN-o, IFN-y, and CsA werc purchased from Sigma-
Aldrich (St. Louis, MO). Rolipram was purchased from
Wako Pure Chemical Industries (Osaka, Japan).

Plasmid construction

The plasmid pAHIRN/C-5B/PL,LS,TA,(VA); was con-
structed from pAHI1 N/C-5B/PL,.LS,TA,(VA); encoding
genome-length HCV RNA clone 2 (Sec Fig. 2) obtained
from AHI cells [12], by introducing a fragment of the RL
gene from pORN/C-5B into the Ascl site before the neo-
mycin phosphotransferase (Neo™ gene as previously
described [7].

RNA synthesis

The plasmid pAHIRN/C-5B/PL,.LS,TA(VA); DNA
was lincarized by Xbal, and used for RNA synthesis with
T7 MEGAscript (Ambion, Austin TX) as previously
described [7].

Cell cultures

AHIR and OR6 cells supporting genome-length HCV
RNAs were cultured in Dulbecco’s modified Eagle’s
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medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 0.3 mg/mL of G418 (Geneticin; Invitro-
gen, Carlsbad, CA). AHlc-cured cells, which were created
by climinating HCV RNA from AH1 cells [12] by [FN-y
treatment, were also cultured in DMEM supplemented with
10% FBS.

RNA transfection and sclection of G418-resistant cells

Genome-length  HCV  (AHIRN/C-5B/PL,LS,TA,(VA)3)
RNA synthesized in vitro was transfected into AH1c cells by
clectroporation, and the cells were sclected in the presence of
G418 (0.3 mg/mL) for 3 wecks as described previously [13].

RL assay for anti-HCV reagents

To monitor the effects of anti-HCV reagents, RL assay was
performed as described previously [14]. Briefly, the cells
were plated onto 24-well plates (2 x 10% cells per well) in
triplicate and cultured with the medium in the absence of
G418 for 24 h. The cells were then treated with each
reagent at several concentrations for 72 h. After treatment,
the cells were subjected to a luciferasc assay using the RL
assay system (Promega, Madison, WI). From the assay
results, the 50% effective concentration (ECs) of each
reagent was determined.

Quantification of HCV RNA

Quantitative reverse (ranscription-polymerase chain reac-
tion (RT-PCR) analysis for HCV RNA was performed
using a real-time LightCycler PCR (Roche Applied
Science, Indianapolis, IN, USA) as described previously
[7]. The experiments were done in triplicate.

IFN-o treatment to cvaluate the assay systems

To monitor the anti-HCV effect of IFN-a on AHIR cells,
2 x 10* cells and 5 x 10° cells were plated onto 24-well
plates (for luciferase assay) and 10 cm plates (for quanti-
tative RT-PCR assay) in triplicate, respectively, and cul-
tured for 24 h. The cells were then treated with IFN-o at
final concentrations of 0, 1, 10, and 100 IU/mL for 24 h,
and subjected to luciferase and quantitative RT-PCR assays
as described above.

Western blot analysis

The preparation of cell lysates, sodium dodecyl sulfate—
polyacrylamide gel electrophoresis, and immunoblotting
analysis with a PVDF membrane were performed as
described previously [13). The antibodics used in this study
were those against HCV Core (CP11 monoclonal antibody;
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Institute of Immunology, Tokyo), NS5B, and E2 (gencrous
gifts from Dr. M. Kohara, Tokyo Metropolitan Institute of
Medical Science, Japan). Anti-f-actin antibody (AC-15;
Sigma, St. Louis, MO, USA) was used as a control for the
amount of protein loaded per lane. Immunocomplexes were
detected with the Renaissance enhanced chemiluminescence
assay (Perkin-Elmer Lifc Sciences, Boston, MA).

WST-1 cell proliferation assay

The cells were plated onto 96-well plates (1 x 10° cells
per well) in triplicatc and then treated with rolipram at
several concentrations for 72 h. After treatment, the cells
were subjected to the WST-1 cell proliferation assay
(Takara Bio, Otsu, Japan) according to the manufacturer’s
protocol. From the assay results, the 50% cytotoxic con-
centration (CCsyp) of rolipram was cstimated. The sclective
index (SI) valuc of rolipram was also cstimated by dividing
the CCsq value by the ECs value.

RT-PCR and sequencing

To amplify the genome-length HCV RNA, RT-PCR was
performed separately in two fragments as described
previously {7, 15]. Bricfly, one fragment covered from
5-untranslated region to NS3, with a final product of
approximately 6.2 kb, and the other fragment covered from
NS2 to NS5B, with a final product of approximatcly 6.1 kb.
These fragments overlapped at the NS2 and NS3 regions and
were used for sequence analysis of the HCV open reading
frame (ORF) after cloning into pBR322MC. PrimScript
(Takara Bio) and KOD-plus DNA polymerase (Toyobo,
Osaka, Japan) were used for RT and PCR, respectively. The
nucleotide sequences of each of the three independent clones
obtained were determined using the Big Dye terminator
cycle sequencing kit on an ABI PRISM 310 genetic analyzer
(Applicd Biosystems, Foster City, CA, USA).

Statistical analysis

Differences between AHIR and ORG6 cell lines were tested
using Student’s ¢ test. P values <0.05 were considered
statistically significant.

Results

Development of a luciferase reporter assay system
that facilitates the quantitative monitoring of genome-
length HCV-AHI1 RNA replication

To develop an HCV AHI strain-derived assay system cor-
responding to the OR6 assay system [7], a genome-length
HCV RNA encoding RL (AHIRN/C-5B/PL,LS,TA,(VA)3)

was transfected into AHlc cells. Following 3 weeks of cul-
turing in the presence of G418, more than 10 colonics were
obtained, and then 8 colonies (#2, #3, #4, #5, #6, #8, #13, and
#14) were successfully proliferated. We initially selected
colonics #2, #3, and #14 because they had high levels of RL
activity (>4 x 10° U/1.6 x 10° cells) (Fig. la). However,
RT-PCR and the sequencing analyses revealed that the
genome-length HCV-AH1 RNAs obtained from these col-
onics cach had an approximately I kb deletion in the E2
region (data not shown). In this regard, we previously
obscrved similar phenomenon and described the difficulty of
the development of a luciferase reporter assay system using
the genome-length HCV RNA of more than 12 kb [7], sug-
gesting that the NS5B polymerase possesses the limited
clongation ability (probably up to a total length of 12 kb).
Indeed, in that study, we could overcome this obstacle by the
selection of the colony harboring a complete genome-length
HCV RNA among the obtained G418-resistant colonics [7].
Therefore, we next carried out the sclection among the other
colonics. Fortunately, we found that colony #4, showing a
rather high level of RL activity (2 x 10° U/1.6 x 10° cells),
possessed a complete genome-length HCV-AH1 RNA
without any deleted forms, although most of the other col-
onics posscssed some amounts of a deleted form in addition
to a complete genome-length HCV-AHI RNA (data not
shown). We demonstrated that the HCV RNA sequence was
not integrated into the genomic DNA in colony #4 (data not
shown). From these results, we finally sclected colony #4,
and it was therealler referred to as AHIR and used for the
following studies.

We first demonstrated that AHIR cells expressed suffi-
cient levels of HCV proteins (Core, E2, and NS5B) by
Western blot analysis for the cvaluation of anti-HCV
reagents, and the expression levels were almost equivalent
to those in OR6 cells (Fig. 1b). In this analysis, we con-
firmed that the size of the E2 protein in AHIR cclls was
7 kDa larger than that in ORG6 cells (Fig. 1b), as observed
previously [12]. This result indicates that AHIR cells
cxpress AHI strain-derived E2 protein possessing two
cxtra N-glycosylation sites [12]. We next demonstrated
good correlations between the levels of RL activity and
HCV RNA in AHIR cclls (Fig. Ic), as we previously
demonstrated in OR6 cells treated with IFN-¢ for 24 h [7].
These correlations indicate that AH1R cells were as useful
as OR6 cells as a lucilerase assay system.

Aa substitutions detected in genome-length HCV RNA
in AHIR cells

To cxamine whether or not genome-length HCV RNA in
AHIR cells possesses additional conserved mutations such
as adaptive mutations, we performed a sequence analysis of
HCV RNA in AHIR cells. The results (Fig. 2) revealed that
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Fig. 1 Characterization of AHIR cells harboring genome-length
HCV RNA. a Selection of G418-resistant cell clones. The levels of
HCV RNA in G4l8-resistant cells were monitored by RL assay.
b Western blot analysis. AHlc, AHIR, and OR6 cells were used for
the comparison. Core, E2, and NS5B were detected by Western blot
analysis. fi-actin was used as a control for the amount of protein
loaded per lane. ¢ RL activity is correlated with HCV RNA level.

two additional mutations accompanying aa substitutions
(W860R (NS2) and A1218E (NS3)) were detected com-
monly among the three independent clones sequenced,
suggesting that these additional mutations arc required for
the efficient replication or stability of genome-length HCV
RNA. The P1115L (NS3), L1262S (NS3), VI1897A (NS4B),
and V2360A (NSS5A) mutations derived from the sAHI
replicon [12] were conserved in AHIR cell-derived clones.
However, AHl-clone-2-specific mutations (T1338A and
V1880A) were almost reverted to the consensus sequences of
AHI RNA [12] except for VI880A in AHIR clone 2 (Fig. 2).
In addition, the Q63R (Core) mutation was observed in two
of three clones (Fig. 2).

Comparison between the AHIR and ORG6 assay systems
regarding the sensitivities to IFN-¢, IFN-y, and CsA

Using quantitative RT-PCR analysis, we previously
examined the anti-HCV activities of IFN-z, IEN-y, and
CsA in AH! and O cells, and noticed different anti-HCV
profiles of IFN-y and CsA between AHI and O cells [12].
In that study, AH1 cells seemed to be more sensitive than
the O cells to CsA (significant difference was observed
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The AHIR cells were treated with IFN-« (0, 1, 10, and 100 TU/mL)
for 24 h, and then a luciferase reporter assay (right panel) and
quantitative RT-PCR (left panel) were performed. The relative
luciferase activity (RLU) (%) or HCV RNA (%) calculated at
each point, when the level of luciferase activity or HCV RNA in non-
treated cells was assigned to be 100%, is presented here

when 0.063, 0.12, or 0.25 pg/mL of CsA was used).
Conversely, AH1 cells seemed to be Iess sensitive than the
O cells to IFEN-y (significant diffcrence was observed when
1 or 10 TU/mL of IFN-y was used). However, we were not
able to determine precisely the ECso values ol these
reagents, because of the unevenness of the data obtained by
RT-PCR.

After developing the AHIR assay system in this study,
we determined the ECsq values of IFN-e, IFN-y, and CsA
using the AHIR assay and compared the values with those
obtained by the OR6 assay. The results revealed that AHIR
assay was more scnsitive than OR6 assay to IFN-a (ECso;
0.31 1U/mL for AHIR, 0.45 IU/mL for OR6) (Fig. 3a) and
CsA (ECsp; 0.11 pg/mL for AHIR, 0.42 pg/mL for OR6)
(Fig. 3b), and that the OR6 assay was more sensitive than
the AHIR assay to IFN-y (ECsq; 0.69 IU/mL for AHIR,
0.28 YU/mL for OR6) (Fig. 3c). Regarding these anti-HCV
reagents, the anti-HCV aclivities observed between the
AHIR and ORS6 assays differed significantly in all of the
concentrations examined (Fig. 3). In addition, regarding
these anti-HCV reagents, cell growth was not suppressed
within the concentrations used. Regarding IFN-y and CsA,
the present results clearly support those of our previous
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Fig. 2 Aa substitutions detected in intracellular AHIR genome-
length HCV RNA. The upper portion shows schematic gene
organization of genome-length HCV RNA encoding the RL gene
developed in this study. Genome-length HCV RNA consists of 2
cistrons. In the first cistron, RL is translated as a fusion protein with
Neo® by HCV-IRES, and in the second cistron, all of HCV proteins
{C-NS5B) are translated by phalomyocarditis virus (EMCV)-
IRES introduced in the region upstream of C-NS5B regions. Genome-
length HCV RNA-replicating cells possess the G418-resistant
phenotype because Neo® is produced by the efficient replication of
genome-length HCV RNA. Therefore, when genome-length HCV
RNA is excluded from the cells or when its level is decreased, the
cells are killed in the presence of G418. In this system, anti-HCV
activity is able to evaluate the value of the reporter (RL activity)
instead of the quantification of HCV RNA or HCV proteins. In
addition, it has been known that the infectious HCV is not produced
from this RNA replication system [3, 4, 6]. Core to NS5B regions of
three independent clones (AH/R clones 1-3) sequenced are presented.
WB860R and Al1218E conserved substitutions are indicated by
asterisks. Q63R substitutions detected in two of three clones are
each indicated by a small dot. Core to NSSB regions of AH/ clone 2,
used to establish the AHIR cell line, are also presented. AH1-specific
conserved substitutions and AHI-clone-2-specific substitutions are
indicated by open circles and black circles, respectively

study [12]. Therefore, we suggest that the diverse effects of
these anti-HCV reagents are duc to the difference in HCV
strains, although we arc not able to completely exclude the
possibility that AHIR cells are compromised cells causing
the different responses against anti-HCV reagents. In
summary, the previous and present findings suggest that the
AHIR assay system is also useful for the evaluation of
anti-HCV reagents as an independent assay system.

