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FIG 8 A proposed mechanism of the HCV-induced suppression of GLUT2 via downregulation of HNF-1a. HCV infection downregulates HNF-1a at
transcriptional and posttranslational levels, resuiting in suppression of GLUT2 gene transcription. HCV NS5A protein physically interacts with HNF-1a protein

and enhances lysosomal degradation of HNF-1a protein,

Moreover, HNF-1a has been shown to regulate a large number of
genes related to glucose, fatty acid, bile acid, cholesterol, and lipo-
protein metabolisms as well as inflammation (1). Therefore, it is
possible that HCV-induced downregulation of HNF-1a may play
a crucial role in metabolic disorders as well as tumorigenesis.

To determine which HCV protein is involved in the suppres-
sion of the GLUT2 promoter, we examined the effects of transient
expression of HCV proteins on GLUT2 promoter activity. Over--
expression of NS5A suppressed GLUT2 promoter activity,
whereas overexpression of p7 enhanced GLUT2 promoter activity
(Fig. 5A). SGR cells express NS5A protein but lack p7 protein.
FGR cells express both NS5A protein and p7 protein. However,
GLUT?2 promoter activity was suppressed in both SGR and FGR
cells (Fig. 2B). This discrepancy between transient expression sys-
tem and replicon cells may result from the differences in traffick-
ing of p7 because it is a complex process potentially regulated by
both the cleavage from its upstream signal peptides and targeting
signals within the protein sequence (15).

We previously reported that HCV infection promotes hepatic
gluconeogenesis in HCV ]6/]FH1-infected Huh-7.5 cells (11).
HCV infection transcriptionally upregulates the genes for phos-
phoenolpyruvate carboxykinase (PEPCK) and glucose 6-phos-
phatase (G6Pase), the rate-limiting enzymes for hepatic gluconeo-
genesis. We demonstrated that gene expression of PEPCK and
G6Pase was regulated by the transcription factor forkhead box O1
(FoxO1) in HCV-infected cells. Phosphorylation of the FoxO1 at
Ser319 was markedly diminished in HCV-infected cells, resulting
in increased nuclear accumulation of FoxO1. HCV NS5A protein
was directly linked with FoxOl-dependent increased gluconeo-
genesis. HCV-induced downregulation of GLUT2 expression and
upregulation of gluconeogenesis may cooperatively contribute
to development of type 2 diabetes in HCV-infected patients at
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least to some extent. HCV-induced downregulation of GLUT2
expression and upregulation of gluconeogenesis may result in
high concentrations of glucose in HCV-infected hepatocytes.
As suggested in a recent study, low glucose concentrations in
the hepatocytes inhibit HCV replication (28). Therefore, high
glucose levels in the hepatocytes may confer an advantage in
efficient replication of HCV.

In conclusion, we provided evidence suggesting that HCV
infection downregulates HNF-1a expression at both transcrip-
tional and posttranslational levels. HCV-induced downregula-
tion of HNF-1a may play a crucial role in glucose metabolic
disorders caused by HCV infection. Strategies aimed at HCV-
induced downregulation of HNF-1a protein may lead to the
development of new therapeutic agents for HCV-induced dia-
betes.
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Abstract

Background ~Geranylgeranylacetone (GGA), an isopren-
oid compound which includes retinoids, has been used
orally as an anti-ulcer drug in Japan. GGA acts as a potent
inducer of anti-viral gene expression by stimulating ISGF3
formation in human hepatoma cells. This drug has few side
cffects and reinforces the cffect of IFN when administercd
in combination with peg-IFN and ribavirin. This study
verified the anti-HCV activity of GGA in a replicon system.
In addition, mechanisms of anti-HCV aclivity were exam-
ined in the replicon cells.

Methods OR6 cells stably harboring the full-length
genotype 1 replicon containing the Renilla luciferase gene,
ORN/C-5B/KE, were used to examine the influence of the
anti-HCV effect of GGA. After treatment, the cells were
harvested with Renilla lysis reagent and then subjected to a
luciferasc assay according to thc manufacturer’s protocol.
Result The results showed that GGA had anti-HCV
activity. GGA induced anti-HCV replicon activity in a
time- and dosc-dependent manner. GGA did not activate
the tyrosine 701 and serinc 727 on STAT-1, and did not
induce HSP-70 in ORG cells. The anti-HCV effect depen-
ded on the GGA induced mTOR activity, not STAT-1
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activity and PKR. An additive effect was observed with a
combination of IFN and GGA.