Fig. 3 The diverse effects of A EC;,
anti-HCV reagents on AHIR 8:3; }mtﬁg’;}’;"
and ORG6 assay systems. AHIR 120

and ORG cells were treated with
anti-HCV reagents for 72 h, and
then the RL assay was
performed as described in

Fig. lc. a Effect of IFN-o.

b Effect of CsA. ¢ Effect

of TFN-y

RLU (%)

o 01 1
IFN-o {(IU/mL)

Anti-HCV activity of rolipram was clearly observed
in the AHIR assay, but not in the OR6 assay

From the above findings, we supposed that the anti-HCV
reagents reported to date might show diverse effects
between the drug assay systems derived from the different
HCYV strains. To test this assumption, we used the AHIR
and ORG6 assay systems to cvaluate the anti-HCV activity
of more than 1Q pre-existing drugs (6-Azauridine, bisind-
oly maleimide 1, carvedilol, cchalotaxine, clemizole,
2'-deoxy-5-fluorouridine, esomeprazole, guanazole, hemin,
homoharringtonine, methotrexate, nitazoxanide, resvera-
trol, rolipram, silibinin A, Y27632, ectc.), which other
groups had evaluated using an assay system derived {rom
the Conl strain (genotype 1b) or JFH-1 strain (genotype
2a). The results revealed that most of these reagents in the
AHIR assay showed similar levels of anti-HCV activities
comparcd with those in the OR6 assay or thosc of the
previous studies (data not shown). However, we found that
only rolipram, a selective phosphodiesterasc 4 (PDE4)
inhibitor [16] that is used as an anti-inflammatory drug,
showed moderate anti-HCV  activity (ECso 31 uM;
CCsp > 200 uM; SI > 6) in the AHIR assay, but no such
activity in the OR6 assay (upper panel in Fig. 4a). This
remarkable difference was confirmed by Western blot
analysis (lower panel in Fig. 4a). It is unlikely that
rolipram’s anti-HCV activity is duc to the inhibition of
exogenous RL, Neo® or encephalomyocarditis virus
internal ribosomal entry site (EMCV-IRES), all of which
arc encoded in the genome-length HCV RNA, because
the AHIR and ORG6 assay systems posscss the same
structure of genome-length HCV RNA except for HCV
ORF. To demonstrate that rolipram’s anti-HCV activity is
not due to the clonal specificity of the cells or the
specificity of genome-length HCV RNA, we cxamined
the anti-HCV activity of rolipram using the monoclonal
HCYV replicon RNA-replicating cells (sAH1 cells for AH1
strain [12], and sO cells for O strain [13]). The results
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Fig. 4 Anti-HCV activity of rolipram. a Rolipram sensitivities on
genome-length HCV RNA replication in AHIR and OR6 assay
systems. AHIR and ORG6 cells were treated with rolipram for 72 b,
followed by RL assay (black circle with linear line in the upper
panels) and WST-1 assay (black triangle with broken line in the
upper panels). The relative value (%) calculated at each point, when
the level in non-treated cells was assigned to 100%, is presented here.
Western blot analysis of the treated cells for the HCV Core was also

revealed by quantitative RT-PCR that rolipram showed
moderate anti-HCV activity (ECsy 66 uM) in sAH1 cells,
but no such activity in sO cells (Fig. 4b). Anti-HCV
activity of rolipram in sAH1 cells was a little weaker
than that in AHIR cells (Fig. 4b). The similar phcnom-
cnon that the anti-HCV activity in genome-length HCV
RNA-based reporter assay is stronger than that in HCV
subgenomic replicon-based reporter assay was observed
regarding other anti-HCV reagents in our previous studies
[14, 17, 18]. This result suggests that the anti-HCV
activity of rolipram is not either a clone-specific or
genome-length HCV RNA-specific phenomenon. In our
previous studies also [14, 18], we demonstraled that anti-
HCV activities of several rcagents including ribavirin and
statins were not duc to the clonal specificity of the cells.
On the other hand, it was recently reported that rolipram
did not show anti-HCV activity in the JFH-1 sirain-
derived assay [19]. Taken together, the previous and
present results suggest that rolipram’s anti-HCV activity
differs depending on the HCV strain. In summary, roli-
pram was identified as a new anti-HCV candidate using
the AHIR assay system.

Discussion
In the present study, we developed for the first time a drug

assay system (AHIR), derived from the HCV-AHI strain
(from a patient with acute hepatitis C), in which HCV-AHI1
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] 25 100 200
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performed (lower panels). b Rolipram sensitivities on HCV replicon
RNA replication in sAHI and sO cells. sAHI and sO cells were
treated with rolipram for 72 h, and extracted total RNAs were
subjected to guantitative RT-PCR for HCV 5 untranslated region as
described previously [7]. The HCV RNA (%) calculated at each point,
when the level of HCV RNA in non-treated cells was assigned to be
100%, is presented here

RNA is cfficiently replicated. Using this system, we found
that rolipram, an anti-inflammatory drug, had potential
anti-HCV activity. This potential had not been detected by
preexisting assay systems such as OR6, in which HCV-O
RNA was derived from an HCV-positive blood donor.
Since an HCV replicon harboring the sAHI1 cell line, the
parent of the AHIR cell line, was obtained from OR6-
cured cells [12], the divergence in rolipram’s effects
between AHIR and OR6 cells is probably attributable to
the difference in HCV strains rather than to the difference
in ccll clones. Indeed, rolipram’s anti-HCV activity was
not observed in another ORLS assay system (O strain),
which was recently developed using a new hepatoma Li23
cell line (data not shown) [15]. Therefore, we propose that
multiple assay systems derived from different HCV strains
are required for the discovery of anti-HCV reagents such as
rolipram or for the objective evaluation of anti-HCV
activity.

Comparative evaluation analysis of anti-HCV activities
of IFN-¢, IFN-y, and CsA using AH1-strain-derived AHIR
and O-strain-derived OR6 assay systems demonstrated that
each of these anti-HCV reagents showed significantly
diversc antiviral effects between the two  systems.
Regarding IFN-y and CsA, the present results obtained
using a luciferase reporter assay fully supported our pre-
vious findings [12] using quantitative RT-PCR analysis.
However, in the present analysis, we noticed that IFN-o
also showed significantly diverse effects (especially at
less than 1 IU/mL) between the AHIR and OR6 assays.

Virus Genes

The differences in [FN-o sensitivity may be atiributable to
the difference in aa sequences in the IFN sensitivity-
determining region (ISDR; aa 2209-2248 in the HCV-1b
genotype), in which aa substitutions correlate well with
IEN sensitivity in patients with chronic hepatitis C [20],
because the AHI strain possesses three aa substitutions
(T2217A, H2218R, and A2224 V) in ISDR, whercas the O
strain possesses no aa substitutions. However, no report has
demonstrated the correlation between IFN sensitivity and
the substitution numbers in ISDR using the cell culture-
based HCV RNA replication system.

Alternatively, Akuta ct al. [21] reported that aa substi-
tutions at position 70 and/or position 91 in the HCV Core
region of patients inlected with the HCV-1b genotype are
pretreatment predictors of null virological response (NVR)
to pegylated IFN/ribavirin combination therapy. In partic-
ular, substitutions of argininc (R) by glutaminc (Q) at
position 70, and/or leucine (L) by methionine (M) at
position 91, were common in NVR. The patients with
position-70 substitutions often showed little or no decrease
in HCV RNA levels during the carly phasc of IFN-«
treatment [21). Regarding this point, it is interesting that
position 70 in the AHI strain is R (wild type) and that in
the O strain is Q (mutant type), whereas position 91 is L
(wild type) in both strains. Therefore, wild-type R in
position 70 of the AHI strain may contribute to the high
sensitivity to [FN-o in the AHIR assay. Regarding posi-
tions 70 and 91 of the HCV Core, it is noteworthy that,
among all of the HCV strains used thus far to develop HCV
replicon systems, only the AHI strain possesses double
wild-type aa (data not shown). Therefore, the AHIR assay
system may be usclul for further study of sensitivity to
IFN/ribavirin treatment.

The anti-HCV activity of rolipram, which is currently
used as an anti-inflammatory drug, is interesting, although
its anti-HCV mechanism is unclear. As a sclective PDE4
inhibitor [16], rolipram may attenuate fibroblast activitics
that can lead to fibrosis and may be particularly effective in
the presence of transforming growth factor (TGF)-f1-
induced fibroblast stimulation {22]. On the other hand,
HCV ecnhances hepatic fibrosis progression through the
generation of reactive oxygen species and the induction of
TGF-f1 [23]. Taken together, the previous and present
results suggest that rolipram may inhibit both HCV RNA
replication and HCV-enhanced hepatic fibrosis. However,
it is unclear that rolipram shows anti-HCV activily against
the majority of HCV strains, because rolipram has been
cffective for AH1 strain, but not for O strain. Although
rolipram’s anti-HCV activity would be HCV-strain-spe-
cific, it is not clear which HCV strain is the major type
regarding the sensitivity to rolipram. Since devcloped assay
systems using genome-length HCV RNA-replicating cells
are limited to several HCV strains including O and AHI

strains to date, (urther analysis using the assay systems of
other HCV strains will be needed to clarify this point.

In this study, we demonstrated that the AHIR assay
system, which was for the first time developed using an
HCV strain derived from a patient with acute hepatitis C,
showed different scnsitivitics against anti-HCV reagents
in comparison with assay systems in current use, such as
OR6 assay. Thercfore, AHIR assay system would be
useful for various HCV studics including the cvaluation of
anti-HCV reagents and the identification of antiviral
largets.
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Monoclonal Antibody 2-152a Suppresses
Hepatitis C Virus Infection Through Betaine/
GABA Transporter-1
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Kamakura-City, Kanagawa; and SLaboratory of Animal Research Center, Institute of Medical Science, University of Tokyo, Shirokane-dai Minato-Ku,
Japan

Background. 'We recently established a monoclonal antibody (2-152a MAD) that binds to 3B-hydroxysterol-
A24-reductase (DHCR24) by immunizing mice with cells (RzM6-LC) persistently expressing hepatitis C virus
(HCV). Here, we aimed to analyze the activity of 2-152a MAD against HCV replication and explore the molecular
mechanism underlying the antiviral activity.

Methods. We characterized the effects of 2-152a MAb on HCV replication and performed a microarray analysis
of antibody-treated HCV replicon cells. The molecules showing a significant change after the antibody treatment
were screened to examine their relationship with HCV replication.

Results. The antibody had antiviral activity both in vitro and in vivo (chimeric mice). In the microarray
analysis, 2-152a MADb significantly suppressed the expression of betaine/GABA transporter-1 (BGT-1) in 2 HCV
replicon cell lines but not in HCV-cured cells. Silencing of BGT-1 expression by small interfering RNA (siRNA}
revealed significant suppression of HCV replication and infection without cytotoxicity. Further, BGT-1 expression
was significantly increased in the presence of HCV (P < .05).

Conclusions.  Our results suggest that 2-152a MAb suppresses HCV replication and infection through BGT-1.
These findings highlight important roles of BGT-1 in HCV replication and reveal a possible target for anti-HCV
therapy.
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Hepatitis C virus (HCV) causes chronic hepatitis and
hepatocellular carcinoma (HCC) [1-3]. Chronic HCV
infection is a major global public health concern because
it affects at least 170 million people worldwide [2]. The
most effective treatment against HCV currently com-
prises a combination therapy of PEGylated a-interferon
(IFN-0) and ribavirin [4, 5]. However, considering that
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sustained virological responses develop in only ap-
proximately half of the patients infected with HCV ge-
notype 1, the clinical efficacy of this therapy is limited
[6, 7]. Efforts to develop therapies against HCV are
further hindered by the high level of viral variation and
capacity of the virus to cause chronic infection.
Therefore, there is an urgent need to develop effective
treatments against chronic HCV infection.

In a previous study, we established a cell line ex-
pressing HCV (RzM6-LC) to investigate the effects of
persistent HCV expression on cell growth [8]. We also
established a monoclonal antibody (2-152a MAD)
against the RzM6-LC cell line to produce clones that
recognize both cell surface and intracellular molecules.
Using this method, we identified 3b-hydroxysterol-D24-
reductase (DHCR24) as the recognition molecule of this
antibody.
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DHCR24 (also termed seladin-1) is an enzyme that catalyzes
the conversion of desmosterol to cholesterol in the postsqualene
cholesterol biosynthetic pathway [9, 10]. DHCR24 also acts as
a hydrogen peroxide scavenger [11]. Therefore, DHCR24 may
play a crucial role in maintaining cell physiology through
cholesterol synthesis and oxidative stress. We previously dem-
onstrated that HCV infection upregulates DHCR24 expression,
and overexpression of DHCR24 inhibits apoptosis and
inactivates the tumor suppressor gene p53 [12]. Moreover,
silencing of DHCR24 suppressed HCV replication [13]. How-
ever, the precise mechanisms through which DHCR24 affects
the HCV life cycle are unclear. In this study, we aimed to analyze
the activity of 2-152a MAb against HCV replication and explore
the molecular mechanism underlying the antiviral activity.

Materials And Methods

Cell Lines and Reagents

Human hepatoma cell line HuH-7 cell-based HCV replicon-
harboring cell lines [14] R6FLR-N (genotype 1b) [15], FLR3-1
(genotype 1b) [16], and JFH-1 (genotype 2a) [17] were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM)
GlutaMAX (Invitrogen) containing 10% fetal calf serum (FCS;
Sigma-Aldrich) in the presence of G418 (500 mg/mL for R6FLR-
N and FLR3-1, 300 mg/mL for JFH-1; Invitrogen). Cured/
HuH-7 histone H3 lysine 4 (K4) cells cured off HCV by in-
terferon treatment [ 18] were maintained in DMEM GlutaMAX
containing 10% FCS without G418. The JFH/K4 cell line
persistently infected with the HCV JFH-1 strain and HuH-7 cell
lines were maintained in DMEM containing 10% FCS [19]. The
human hepatoblastoma HepGz2 cell line was also maintained in
DMEM containing 10% FCS.

Generation of 2-152a MAb

BALB/c strain of mice was immunized with 7-8 intraperitoneal
injections of RzM6-LC cells (5 X 10°) in RIBI adjuvant (tre-
halose dimycolate + monophosphoryl lipid A emulsion; RIBI
ImmunoChem Research). After completion of the immuniza-
tion regimen, their spleens were excised and splenocytes were
fused with mouse myeloma plasminogen activator inhibitor
(PAI) cells by using PEG1500 (Roche). Hybridoma cells were
then selected with hypoxanthine, aminopterin, and thymidine
(Invitrogen), and culture supernatants were collected for
screening by whole-cell enzyme-linked immunosorbent assay
(ELISA).

HCV Infection in Humanized Chimeric Mouse Liver and HCV
mRNA Quantification by Real-time Detection Polymerase Chain
Reaction

We purchased (from PhoenixBio Co.) chimeric mice that were
established by transplanting human primary hepatocytes into
severely combined immunodeficient (SCID) mice carrying

a urokinase plasminogen activator (uPA) transgene controlled
by an albumin promoter [20]. These mice were then infected
with plasma isolated before 2003 from an HCV-positive patient
(HCR®) [8, 21], in accordance with the Declaration of Helsinki.
The protocols for the animal experiments were preapproved by
the local ethics committee, and the animals were maintained in
accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals. HCV genotype 1b RNA
levels were established at 0.96-1.84 X 107 copies/mL in mouse
serum samples before the antibody treatment. The antibody
(2-152a MADb) and normal immunoglobin G (IgG, 400 mg/20 g
body weight) were intraperitoneally injected into the mice
(n = 4) at 2-day intervals over a period of 14 days. IFN-o,
(30 mg/kg) was administered subcutaneously at 2-day intervals
over a period of 2 weeks. Human serum albumin in the blood of
chimeric mice was measured by using an Alb-II kit according to
the manufacturer’s instructions (Eiken Chemical). HCV RNA
levels in serum and JFH/K4 cells were measured by real-time
detection polymerase chain reaction (real-time detection
[RTD]-PCR) as described previously [22]. HCV RNA in the cell
cultures and supernatants was extracted by using Isogene and
Isogene LS (Nippon Gene), respectively.

Replication Assay Using HCV Replicon Cells

We used 3 HCV subgenomic replicon cell lines: R6FLR-N,
FLR3-1, and JFH-1. They were seeded at a density of 5 X 10°
cells/well in 96-well tissue culture plates in DMEM GlutaMAX
(Invitrogen) containing 5% fetal bovine serum (Thermo Sci-
entific). Following incubation for 24 hours at 37°C (in 5% CO,),
the medium was removed and serial dilutions of antibody were
added. Luciferase activity was determined by using a Bright-Glo
luciferase assay kit (Promega) after 72 hours according to the
manufacturer’s instructions. The results were calculated as the
average percentage relative to the reactivity in untreated cells,
which was set at 100%. The viability of the replicon cells was
measured by using a WST-8 cell counting kit (Dojindo)
according to the manufacturer’s instructions.

Immunostaining and Antibodies
Cells were cultured on glass coverslips (1.0 cm diameter) and
fixed with 1% paraformaldehyde in phosphate-buffered saline
(PBS) at room temperature for 10 minutes in 24-well plates. To
permeabilize the cell membranes, the cells were treated with 1%
Triton X-100 in PBS at room temperature for 10 minutes. After
washing with 0.05% Tween-20 in PBS, the cells were incubated
with 2-152a MAD, antiprotein disulfate isomerase (PDI) rabbit
polyclonal antibody (Stressgen Bioreagents) or normal mouse
IgG for 1 hour and washed with 0.05% Tween-20 in PBS. Alexa
Fluor 488-labeled goat antimouse IgG was used as the secondary
antibody.

Anti-NS5A antibody was provided by Dr Yoshiharu Matsuura
(Osaka University). Anti-myc mouse monoclonal antibody
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Figure 1. Anti-DHCR24 monoclonal antibody (2-152a MAb) suppresses HCV replication in vitro and in vivo. A, The effects of 2-152a MAb on HCV
replication were measured by the luminescence activity and cell viability in FLR3-1 cells. The replicon cell line was incubated with IgG from normal mice
or 2-152a MAb at 1 or 10 pg/mL for 24, 48, and 72 hours. The mean values from triplicate wells are indicated, and the vertical bars represent the
standard deviation. The medium control (2% FCS-DMEM) without IgG is indicated as 0. B The JFH/K4 cells were treated with cholesterol synthesis
inhibitor U18666A (1 mM, 10 mM), IFN-o (250 1U/mL), Cyclosporin A (25 uM) and its solvent Cremophor, normal mouse 1gG (10 pg/mt), and 2-152a IgG
{10 pg/mL). HCV core and actin proteins were detected. C, HCV RNA copies were measured in JFH/K4 cells after treatment with normal or 2-152a IgG
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(9E10; Cell Signaling Technology) and antiactin mouse
monoclonal antibodies (Sigma-Aldrich) were utilized for de-
tecting myc-fusion protein and normalization of the results,
respectively.

cDNA Synthesis and Quantitative Reverse Transcriptase PCR
¢DNA was synthesized from 0.5 or 1 mg of total RNA with
a Superscript IT kit (Invitrogen). TagMan gene expression assays
were custom designed and manufactured by Applied Bio-
systems. The expression was quantified with the ABI 7500
real-time PCR system (Applied Biosystems).

Microarray Analysis

For microarray analysis, total RNAs were extracted using
RNAeasy kit (Qiagen), and RNA integrity was assessed using
a Bioanalyzer (Agilent Technologies). cRNA targets were syn-
thesized and hybridized with Whole Human Genome Oligo
Microarray (G4112F; Agilent) according to the manufacturer’s
instructions.

RNA Interference, Expression Vector Construction, Transfection,
and Rescue Experiments

Small interference RNA (siRNA) targeting betaine/GABA
transporter-1 {(BGT-1; nucleotides 120~144) was designed by
using a program (https://rnaidesigner.invitrogen.com/) based
on registered sequences in GenBank (5'-CAACAAGATGGAGT
TTGTGCTGTCA-3'). Alternative siRNA (BGT-1-siRNA-
362; nucleotides 362-386) was similarly designed. The HCV-
siRNA (R7) sequence was 5’ -GUCUCGUAGACCGUGCACCA
dTdT-3".

The coding region of the BGT-1 gene was obtained from
RNA of R6FLR-N cells by reverse transcription—polymerase
chain reaction (RT-PCR). The PCR products were inserted in
EcoRV—-Xhol sites of pcDNA6-myc His, version A (Invitrogen)
after digestion of EcoRV-Xhol. To generate mutant plasmids
that contained nucleotide substitutions in the siRNA-targeted
site, we introduced point mutations into pcDNA-BGT-1
by using site-directed mutagenesis with a QuickChange
multisite-directed mutagenesis kit (Stratagene), according
to the manufacturer’s instructions, and the following
oligonucleotide primer: BGT-1-mut, 5'-CCAATGGACCAA-
CAAGATGGAATTCGTTCTATCGGTGGCCGGGGAGCTC
ATTGGG-3' (the mutations introduced by mutagenesis are
underlined).

Transfection of siRNAs was carried out by reverse transfection
using Lipofectamine RNAIMAX according to the manu-
facturer’s protocol (Invitrogen). Transfection of the expression
vector was undertaken by using Lipofectamine LTX with Plus
reagent (Invitrogen).

The rescue experiment was performed after reverse trans-
fection of BGT-1 siRNA (1.5 nM) into R6FLR-N cells by using
RNAIMAX reagent. After 48 hours, wild-type (wt) and mutant
(mut) BGT-1 expression vectors (10 ng) were transfected by
using Lipofectamine LTX, and the luciferase activity and cell
viability were assessed by WST-8 assay (Dojindo) after 24 hours.

Analysis of HCV Infi and BGT-1 Exp

For infection assays, Cured/HuH-7 K4 cells were incubated with
JFH/K4 cell-derived HCV (2.0 X 10° copies/mL). At 72 hours
after incubation, HCV infection and BGT-1 expression were
analyzed by real-time detection (RTD)-PCR and TagMan ex-
pression assay, respectively, as described earlier.

Statistical Analysis

The Student ¢ test was used to test the statistical significance
of the results. P values < .05 were considered statistically
significant.

Results

Inhibitory Effect of 2-152a MAb on HCV Replication In Vitro

We examined the effects of 2-152a MAb on HCV replication and
the viability in HCV replicon cell lines. The treatment with
2-152a MAD significantly decreased HCV replication after
48 hours and cell viability after 72 hours (Figure 1A4). To de-
termine the recognition site of 2-152a MAb, we performed
epitope mapping by using serial overlapping deletion mutants of
the DHCR24 fusion protein (Supplementary Figure 1A).
The recognition site was identified within amino acid residues
259-314 (Supplementary Figure 1B) and the predicted “Di-
minuto-like protein” homologous region [23] indicated in
Supplementary Figure 1A.

Suppression of HCV Inf by 2-152a MAb

To determine the effects of 2-152a MAb on HCV infection, we
inoculated the antibody into a persistently HCV-infected cell
line (JFH/K4; Figure 1B and C) or uPA-SCID chimeric mice
previously transplanted with human hepatocytes [20] and

Figure 1 continued. (10 pg/mL). The error bars indicate the standard deviation, and the asterisk indicates P < .005. D, Relative amounts of HCV RNA (%
copies/mg total RNA on days ~1 or 0} in the livers of chimeric mice inoculated with the control medium, PEGylated IFN-o., normal IgG, or 2-152a IgG were
estimated by RTD-PCR. For normalization, the HCV RNA level 1 day before the inoculation {day —1) or on the day of inoculation (day 0} was defined as
100%. The graph shows the relative amounts of HCV RNA at —1 day (or day 0J, 7 days (or 4 days), and 14 days. The error bars indicate the standard
deviation, and the asterisk indicates P <.005. £, Ratio of body weight of mice inoculated with either normal 1gG or 2-152a MAb IgG to that on day —1. £
Ratio of albumin concentration in serum samples of mice inoculated with 2-152a MAb 1gG or normal G to that on day —1. The vertical bars indicate the

standard deviation.
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infected with HCV (Figure 1D and F). We detected viral protein
(core) (Figure 1B) or viral RNA in cells (Figure 1C) and mouse
blood by using RTD-PCR (Figure 1D). There was a significant
reduction in the viral titers with 2-152a MAb treatment com-
pared with that in normal IgG treatment (control) (P < .005,
Figure 1C and D). No significant effects on body weight were
observed by the inoculation of 2-152a MAD (Figure 1E). Further,
no significant differences were found among the levels of human
albumin in the sera of the normal IgG- and 2-152a MAb-in-
oculated mice (Figure 1F).

Expression of DHCR24 in Carcinoma Cells and on the Surface of
HuH-7-Derived Cells

We observed abundant intracellular expression of DHCR24 in
hepatoma cell lines in the previous study [12]; therefore, we
characterized its expression on the surface of various carcinoma
cell lines by flow cytometric analysis to clarify the mechanism of
2-152a MADb antiviral effects. In this analysis, DHCR24 expres-
sion was localized to the surface of the HuH-7 and HuH-7-based
cell lines, HCV replicon cell lines (R6FLR-N, FLR3-1, and
JEH-1), HCV persistently infected cell line (JFH/K4), and K4
cells; on the other hand, DHCR24 was not significantly
expressed on the surface of the HepG2, Hep3B, RzM6-0d,
RzM6-LC, WRL68, and PLC/PRE/5 cell lines (Supplementary
Figure 1C). To confirm the expression of DHCR24 on the cell
surface, we performed immunofluorescence staining (Supple-
mentary Figure 1D), DHCR24 expression was detected in the
HuH-7 cells without permeabilization.

Suppression of BGT-1 mRNA Expression in HCV Replicon Cell
Lines After Treatment With 2-152a MAb

To determine the molecular mechanism underlying the effects of
2-152a MADb, we performed microarray analysis twice with dif-
ferent amounts of probes and evaluated the changes in gene
expression associated with the 2-152a MAb treatment, which
were specific to the HCV replicon cells rather than to the HCV-
cured K4 cells. Using this methodology, we identified approxi-
mately 3-14 genes as upregulated and about 17-20 genes as
downregulated following the treatment with 2-152a MADb,
compared with the expressions in normal IgG-treated R6FLR-N,
FLR3-1, and K4 cells (Figure 24). Among these genes, the ex-
pression level of SLC6A12 (BGT-1; GenBank accession number
NM_003044) showed significant downregulation in both the
RG6FLR-N and the FLR3-1 cell lines but not in the K4 cells
(Figure 2A; Table 1). To validate this result, we tested BGT-1
mRNA expression in R6FLR-N cells treated with 2-152a MAb
and normal IgG by using TaqMan expression assay. This assay

Table 1. Screened Gemes in HCV Replicon Cell Lines After
Treatment of IgG

Gene R6FLR-N FLR3-1  FLR3-1 HuH-7/K4
name 24 hours 24 hours 72 hours 24 hours

Screened s;

ally
KR1C1 0.67 0.62 0.65 NS

1st screening Al

.5

Screened in replicon and cured K4 cells®

VNN2 065 063 066  0.67

Abbreviations:  HCV, hepatitis C virus; 1gG, immunoglobin G; NS, not
screened.

? Screened genes were significantly changed in HCV replicon cells but not in
HuH-7/K4 cells; each value indicates ratio of signal 2-152a MAb IgG/normal IgG
treatment.

Y Screened genes were significantly changed in all cell lines, including
replicon cells and HuH-7/K4 cells.

¢ Comparing to Tst screening, 7-fold amount of labeled probe was used for
microarray.

demonstrated that the relative expression of BGT-1 was signif-
icantly suppressed by the treatment with 2-152a MAb (P < .001,
Figure 2B). Significant downregulation of BGT-1 was also ob-
served by treatment with 2-152a MAb in HCV-JFH-1-infected
cells (Figure 2C).

We further addressed the mechanism of action of 2-152a
MADb. Treatment with 2-152a MAD did not decrease the level of
cholesterol (Figure 2D), and silencing of DHCR24 did not in-
fluence BGT-1 significantly (Figure 2E).

Inhibition of HCV Replication and Infection by siRNA Directed
Against BGT-1

Because BGT-1 expression was suppressed by the treatment with
2-152a MAb, which had antiviral activity, we attempted BGT-1
silencing in HCV replicon cell lines by using designed siRNAs to
examine the potential role of BGT-1 in HCV replication. BGT-1
silencing was confirmed by RT-PCR (Figure 3A). The effect of
the siRNAs on HCV replication was examined by Western
blotting with anti-NS5A antibody (Figure 3B) and measured by
the luminescence level (Figure 3C, left panel) and cell viability
(Figure 3C, right panel) in FLR3-1 cells. We also examined the
effect of these siRNAs in R6FLR-N and JFH-1 cells (Supple-
mentary Figure 24) and observed similar inhibitory effects as

Figure 2 continued. gene expression assay. Each value was compensated with values of glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA as
the internal control and normal IgG. The asterisk indicates P <<.001, and the vertical bars indicate the standard deviation. C, Level of BGT-1 and DHCR24
proteins detected in JFH/K4 cells after treatment with 2-152a or normal IgG {10 png/ml). D, The relative cholesterol amount was measured in RGFLR-N
cells treated with 2-152a or normal IgG (10 ng/mlL). £ BGT-1 and DHCR24 proteins were detected in normal IgG- or 2-152a lgG-treated RGFLR-N cells.
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Figure 3.  BGT-1 silencing by siBNA inhibits HCV replication in subgenomic HCV replicon cell lines and the persistently infected cell line. 4, The siRNA
targeting BGT-1 suppressed the expression of the corresponding mRNA. The mRNA of each sample was extracted 72 hours after siRNA (10 nM)
transfection. Total RNA was transcribed and amplified by RT-PCR using primers specific to the open reading frame (ORF) of the BGT-1 (1842 bp) gene. The
experiments were performed in triplicate, and the representative data are presented. B, The effects of BGT-1 siRNA (10 nM) on HCV were confirmed by
Western blot analysis using an antibody against the HCV NS5A protein (55 kDa). The blots were striped and reprobed with an antibody directed against
actin to examine protein loading in each lane. C, Levels of HCV replication (left panel) and cell viability {right panel} are presented according to serial
concentrations of siRNA targeting BGT-1 and control siRNA in FLR3-1 celis (72 hours after transfection). The inhibition of replication or cell viability
following siRNA targeting BGT-1 is defined relative to those of the cells that received no treatment {100%). The error bars represent the standard eror of
triplicate experiments. 0, Quantification of HCV RNA by RTD-PCR in HCV persistently infected cells (JFH/K4) after treatment with BGT-1 siBNA. The cells
were treated with siRNAs (10 nM) against BGT-1, control, and HCV (HCV R7) and harvested at 72 hours after transfection. TagMan quantitative RT-PCR
was performed for quantitation of HCV RNA in extracted RNA from cells (left panel) and their supernatants {right panel). The single asterisk {*} and double
asterisk {**) indicate P < .005 and P < .05 against the control, respectively. The mean values from triplicate wells are indicated, and the vertical bars

indicate the standard deviation.

those in FLR3-1 cells. The median inhibitory concentration
(ICso) values of BGT-1 siRNAs in various HCV replicon cell
lines were as follows: FLR3-1 cells, 0.93 nM; R6FLR-N cells, 1.37
nM; JFH-1 cells, 5.95 nM. The cell viability was not significantly
influenced by the siRNA treatment (Figure 3C, right panel;
Supplementary Figure 2A, right panel).

Further, we monitored the levels of HCV RNA in JEH/K4 cells
and their supernatants after BGT-1 silencing. Using RTD-PCR,
we detected significant suppression in the HCV RNA levels by
BGT-1 silencing in these cells (P < .005; Figure 3D, left panel)
and their supernatants (P < .05; Figure 3D, right panel). These
results were consistent with the strong inhibitory effects of
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Figure 4. Validation of the inhibitory effects of BGT-1 siRNA on HCV replication in subgenomic HCV replicon cell lines. A, Schematic representation of
the pcDNA-BGT-1 wild-type {wt) and mutant (mut) plasmids. The siRNA-targeted sites are indicated, and the underlined bold letters indicate the
sequences induced by mutagenesis PCR. B, The wild type and mutant of the BGT-1-myc fusion protein were detected by using an anti-myc monocional
antibody (SE10) in transfected RBFLR-N cells (upper panei). The blots were striped and reprobed with an antibody against actin to determine protein
loading for each fane (lower panel). C. RGFLR-N cells were transfected with BGT-1 siRNA, and wild-type or mutant expression vectors were transfected
after siRNA transfection. After 24 hours of vector transfection, the level of HCV replication (Ieft panel) was measured by luminescence, and cell viability
(right panel) was measured by WST-8 assay. The asterisk indicates P < .05 compared with transfection of siRNA alone. The mean values from triplicate
wells are indicated, and the vertical bars represent the standard deviation.

BGT-1 siRNA on HCV replication, as shown in Figure 3C. We ~ HCV, and in RzMG6-LC cells, which persistently express HCV
designed alternative siRNA targeting BGT-1 (BGT-1-siRNA-362) [8], compared with RzM6-0d cells, which lack HCV expression
and observed its significant inhibitory effect on HCV replication (P < .05, Supplementary Figure 2D).
without significant cytotoxicity (Supplementary Figure 2B).

DISCUSSION
Validation of the Anti-HCV Effects of siRNA Against BGT-1 by
Rescue With Expression Vectors In this study, we determined that 2-152a MAD, which binds to
To assess the specificity of BGT-1 silencing, we attempted to ~ but does not affect the activity of DHCR24, suppresses HCV
rescue HCV replication against the ectopic effects by this si- replication and that BGT-1 is highly downregulated in HCV
lencing. To examine the effect of the rescue, we constructed replicon cell lines treated with this antibody. Further, the effi-
expression vectors of wild-type and mutant BGT-1 (Figure 44) cient rescue of viral replication with a mutant expression vector
and confirmed the expression of each BGT-1-myc-fused protein  indicates the specific inhibitory effect of BGT-1 silencing on
(Figure 4B). The mutant BGT-1 vector contained 5 base mis- HCYV replication. Therefore, we hypothesize that BGT-1 plays an
matches within the site targeted by the BGT-1 siRNA without  important role in HCV replication through a pathway that is
a change in the amino acid sequence of the protein (underlined  likely independent of DHCR24, which in its own right can
in Figure 4A). We also transfected the pcDNA-BGT-1 plasmid regulate the HCV life cycle [13]. .
after the siRNA treatment and observed significant recovery BGT-1 is involved in sodium- and chloride-coupled betaine
of HCV replication with mutant pcDNA-BGT-1 (P < .05; uptake, which helps in maintaining normal cellular conditions.
Figure 4C, left panel) without significant cytotoxicity (Figure 4C,  Previous reports have described that the transcription of BGT-1
right panel). BGT-1 expression was increased significantly in K4 mRNA is regulated by a tonicity sensitive element (TonE) in
cells in the presence of HCV (P < .05, Supplementary Figure  response to hypertonic stress, a result that was first identified in
2C) at 72 hours after infection compared with the absence of the Madin-Darby canine kidney (MDCK) cell line [24]. BGT-1
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is also thought to be responsible for the hyperosmotic stress
response and in maintaining cell hydration. Denkert et al [25]
reported that BGT-1 gene expression is induced by hyper-
osmolarity and inhibited by p38 mitogen-activated protein ki-
nase (p38MAPK) inhibitor SB20358. Further, several reports have
evidenced that cell hydration affects viral replication and that
viral replication increases during cell shrinkage due to hyper-
osmolarity, a result that was accompanied by increased BGT-1
mRNA expression [26]. Considering the reduction in HCV
replication by the BGT-1 siRNA treatment, this treatment may
prevent HCV replication by affecting hypoosmotic conditions in
HCV-infected cells. Further studies are required to examine in
detail the function of BGT-1 in HCV replication.

In summary, we demonstrated that the 2-152a monoclonal
antibody inhibits HCV replication in HCV replicon cells and
HCYV infection in human hepatocytes transplanted into chimeric
mice. The inhibitory effect of the monoclonal antibody on viral
replication may be mediated by the suppression of BGT-1 ex-
pression. We propose BGT-1 as a key target for anti-HCV
therapies.

Supplementary Data

Supplementary materials are available at The Journal of Infectious Diseases
online (Supplementary Data).
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contents of all supplementary data are the sole responsibility of the authors.
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Augmentation of DHCR24 expression by hepatitis C virus
infection facilitates viral replication in hepatocytes
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Background & Aims: We characterized the role of 24-dehydro-
cholesterol reductase (DHCR24) in hepatitis C virus infection
(HCV). DHCR24 is a cholesterol biosynthetic enzyme and choles-
terol is a major component of lipid rafts, which is reported to play
an important role in HCV replication. Therefore, we examined the
potential of DHCR24 as a target for novel HCV therapeutic agents.
Methods: We examined DHCR24 expression in human hepato-
cytes in both the livers of HCV-infected patients and those of chi-
meric mice with human hepatocytes. We targeted DHCR24 with
siRNA and U18666A which is an inhibitor of both DHCR24 and
cholesterol synthesis. We measured the Jevel of HCV replication
in these HCV replicon cell lines and HCV infected cells.
U18666A was administrated into chimeric mice with humanized
liver, and anti-viral effects were assessed.

Results: Expression of DHCR24 was induced by HCV infection in
human hepatocytes in vitro, and in human hepatocytes of chime-
ric mouse liver. Silencing of DHCR24 by siRNA decreased HCV
replication in replicon cell lines and HCV JFH-1 strain-infected
cells. Treatment with U18666A suppressed HCV replication in
the replicon cell lines. Moreover, to evaluate the anti-viral effect
of U18666A in vivo, we administrated U18666A with or without
pegylated interferon to chimeric mice and observed an inhibitory
effect of U18666A on HCV infection and a synergistic effect with
interferon.

Keywords: Hepatitis C virus; Replication; DHCR24; U18666A.
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Conclusions: DHCR24 is an essential host factor which aug-
mented its expression by HCV infection, and plays a significant
role in HCV replication, DHCR24 may serve as a novel anti-HCV
drug target.

© 2010 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Introduction

Extensive epidemiological studies have identified multiple risk
factors for hepatocellular carcinoma (HCC), including chronic
infection with hepatitis C virus (HCV), and hepatitis B virus
(HBV), and cirrhosis due to non-viral etiologies, such as alcohol
abuse and aflatoxin B1 exposure [1,2]. Of these factors, HCV
appears to be the dominant causative factor for HCC in many
developed countries. The World Health Organization estimates
that 170 million people worldwide are infected with HCV and
are, therefore, at risk of developing liver cirrhosis and HCC [3].
The combination of pegylated interferon-o {PEG-1FN-o) and riba-
virin is currently the standard treatment regimen for patients
with chronic HCV infection. However, viral clearance is achieved
in only 40% to 60% of patients and depends on the HCV genotype
with which the patient is infected [4].

We previously established the RzM6 cell line, a HepG2 cell
line in which the full-length HCV genome (HCR6-Rz) can be con-
ditionally expressed under control of the CrefloxP system and is
precisely self-trimmed at the 5 and 3'-termini by ribozyme
sequences [5]. Anchorage-independent growth of these cells
accelerates after 44 days of continuous passaging, during which
the Cdk-Rb-E2F pathway is activated [5]. In a previous study,
we developed monoclonal antibodies (MoAbs) against cell sur-
face antigens on HCV-expressing cells that had been passaged
for over 44 days [6]. One of the targets of these MoAbs was
24-dehydrocholesterol reductase (DHCR24 is also called 3-p-
hydroxysterol-A-24-reductase, seladin-1, desmosterol delta-24-
reductase), a molecule that is frequently overexpressed in the
hepatocytes of HCV-infected patients.

Journal of Hepatology 2011 vol. 55 | 512-521

DHCR24 confers resistance to apoptosis in neuronal cells [7].
It also regulates the cellular response to oxidative stress by bind-
ing to the amino terminus of p53, thereby displacing mouse dou-
ble minute 2 homolog isoform MDM2 (Homo sapiens) (MDM2)
from p53 and inducing the accumulation of p53 in human embry-
onic fibroblasts [8].

DHCR24 is a cholesterol biosynthetic enzyme that is also
called desmosterol reductase [9,10]. Cholesterol is a major com-
ponent of lipid rafts, which are reported to play an important role
in HCV replication [11]. Therefore, we characterized the role of
DHCR24 in HCV replication and evaluated its potential as a target
for novel HCV therapeutic agents. We also examined the syner-
gistic antiviral effect of U18666A which is an inhibitor of both
DHCR24 [12] and cholesterol synthesis [13] with IFN-o in the
treatment of HCV.

Materials and methods
Cells and plasmids

Cell culture methods of the HuH-7 [14], HepG2 | 15], hybridoma and myeloma PAL
cells, RzM6 cells [5], and the HCV subgenomic replicon cells lines FLR3-1 (geno-
type 1b, strain Con-1; [16]), RGFLR-N (genotype 1b. strain N; [17]), and Rep JFH
Luc3-13) genotype 2a, strain JFH-1[18]} were utilized to evaluate HCV replication
[19] are described in Supplementary data.

The DHCR24 cDNA was synthesized and amplified by PCR using Phusion™
DNA polymerase (Finnzymes) and cloned into the pcDNA3.1 vector (Invitrogen)
or lentivirus vector, as described previously [6].

Matri; isted laser f-flight mass spectrometry analysis
The detailed procedures are described in Supplementary data [20].

hnmmunohistochemistry and Western blot analysis

The detailed are described in 1! y data.

The antibodies used in this experiment were: anti-Core, anti-NS3, anti-NS4B,
anti-NS5B [5]. and anti-NS5A (kindly provided by Dr. Matsuura, Osaka Univer-
sity). and anti-actin (Sigma).

Inhibition of DHCR24 by siRNA

We synthesized two siRNAs that were directed against human DHCR24 mRNA:
siDHCR24-417 and siDHCR24-1024. The target sequence of siDHCR24-417 was
5'-GUACAAGAAGACACACAAATT-3', while that of siDHCR24-1024 was 5-GAGA-
ACUAUCUGAAGACAATT-3". Additionally, we used siRNAs targeted against the
HCV genome (siE-R7 and SiE-RS5) [17.21]. The siCONTROL Non-Targeting siRNA
#3 (Dharmacon RNA Technologies) was used as the negative control siRNA. The
chemically synthesized siRNAs were transfected into cells using Lipofectamine
RNAIMAX (Invitrogen) and Opti-MEM (Invitrogen) by reverse-transfection, Cells
were characterized 72 h after transfection.

Inhibition of viral replication by U18666A

U18666A (Calbiochem) was utilized to treat HCV replicon cells at a concentration
of 62.5-1000 nM and chimeric mice at a concentration of 10 mg/kg (i.p.).

To determine whether cholesterol can reverse the U18666A treatment by the
addition of cholesterol, we performed the experiments using HCV replicon cells
(4 % 10% cellsjwell in a 96-well white plate, SUMILON). Culture medium was
replaced after the cells had spread (at 24 h), and LDL (Calbiochem) was added
to reach a final cholesterol concentration of 50 pg/ml. After a 24 h-incubation,
U18666A (62.5, 125, 250, 500, and 1000 nM) was added to each well, and the cells
were incubated for an additional 48 h. HCV replication activity was measured by
luciferase assay. and cell viability was measured with the WST-8 cell counting kit
according to the manufacturer's instructions (Dojindo Laboratories), Cholesterol
measurements are described in Supplementary data.
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Inhibition assay of HCV replication in replicon cells and persistent infected cells

For evaluation of the anti-HCV replication effect of the inhibitor U18666A in repli-
con cells and HCV persistently infected cells are described in Supplementary data,

Real-time detection (RTD)-PCR

Total RNA was purified from JFH-K4 cells that had been treated with siRNA or
U18666A by the acid guanidium-phenol-chlioroform method. HCV RNA was
by RTD-PCR as i described {22].

HCV infection of chimeric mice with humanized liver and mRNA quantification by
RTD-PCR

We used chimeric mice that were created by transplanting human primary hepa-
tocytes into severe combined immunodeficient mice carrying a urokinase plas-
minogen activator transgene [2324] that was controlled by the albumin
promoter. These hepatecytes had been infected with plasma from a HCV-positive
patient HCR6 (genotype 1b) [19]. The HCV 1b RNA level reached 2.9-
18.0 x 10° copies/m! in mouse sera after 1-2 months of infection. HCV RNA in
the mouse serum or total RNA from liver tissue from humanized chimeric mice
with/without HCV infection was extracted using the acid guanidium-~phenol-
chioroform method. HCV RNA and DHCR24 mRNA levels were quantified by
RTD-PCR [22). The primers and probes for HCV were prepared as previously
described [22], and the primers and probes for DHCR24 were prepared using Taq-
Man® Gene Expression assays (Applied Biosystems) according to the manufac-
turer’s instructions. PEG-IFNo-2a (Chugai) was administered subcutaneously at
a concentration of 30 ug/kg, at day 1, 4, 8, and 11 (the amount of PEG-IFN-o
administered to the chimeric mice was 20-fold relative to that used in humans),
and U18666A was administered intraperitoneally at a concentration of 10 mg/kg,
every day for 2 weeks (Fig. GA). The protocols for the animal experiments were
approved by the local ethics committee,

Human serum albumin in the blood of humanized chimeric mice was mea-
sured using a commercially available kit, according to the manufacturer's instruc-
tions (Alb-Il kit; Eiken Chemical).

Results
Identification of DHCR24

We inoculated mice (BALB/c) with RzM86 cells that expressed HCV
protein and had been cultured for over 44 days (denoted as
RzM&6-LC cells); mice were inoculated at least seven times over
a 2-week period. We then fused the splenocytes from mice that
had been immunized with RzM6-LC cells to myeloma cells to
establish hybridomas. Characterization of the culture superna-
tant from more than 1000 hybridoma cells by ELISA (data not
shown) revealed that one MoAb clone (2-152a) recognized a mol-
ecule of approximately 60 kDa in various cells (Supplementary
Fig. 1A and B. This molecule was more highly expressed in
RzM6-LC cells (Supplementary Fig. 1A), HeLa cells, and HCC cell
lines (HepG2, HuH-7, Hep3B, and PLC/PRF/5) than in HEK293
cells and several normal liver cell lines (NKNT, TTNT, and
WRL68) (Supplementary Fig. 1B). To further characterize this
molecule, we performed matrix-assisted laser desorption ioniza-
tion time-of-flight mass spectrometry (MALDI-TOF-MS) and
obtained seven peptide sequences (Supplementary Fig. 1C,
underlined). These peptide sequences suggested that the mole-
cule that was recognized by the 2-152a antibody was DHCR24.
We constructed a lentivirus expression vector containing myc-
tagged DHCR24 (DHCR24-myc) and transduced it into HepG2
cells. By western blot analysis with 2-152a and anti-Myc anti-
body, we then confirmed that DHCR24 was expressed in the
transduced cells (Supplementary Fig. 1D). We found that the 2-
152a antibody specifically recognized DHCR24.

Journal of Hepatology 2011 vol. 55 | 512-521 513




— 802 —

Research Article

A c =
£
L
o
8
DHCR24 z
£ $
7 —
g .
Actin T °
5
€
é .
108
<
0 e
HCV(-) HCV(+)
B D
p <0.05
HCV(+) il
R °
g
<
g z 108
Eg
Se
93 H
55 |8
e 108
o
| S
NBNC HCV(-) HCV(+)
E
Anti-DHCR24 9 1 HCV()
BT HCV(+)
z
5
o &
82
o £
20
E S
i3
£ 6
a
5 4

164-5 1729 192-8 1929

Fig. 1. HCV induces DHCR24 overexpression in vitro and in vivo. (A) Expression of DHCR24 in non-cancerous regions of livers of HCV-infected (+) and NBNC-HCC patients.
Lysates (25 pgflane) of non-cancerous liver tissues from HCC patients were analyzed by Western blot analysis using MoAb 2-152a. The patient numbers (Supplementary
Table 1) are indicated at the top of the blot. (B) Immunohistochemical staining of HCV-infected non-cancerous tissues derived from an HCC patient using the monoclonal
antibody 2-152a (Alexa488), anti-TO-PRO-3, or a merge (600x magnification) (upper panel). Tissues from an NBNC patient stained with the monoclonal antibody 2-152a
(Alexa488) as well as TO-PRO-3 (640 magnification) (lower panel). (C) The amount of HCV RNA that was present in the HCV-R6 (genotype 1b)-infected chimeric mice with
the humanized liver was quantified using RTD-PCR. The results of HCV uninfected (n = 4) and infected (n = 7) is indicated. (D) The amount of DHCR24 mRNA present in total
RNA isolates of HCV-R6 (genotype 1b)-infected chimeric mice with the humanized liver was quantified using RTD-PCR. *p <0.05 (Mann-Whitney test). The results of HCV
uninfected (n = 4)and infected (n = 7) are indicated. (E) DHCR24 protein was detected by Western blot analysis using MoAb 2-152a as a probe, and quantitated by LAS3000.

Protein levels are normalized to actin and ratio is indicated.
HCV infection in vivo induces persistent overexpression of DHCR24

We next examined whether HCV infection could induce DHCR24
expression in human hepatocytes. DHCR24 was overexpressed
more frequently in liver tissues from HCV-positive patients than
in tissues from HBV- and HCV-negative (NBNC) patients (Fig. 1A
and Supplementary Table 1). The liver tissue from HCV-positive
patients stained more strongly for DHCR24 expression than the

liver tissue from NBNC patients (Fig. 1B). We inoculated chimeric
mice [19,23,25] with HCV (10%2 copies/ml) that had been isolated
from the plasma of HCV-infected patients (patient R6, HCV geno-
type 1b). The serum concentration of human albumin (Supple-
mentary Fig. 2A) in the chimeric mice after transplantation of
hepatocytes indicated that human hepatocytes had engrafted in
the mouse livers. Thirty days after transplantation, mice were
infected with HCV, and HCV and RNA titers were analyzed both
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before and after inoculation (Supplementary Fig. 2B). The average
amount of HCV RNA that was present in the serum of the infected
chimeric mice at 28 days post-infection was 1.1 x 107 copies/ml
(Fig. 1C and Supplementary Fig. 2B). The DHCR24 mRNA levels
in the livers of the chimeric mice were also quantified at 28 days
post-infection by real-time detection (RTD)-PCR [22]. The results
revealed that there was a significant increase in DHCR24 expres-
sion as measured by mRNA levels in HCV infected chimeric mice
(Fig. 1D). Next, we examined the extent to which translation of
DHCR24 occurred in the chimeric mice (Fig. 1E), higher DHCR24
protein levels were present in hepatocytes from HCV-infected
mice (Nos. 192-8 and 192-9) than in those of uninfected mice
(Nos. 164-5 and 172-9). These findings indicate that expression
of DHCR24 is significantly up-regulated by HCV infection in
human hepatocytes.

Role of DHCR24 in HCV replication

Since augmentation of DHCR24 expression was observed by HCV
infection in humanized chimeric mice, we next examined whether
DHCR24 was involved in HCV replication or not. We transfected
siRNA into HCV replicon cell lines FLR3-1 (Fig. 2A and B) and
R6FLR-N (Fig. 2C and D). Treatment with either two different
DHCR24 siRNA molecules (siDHCR24-417 or -1024) decreased
HCV replication in a dose-dependent manner (Fig. 2A and C) but
did not appear to have a significant effect on cell viability (Fig. 2B
and D). Western blot analysis using HCV subgenomic replicon cell
lines confirmed these findings (Fig. 2E and F). We also transfected
the DHCR24 siRNAs into HCV JFH-1 strain [18]-infected HuH7/K4
cell lines and found, by Western blot analysis, that the siRNAs
inhibited HCV protein expression (Fig. 2G and H). These results
indicate that DHCR24 may play a role in HCV replication.

The expression level of DHCR24 is linked to intracellular cholesterol
levels

Human DHCR24 is involved in cholestero} biosynthesis [ 10]. It par-
ticipates in multiple steps of cholesterol synthesis from lanosterol
[26] (Fig. 3A). To examine the effect of cholesterol on the DHCR24
expression level in HuH-7 cells, we added cholesterol to cultured
cells and determined the DHCR24 expression level (Fig. 3B).
Expression levels of DHCR24 in HuH-7 cells were decreased
approximately 50% by addition of cholesterol compared to that
of the untreated control (Fig. 3B). On the other hand, that of
DHCR24 in HepG2 cells was increased 2.5-fold by depletion of cho-
lesterol using methyl-B-cyclodextrin (M-8-CD) (Fig. 3C).

These resuits indicate that the expression of DHCR24 in a cell
correlates with the cholesterol level in that cell. Furthermore,
silencing DHCR24 reduced the cholesterol level in cells compared
to control cells (Fig. 3D), suggesting that DHCR24 is essential for
cholesterol synthesis.

Effect of U18666A on HCV replication in vitro

We further examined the role that DHCR24 plays in HCV replica-
tion by treating cells with U18666A. Treatment with U18666A
(62.5, 125, 250, 500, and 1000 nM) of HCV replicon cells (FLR3-
1) decreased HCV replication in a dose-dependent manner as
shown by luciferase assay (Fig. 4A) and Western blot analysis
(Fig. 4B). Notably, DHCR24 protein appeared as doublet bands
in the absence of U18666A, but the lower band shifted to the
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upper band after treatment with U18666A (Fig. 4B). U18666A
also suppressed HCV replication in other replicon cell lines
(R6FLR-N and Rep JFH Luc 3-13; Fig. 4C and D). Treatment with
U18666A (<250 nM) suppressed viral replication without produc-
ing significant cytotoxicity. We also examined the effect of
7-dehydrocholesterol reductase (DHCR7) (Fig. 3A) on HCV repli-
cation using the specific inhibitor BD1008 [26]. Treatment with
BD1008 also suppressed HCV replication, but the concentration
required was much higher than that needed in the U18666A
assays (Fig. 4E); the concentration also greatly exceeded the
intrinsic iCso value for inhibition of o-receptor binding
(47 + 2 nM) {27]. Therefore, DHCR24 may play a more significant
role than DHCR7 in HCV replication. We next evaluated the com-
pensatory effect that the addition of cholesterol had on cells trea-
ted with U18666A (Fig. 4F and G) by examining low density
lipoprotein (LDL)-replaceable dissolved cholesterol levels as
described in Supplementary data. Treatment with cholesterol
led to partial restoration of HCV replication (Fig. 4F). These
results suggest that U18666A suppresses HCV replication by
depleting cellular cholesterol stores.

Next, we characterized the effect that U18666A had on HCV
JFH-1 infection. Adding U18666A (62.5, 125, 250, and 500 nM)
to HCV JFH-1-infected cell lines for 72 h, reductions of NS5B pro-
tein level were observed in cells treated more than 500 nM of
U18666A (Fig. 5A and B). Additionally, the HCV RNA copy number
in infected cells was suppressed by addition of 250 or 500 nM of
U18666A (Fig. 5C). Examination of the cytotoxicity that U18666A
(62.5-500 nM) had on infected cells revealed that it had little
effect on cell viability (Fig. 5D). These results demonstrate that
inhibition of DHCR24 by U18666A suppresses viral replication
in HCV replicon cells and HCV-infected cells.

Evaluation of the anti-HCV effect of U18666A in vivo

To examine the effect of U18666A on HCV infection in vivo, we
administered U18666A to HCV-infected chimeric mice with the
humanized liver. The mice were infected with HCV via inocula-
tion of patient serum HCR6 5 weeks after transplantation of
human hepatocytes. U18666A (10 mg/kg) and PEG-IFN-o
(30 pgfkg) were then administrated to these mice for 2 weeks
(Fig. 6A). HCV RNA quantity (Fig. 6B) and serum human albumin
levels (Fig. 6C) were measured in the mice after 1, 4, and 14 days
of HCV infection. Treatment with U18666A alone significantly
decreased HCV RNA levels in the serum (from 1x 10% to
3 x 10° copies/ml) after 2 weeks, and its suppressive effect was
more pronounced than that of PEG-IFN-o alone (8 x 10° copies/
ml; Fig. 6B). Moreover, co-administration of U18666A and PEG-
IFN-o. synergistically (combination index <1) enhanced the anti-
viral effect of PEG-IFN-o. (5 x 109 copies/ml). Treatment with
these drugs did not significantly affect the serum human albumin
concentrations in treated mice (Fig. 6C).

Discussion

The results of this study revealed that DHCR24, an enzyme that
participates in cholesterol synthesis (last step; Fig. 3A), also plays
a significant role in HCV replication. To our knowledge, this is the
first report that this molecule is involved in HCV infection. The
mevalonate route of the cholesterol synthesis pathway (starting
from acetyl Co-A) has previously been reported to be involved in
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HCV replication [28]. The present findings are the first evidence
that overexpression of one of the enzymes downstream of the
mevalonate pathway, i.e., DHCR24, can be induced by HCV infec-
tion. In a previous study, 3-hydroxy 3-methyl-glutaryl Co-A
(HMG-CoA) reductase was found to be inhibited by lovastatin, sub-
sequently resulting in suppression of HCV replication [28]. The
product of the mevalonate pathway that is required for HCV repli-
cation is reported to be a geranyl geranyl lipid [29]. Many lipids are
crucial to the viral life cycle, and inhibitors of the cholesterol/fatty
acid biosynthetic pathway inhibit viral replication, maturation,
and secretion {30,31]. We found that inhibition of DHCR24 down-
regulated HCV replication. DHCR24 catalyzes the reduction of the
delta-24 bond of the stero] intermediate and works further down-
stream of farnesy! pyrophosphate (Fig. 3A) and, therefore, does not
influence geranyl-geranylation. Thus, our findings indicate the
existence of regulatory pathway of HCV replication by cholesterol
synthesis and trafficking through DHCR24 rather than by protein
geranyl-geranylation. DHCR24 deficiency reduces the cholesterol
level and disorganizes cholesterol-rich detergent-resistant mem-
brane domains (DRMs) in mouse brains [32]. Additionally, the
HCV replication complex has been detected in the DRM fraction
[11]. Therefore, a deficiency in DRM, induced by silencing DHCR24,
may suppress HCV replication.

We demonstrated that the addition of cholesterol to HCV-
infected hepatocytes treated with U18666A led to partial

recovery of HCV replication, which suggests that cholesterol
may be an important factor in HCV replication. UT18666A impairs
the intracellular biosynthesis and transport of cholesterol and
inhibits the action of membrane-bound enzymes, including
DHCR24, during sterol synthesis [33]. Moreover, the DHCR7
inhibitor BD1008 also suppresses HCV replication. Thus, the find-
ings in this study further substantiate the fact that cholesterol
plays an important role in HCV replication and infection.
Although monotherapy with statins is reportedly insufficient
to induce anti-viral activity in HCV-infected patients [34], a syn-
ergistic action between statins and IFN has been observed [35].
The effect of the statin is thought to be mainly mediated by the
depletion of geranyl geranyl lipids. It is important to note that
higher doses of statins may increase the risk of myopathy, liver
dysfunction, and cardiovascular events [36]. Moreover, the ECso
values of the statins that are associated with a reduction in
HCV replication are reported to be 0.45-2.16 uM, while the ICso
of U18666A was estimated to be 125 nM in the present study.
Therefore, U18666A may serve as a novel anti-HCV drug that
could be utilized with IFN as a combined therapeutic regimen.
In summary, we demonstrated that the expression of DHCR24
is induced by infection with HCV and that DHCR24 is an essential
host factor that is required for HCV replication. HCV may increase
cholesterol synthesis in cells via the action of a host regulatory
factor, such as DHCR24, that is correlated with cholesterol
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synthesis and is also directly involved in replication. Genome-
wide analysis of the host response to HCV infection revealed
the upregulation of genes related to lipid metabolism [37).
DHCR24 expression was found to be upregulated in the ¢cDNA
microarray analysis of chronic hepatitis C cases [38]. Future stud-
ies are needed to examine the detailed mechanism by which HCV
infection augments DHCR24 expression in hepatocytes.
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Translocase of Outer Mitochondrial Membrane 70
Expression Is Induced by Hepatitis C Virus and Is
Related to the Apoptotic Response
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The localization of hepatitis C virus (HCV)
proteins in cells leads to several problems. The
translocase of outer mitochondrial membrane 70
(TOM70) is a mitochondrial import receptor. In
this study, TOM70 expression was induced by
HCV infection. TOM70 overexpression induced
resistance to tumor necrosis factor-alpha (TNF-
a)-mediated apoptosis but not to Fas-induced
apoptosis in HepG2 cells. TOM70 was found to
be induced by the HCV non-structural protein
(NS)3/4A protein, and silencing of TOM70
decreased the levels of the NS3 and Mcl-1
proteins. These results indicate that TOM70 can
directly interact with the NS3 protein. In hepa-
toma cells, silencing of TOM70 induced apopto-
sis and increased caspase-3/7 activity but did not
modify caspase-8 and caspase-9 activity. TOM70
silencing-induced apoptosis was impaired in
HCV NS3/4A protein-expressing cells. Thus, this
study revealed a novel finding, that is, TOM70 is
linked with the NS3 protein and the apoptotic
response. J. Med. Virol. 83:801-809, 2011.
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INTRODUCTION

Hepatitis C virus (HCV) infection causes acute and
chronic hepatitis, cirrhosis, and hepatocellular carci-
noma (HCC) [Seeff, 2002]. HCV easily establishes
chronic infection, and localization of HCV proteins is
reported to induce several disturbances in cells. One
of the major target organelles of HCV is the

© 2011 WILEY-LISS, INC.

mitochondrion, and HCV non-structural protein
(NS)3/4A protease cleaves the mitochondrial antiviral
signaling (MAVS)/IPS-1/VISA/Cardif protein, thereby
impairing interferon signaling (Li et al., 2005] and influ-
encing apoptotic responses [Nomura-Takigawa et al.,
2006; Deng et al., 2008; Lei et al., 2009].

Most mitochondrial proteins are synthesized in the
cytosol as preproteins, targeted to the mitochondria by
cytosolic factors such as HSP70 and mitochondrial
import stimulation factor (MSF), and transported to
the intramitochondrial compartments by the preprotein
import machineries of the outer and inner membranes
(TOM and TIM complexes, respectively) [Mihara and
Omura, 1996; Schatz, 1996; Neupert, 1997; Pfanner and
Meijer, 1997]. The TOM machinery consists of two
import receptors, namely, TOM20 and TOM?70, and
several other subunits that are arranged in a tightly
bound complex termed the general import pore
[Pfanner and Geissler, 2001; Hoogenraad et al., 2002;
Stojanovski et al., 2003]. TOM70 was identified in Sac-
charomyces cerevisiae as a 70-kDa protein with no
known function [Truscott et al., 2001]. TOM70 is recog-
nized as the primary receptor for proteins with internal
targeting signals, such as the F;-ATPase B-subunit
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and cytochrome c¢; [Truscott et al, 2001]. TOM70
interacts with human myeloid cell leukemia-1 (Mcl-1),
a Bcl-2 family member, and this interaction facilitates
the mitochondrial targeting of Mcl-1 [Chou et al.,
2006]. Mcl-1 can interact with the HCV core protein
and suppresses core-induced apoptosis [Mohd-Ismail
et al., 2009].

Inthe present study, it was found that TOM70 activity
was enhanced by HCV. This study addresses TOM70
modification by HCV and its role in the apoptotic
response.

MATERIALS AND METHODS
Cells

WRLS68, HepG2, HuH-7, and HepG2 cells expres-
sing non-structural proteins (Lenti-NS38/4A-HepG2,
Lenti-NS4B-HepG2, Lenti-NS5A-HepG2, Lenti-NS5B-
HepG2, and Lenti-empty-HepG2) were maintained and
established as described previously [Tsukiyama-
Kohara et al., 2004; Nishimura et al., 2009; Saitou
et al, 2009]. The Cre/loxP conditional expression
system for full-length HCV ¢DNA (HCR6-R2) in RzM6
cells [Tsukiyama-Kohara et al., 2004] was induced
using 100 nM of 4-hydroxytamoxifen (Sigma—-Aldrich,
St. Louis, MO) and passaged for 8 days (RzM6-8d)
or for more than 44 days (RzM6-LC) [Nishimura
et al, 2009] (Supplementary Fig. 1). Cell viability
was measured using WST-8 (Dojindo, Kumamoto,
Japan).

Purification and Matrix-Assisted Laser
Desorption Ionization Time-of-Flight Mass
Spectrometry (MALDI-TOF-MS) Analysis of p70
and TOM70 Expression Vector

p70 was identified using MALDI-TOF-MS. The p70
band was excised, alkylated using 40 mM iodoaceta-
mide/0.1 M NH,HCO;, and digested using trypsin.
The p70 peptides were purified using an UltiMate capil-
lary high-performance liquid chromatography system
(Dionex) and analyzed using a 4700 Proteomics Ana-
Iyzer (Applied Biosystems, Foster City, CA), as
described previously [Jensen et al., 1999]. An expression
vector with myc and His tags was constructed for
TOMT70 as follows: Total RNA was isolated from HuH-
7 cells (10% by using the ISOGEN reagent (Nippon
Gene, Tokyo, Japan). Purified RNA (2 ug) was reverse
transcribed using SuperScriptIII (Invitrogen, Carlsbad,
CA) and oligo(dT),5_;5 primer (Invitrogen), according to
the manufacturer’s protocol. The coding region of
TOMT70 ¢cDNA was amplified by polymerase chain reac-
tion (PCR) with LA Tag polymerase (T'akara Bio, Shiga,
Japan) and TOM70-F2 (5-GGATCCGCAGAGGA-
CACTTGTCATGGC-3), which contained a BamHI
restriction site (underlined), as the forward primer
and TOM70-R2 (5-GCTGGAGTGCAGTGGCTATTC-
3') as the reverse primer. The amplified TOM70 ¢cDNA
was subcloned into the pCR2.1-TOPO vector. BamHI-
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EcoRI-digested TOM70 c¢DNA was subcloned into
pcDNA6/Myc-His(+) (Invitrogen) (TOM70-pcDNAS).

Immunoprecipitation (IP) and
Western Blotting (WB)

The cells were solubilized in lysis buffer (20 mM
HEPES-NaOH [pH 7.5], 1 mM EDTA [pH 7.5], 1 mM
dithiothreitol, 1 pM  diisopropylfiuorophosphate,
150 mM NaCl, and 1% TritonX-100). Samples were cen-
trifuged at 20,400g for 10 min at 4°C, and the super-
natants were used for IP. Protein-G sepharose 4B beads
(GE Healthcare, Piscataway, NJ; 20 pl) were washed,
mixed with 2-243a antibody (2 pg) in 1% BSA-phos-
phate-buffered saline (PBS), and placed on a rotary
shaker at 4°C for 1 hr. Next, the beads were washed
three times with lysis buffer and treated with the cell
lysate (4°C, overnight). The IP mix was washed four
times with lysis buffer and solubilized with 2x SDS
sample buffer (150 mM Tris [pH 6.8], 4% SDS, 20%
glycerol, 10% 2-mercaptoethanol, and 0.2% bromophe-
nol blue). WB was performed as described previously
[Nishimura et al., 2009]. Anti-myc monoclonal antibody
(mAb) (9E10; Santa Cruz Biotechnology, Santa Cruz,
CA), anti-HCV core mouse mAb (31-2), and anti-NS3
rabbit polyclonal antibody (R212) were used to examine
the interaction between NS3 and myc-TOM70. Anti-
Mecl-1 antibody (S-19; Santa Cruz Biotechnology) and
anti-MAVS antibody (ab25084; ChIP grade; Abcam,
Cambridge, MA) were also used. Professor Mihara
(Kyusyu University) kindly provided anti-rat TOM70
polyclonal antibody (*'TOM70).

Immunofluorescence Assay (IFA)

For mitochondrial staining, MitoRed (Dojindo) was
added to the cell culture medium and incubated for
1 hr. The cells were fixed in 4% paraformaldehyde.
The slides were then washed with PBS, permeabilized
with 1% Triton X-100; and reacted with 2-243a mAb
(1 wg/ml) and a polyclonal antibody against the endo-
plasmic reticulum (ER) (anti-PDI; 1:1,000; Stressgen
Bioreagent, Kampenhout, Belgium) in 0.025% Tween-
20 PBS, followed by reaction with FITC-conjugated
goat anti-mouse IgG mAb (1:1,000; Cappel Products,
Portland, ME) and Alexa 568-conjugated goat anti-
rabbit IgG (Fab')y fragment (Invitrogen) in 0.025%
Tween-20 PBS. The slides were covered with Vector
Shield (Vector Laboratories, Burlingame, CA) and
observed under an Olympus Fluoview laser-scanning
microscope (Olympus, Tokyo, Japan).

Evaluation of Cell Death by Assessing Fas or
Tumor Necrosis Factor (TNF)-«

The cells were plated in a 96-well plate (10* cells/well;
Becton Dickinson, Franklin Lake, NJ) and transfected
with empty pcDNA6 or TOM70-pcDNAS6 (40 ng/well) by
using the Lipofectamine 2000 reagent (Invitrogen).
After 48 hr, the cells were treated with anti-Fas
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Fig. 1. TOM70 is induced by HCV and is localized in the mitochondria. A: TOM70 induction was
examined by WB in RzM6-8d and RzM6-LC days (left panel), and TOM70 expression was compared in
WRL68, HepG2, and HuH-7 cells (right panel). B: Identification of p70 by MALDI-TOF-MS analysis. The
sequence of peptides in the amino acid sequence of TOM70 protein was determined using MALDI-TOF-MS
analysis (red characters). C: MS/MS spectra of the peptide NVDLSTFYQNR (149-159). The sequence

covers 14% of the amino acid sequence of TOM70. D:

Identification of p70 by IP-WB. Expression of TOM70-

pcDNAG in HuH-7. Cell lysates were examined using WB with mAb 2-243a or the anti-myc antibody. myc-
TOM70-pcDNA6 expression was recognized by both mAb 2-243a and the anti-myc antibody (black
triangle). The expression of cellular TOM70 (empty triangle) was recognized only by mAb 2-243a. E: Cell
lysates were immunoprecipitated with anti-rat TOM70 antibody and analyzed using WB with mAb 2-243a.
The empty triangle indicates TOM70. The molecular weight markers are shown on the left. F: Expression of
TOM70 and the core protein in mock- and HCV JFH-1-infected HuH-7 cells. G: Localization of TOM70 in
RzM6-LC cells. The cells were stained with mAb 2-243a and polyclonal antibody against PDI or MitoRed.

The magnification is 800x.

antibody (CH-11; 0-20 ng/ml; Beckman Coulter, Mur-
masaka) or recombinant human TNF-a (0-100 ng/ml;
PeproTech, Rocky Hill, NJ), followed by addition of
cycloheximide (CHX; 10 pg/ml). After treatment for
24 hr, apoptotic cell death was evaluated by

determining cell viability with the WST-8 reagent. Next,
the terminal deoxynucleotidy] transferase dUTP nick-
end labeling ('UNEL) assay was performed using the
TMR red in situ cell death detection kit (Roche, Basel,
Switzerland).
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Generation of Small Interfering Ribonucleic
Acid (siRNA) for TOM70

siRNAs for two regions of TOM70, namely, TOM70-
d1-siRNA (primer set: TOM70-dicerl-F and TOM70-
dicerl-R) and TOM70-d2-siRNA (primer set: TOM70-
dicer2-F and TOM70-dicer2-R) were generated.

Gene-specific dsDNA for TOM70 was constructed by
PCR using TOM70-pcDNAS6 as the template. TOM70-
dicerl-F (5-GCGTAATACGACTCACTATAGGGAGA-
TGTTTGGCCTTTAAGTATCC-3") was used as the
forward primer, and TOM70-dicerl-R (5'-GCGTAA-
TACGACTCACTATAGGGAGATGATATCATCCGTGA-
AAGAAC-3') was used as the reverse primer; both pri-
mers contained a T7 promoter sequence (underlined).
PCR performed using these primers yielded a 434-bp
product. PCR with the forward primer TOM70-dicer2-F
(5'-GCGTAATACGACTCACTATAGGGAGAATGTTTG-
CATTGTACCGCC-3') and the reverse primer TOM70-
dicer2-R2 (5'-GCGTAATACGACTCACTATAGGGAGA-
TTTGCAACTTCTGTCTGGGC-3), both of which con-
tained a T7 promoter sequence (underlined), yielded a
474-bp product. Luciferase was amplified from pGL3-
Basic (Takara Bio) with Luci-dicer2-F (5'-GCGTAA-
TACGACTCACTATAGGGAGACGGTTTTGGAATGTT-
TACTAC-3') as the forward primer and Luci-dicer2-R
(5’-GCGTAATACGACTCACTATAGGGAGAGCTGAT-
GTAGTCTCAGTGAGC-3), as the reverse primer,
yielding a 309-bp product; both primers contained a
T7 promoter sequence (underlined). LA Tag polymerase
was used for the PCR. All PCR products were analyzed
by agarose electrophoresis before purification with the
Wizard SV Gel and PCR Clean-Up System (Promega,
Madison, WI).

In vitro transcription was performed with the Dicer
siRNA generation kit (Genlantis, San Diego, CA),
according to the manufacturer’s instructions. Briefly,
in vitro transcription reactions were performed in a
20-p] volume with 1 pg PCR product as the template;
the reaction mixture was incubated at 37°C for 4 hr,
followed by purification with the reagents provided in
the Dicer siRNA generation kit. The dsDNA (20 pl)
obtained was finally in a 100-pl volume after incubation
at 37°C for 27 hr. The siRNAs obtained were purified
and quantified according to the manufacturer’s
instructions.

Next, the cells were plated in 24- or 96-well plates (BD
Bioscience, Sparks, MD) at a density of 5 x 10* or 10*
cells/well, respectively, and left overnight for adherence.
The siRNAs (14 nM) generated were transfected to cells
by using Lipofectamine RNAIMAX (Invitrogen) and
Opti-MEM (Invitrogen). The cells were characterized
48 hr after transfection.

Caspase Assay

The activities of caspase-3/7, caspase-8, and caspase-9
were measured on the basis of the cleavage of a prolu-
minescent substrate containing the DEVD sequence, by
using the commercially available Caspase-Glo 9 Assay,
Caspase-Glo 8 Assay, and Caspase-Glo 3/7 Assay kits

J. Med. Virol. DOI 10.1002/jmv

Takano et al.

) >
¥

s
(=
<

-3
=3

[=23
o

B
o

20 |

Relative cell viability (%

o M

"y D D
oq\é (\é& & &@
O

y
Py
2%

> N

& £ & &8
&
g & qﬁ‘% é& & ‘\90

Concentration (Fas antibody)

N
Q

@
-
o
=3

-

Relative cell viability(%)

& & & &
o« \Q@} @@ @@@@

Concentration (TNF-a}

[D Empty-pcDNAS M TOM70-pcDNA51

Fig. 2. TOM70 overexpression induced TNF-a-mediated apoptotic
resistance. TOM70 overexpression affected TNF-o~mediated apoptosis
but not Fas-mediated apoptosis. Cells were transfected with empty
pcDNAG (white bar) or TOM70-pcDNAS6 (black bar). After 48 hr, they
were treated with (A) Fas antibody (0-20 ng/ml) or (B) TNF-« (0-
100 ng/ml). After 24 hr, cell viability was measured using WST-8.
AB: The data represent the average of the values obtained from trip-
licate experiments, and the vertical bars indicate the SD. *P < 0.05
(two-tailed Student’s ¢-test).

(Promega) and a luminometer (Aloka, Tokyo, Japan).
Caspase activity was quantified according to the
manufacturer’s instructions.

Statistical Analysis

Data were analyzed for statistical significance by
using the Student’s -test. P-values lower than 0.05 were
considered statistically significant.

RESULTS

Identification of the p70 Molecule
and Induction by HCV

mAbs against RzM6-LC cells were screened, and the
clone 2-243a, which recognizes p70, was obtained
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antibody; and anti-actin antibody. B: The interaction between TOM70 and NS3 was assessed using IP-WB.
NS3-expressing HepG2 cells were transfected with pcDNA6-TOM70 (mycTOM70) or pcDNAS alone
(empty) and immunoprecipitated with the anti-myc antibody (9E10). NS3 was detected using polyclonal
rabbit anti-NS3 antibody (upper image), and TOM70 was detected using mAb 2-243a (lower image).

(Fig. 1A). p70 was induced to a greater extent by HCV
expression after 8 days (RzM6-8d) or more than 44 days
(RzM86-LC) than before HCV expression (RzM6-0d). The
p70 expression level did not differ among the human
hepatic cell lines (WRL68, HepG2, and HuH-7)
(Fig. 1A, right panel). p70 was characterized (Fig. 1B—
E): The sequence of peptides determined using MALDI-
TOF-MS (Fig. 1B) and the MS/MS spectra of the p70
peptide sequence NVDLSTFYQNR (Fig. 1C) are pro-
vided. TOM70-pcDNAS expression in HuH-7 cells was
detected by WB with mAb 2-243a (Fig. 1D). Cell lysates
were immunoprecipitated with anti-rat TOM70 anti-
body and detected by WB using mAb 2-243a (Fig. 1E).
These results indicate that mAb 2-243a recognizes
TOMT70. Next, the effect of HCV infection on TOM70
expression was examined (Fig. 1F), and infection with
the HCV JFH-1 strain [Wakita et al., 2005] induced
TOMT70 expression in HuH-7 cells (Fig. 1F). TOM70
localization was characterized using an indirect fluor-
escence assay (IFA) with 2-243a; anti-PDI, an ER
marker; or MitoRed, which is a selective mitochondrial
marker (Fig. 1G). TOM70 was associated with the mito-
chondria in all cells and was a part (~40%) of the ER,
indicating that the TOM70 expressions in the mitochon-
dria were higher than those in the ER.

TOM?70 Inhibits TNF-a-Mediated
Apoptotic Cell Death

The results of previous studies indicate the significant
role of mitochondria in the apoptotic response [Hatano,
2007]. TOM170 interacts with Mcl-1 and facilitates mito-
chondrial targeting by the latter [Chou et al., 2006].
Mcl-1 silencing enhances TNF-related apoptosis-

inducing ligand (TRAIL)-mediated cell death [Wirth
et al.,, 2005; Han et al., 2006]. Therefore, the role of
TOMT70 in the apoptotic response was examined in this
study. HepG2 cells were transfected with TOM70-
pcDNAS (Fig. 1D) or empty pcDNAS (control), and their
sensitivity to anti-Fas antibody (Fig. 2A) and TNF-a-
mediated apoptotic cell death (Fig. 2B) was examined.
When treated with 8 ng/ml of TNF-a, the TOM70-
pcDNA6-transfected cells were significantly more viable
than those transfected with empty pcDNAS (Fig. 2B). In
contrast, no significant differences were found between
the viability of TOM70-pcDNAS6 transfected cells and
control cells treated with anti-Fas antibody (Fig. 2A).
Thus, TNF-a-induced apoptosis was inhibited by
TOM?70 overexpression.

Interaction of TOM70 With HCV-NS3
and Other Host Factors

To determine the mechanism by which HCV induces
TOM?70, the TOM70 level in HCV NS3/4A-expressing
HepG2 cells was determined (Fig. 3A). The TOM70 level
was higher in the NS3/4A-expressing cells than in the
control cells. Interestingly, the level of NS3/4A protein
as well asMcl-1 was reduced when TOM70 was silenced.
The MAVS protein is cleaved by NS3/4A, as reported
previously [Li et al., 2005], and the level of this protein
was not influenced by the silencing of TOM70. IP-WB
was performed to examine the possible interaction
between TOM70 and NS3/4A (Fig. 3B). The pcDNA6-
TOM70-myc plasmid was transfected into lenti-NS3/4A
vector-transduced HepG2 cells; IP was performed using
the anti-myc antibody, and the reaction was detected
using the anti-NS3 antibody. The NS3 protein was

J. Med. Virol. DOI 10.1002/jmv

806 Takano et al.
A
i roma iz |
P s
B C
Cont,
o) 5 ™ I a T
250 b 5
20— : 100 !
100 w
75 = g TOMTO 5 80
(70kDa} 2
50w > 60 b
- =
a7 2 40 M
>
25 wp- E 20
20 wap 0
SiRNA-  TOM70d1  TOM70 d2
| & . i - Actin Control  siRNA SIRNA
| I
D caspase-s "E Caspase-9 F Caspase-3/7

in
)
in

o

3
=
=)

ol
2
ad
@
i

Ratio Caspase activity JCell viability
Ratio Caspase activily /Cell viability

c

Ratio Caspase activity /Cefl viability

SIRNA- TOM70 d1 TOM70 d2 siRNA- TOM70d1  TOM70 d2 SIRNA- TOM70d1 TOM70 d2

Control  siRNA SIRNA

Control  siRNA siRNA Control  siRNA SiRNA

Fig. 4. Silencing of TOM70 induced apoptotic cell death and caspase-3/7 activity. A: The positions of
TOM70-d1-siRNA and TOM70-d2-siRNA are indicated in the figure. B: siRNA-mediated silencing of
TOM70 was detected by WB (Cont: no siRNA, siRNA Cont: siRNA control (Luci2-siRNA), TOM70-d1-
siRNA, TOM70-d2-siRNA). C: TOM70 knockdown-induced cell death was calculated by measuring via-
bility (%) with the WST-8 cell counting kit. The cell viability after 48 hr was scored in HepG2 cells
transfected with the siRNA control Luci2-siRNA ((0), TOM70-d1-siRNA (@), and TOM70-d2-siRNA
(M). The activities of caspase-8 (D), caspasc-9 (E), and caspasc-3/7 (F) were measured using commercially available
assays and a luminometer. The caspasce activity was scored after 48 hr in TOM70-knockdown HepG2 cells
transfected with control siRNA ([]), TOM70-d |-siRNA (B}, and TOM70-d2-siRNA (l). C-F: The data represent
the average of the values obtained from triplicate experiments, and the vertical bars indicate the SD. *P < 0.05

(two-tailed Student’s ¢-test).

specifically precipitated by myc-tagged TOM70. The
NS4A protein was not detected in this assay (data not
shown). Therefore, the NS3 protein directly interacts
with TOM70.

TOM?70 Knockdown by RNAi Induces Apoptosis

The effect of TOM70 on the apoptotic response was
examined because TOM70 silencing decreased the level
of Mcl-1. First, two siRNAs for TOM70 (TOM70-d1-
siRNA and TOM70-d2-siRNA) were designed in order
to prevent the off-target effect (Fig. 4A). siRNA for luci-
ferase (Luci-d2-siRNA) was used as a control (Fig. 4B).
HepG2 cells were transfected with TOM70-d1-siRNA or
TOM70-d2-siRNA, and the downregulation of TOM70
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expression was confirmed by WB (Fig. 4B). Further-
more, decreased cell viability was observed (Fig. 4C)
after 48 hr. Treatment with TOM70-d1-siRNA or
TOMY70-d2-siRNA significantly decreased the cell via-
bility of HuH-7 cells too (data not shown). These results
indicate that TOM70 silencing with siRNA may induce
apoptosis.

The activities of caspase-3/7, caspase-8, and caspase-9
in HepG2 cells were examined after TOM70 silencing
(Fig. 4D-F). The activities of caspase-8 and caspase-9 in
cells transfected with TOM70 siRNA were not signifi-
cantly different from those in the cells treated with
control siRNA (Fig. 4D,E). In contrast, the caspase-3/7
activity in the TOM70-siRNA transfected cells was sig-
nificantly greater than that in the cells treated with