Conclusions GGA has mTOR dependent anti-HCV
activity. There is a possibility that the GGA anti-HCV
activity can be complimented by IFN. It will be necessary
to examine the clinical effectiveness of the combination of
GGA and IFN for HCV patients in the future.

Keywords mTOR - STAT-1 - Interferon - HCV - GGA

Abbreviations

IFN Interferon

HCV Hepatitis C virus

STAT  Signal transducers and activators of transcription
ISGF-3  IFN-stimulated gene factor 3

ISRE IFN-stimulated regulatory eclement

PKR Double-stranded RNA-dependent protein kinase
Rapa Rapamycin

PI3-K  Phosphatidylinositol 3-kinase

mTOR  Mammalian target of rapamycin

GGA Geranylgeranylacetone

siRNA  Small interfering RNA

Introduction

Currently, chronic hepatitis C virus (HCV) infection is the
major cause of hepatocellular carcinoma worldwide [1].
Therefore, an anti-HCV strategy is important for preven-
tion of carcinogenesis. The treatment of HCV with a
combination of pegylated interferon (IFN) and ribavirin is
effective in 80% of HCV genotype 2 or 3 cases, but less
than 50% of genotype 1 cascs. New anti-HCV agents have
been developed to inhibit the life cycle of HCV and are
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used in combination with IFN-¢ to ameliorate the salvage
rate of HCV infection [2]. It is necessary to improve the
salvage rate of HCV infection by clarifying the eflficacy of
IFN treatment since IFN-u is the most basic agent for HCV
trcatment. 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 [rom various types ol stress without
affecting gastric acid secretion [4, 5). Morcover, GGA
suppresses cell growth and induces differentiation or
apoptosis in several 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 nuclcar
retinoid receptors [8], causes apoptosis in certain human
hepatoma cells [9]. GGA acts as a potent inducer of anti-
viral gene expression by stimulating the ISGF3 formation in
human hepatoma cells [10]. GGA induces the expression of
antiviral proteins such as 2'5-oligoadenylate synthetase
(2'5-0AS) and double-stranded RNA-dependent protein
kinase (PKR) in hepatoma cell lines. GGA stimulates 2/5'-
OAS and PKR gene cxpression 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 obscrved.

A cell culture HCV replicon system has been developed
as a uselul 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 effect of IFN. The
luciferase activity in cell lysate of OR6 was correlated with
the HCV-RNA concentration, and the IC50 of IFN-o was
less than 10 IU/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
aclivity were examined in ORG6 cells.

Materials and methods
Reagents

GGA was a gencrous gift from Eisai Co. (Tokyo, Japan).
Rccombinant human IFN-a2a was purchased from Nippon
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Rosche Co. (Tokyo, Japan). Wortmannin, L.Y294002, Akt
inhibitor and rapamycin were 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-
ence 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 neomyein to facilitate
the monitoring of HCV replication.

Reporter gene assay

The ORG6 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.
After treatment, the cells were harvested with Renilla lysis
rcagent (Promega, Madison, WI, USA) and luciferase
aclivity in the cells was determined using a luciferase
reporter assay system and a TD-20/20 luminometer. The
data were expressed as the relative luciferase activity.

Western blotting and antibodies

Western blotting with anti-STAT-1, anti-PKR (Santa Cruz
Biotechnology, Santa Cruz, CA, USA), anti-tyrosine-701
phosphorylated STAT-1, anti-serinc-727 phosphorylated
STAT-1, anti-scrinc-2448 phosphorylatcd mTOR, anti-
mTOR, anti-thrconinc-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 bulfer (50 mmol/L
Tris—HCl, pH 7.4, 1% Np40, 0.25% sodium deoxycholate,
0.02% sodium azide, 0.1% SDS, 150 mmol/L. NaCl,
1 mmol/L EDTA, 1 mmol/L PMSF, 1 mg/mL cach of
aprotinin, lcupeptin and pepstatin, 1 mmol/L. sodium
o-vanadate and 1 mmol/L NaF). The samples were scparated
by clectrophoresis on 8-12% SDS polyacrylamide gels and
clectrotransferred to nitrocellulose membranes, and then
blotted with cach antibody. The membranes were incubated
with horscradish peroxidase-conjugated anti-rabbit IgG or
anti-mouse [gG, and the immunorcactive bands were visu-
alized using the ECL chemiluminescence system (Amer-
sham Life Science, Buckinghamshire, England).
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Fig. I 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-o suppressed HCV replication. a The OR6 cells were treated
with 1-100 pmol/L of GGA (lanes 2--5) and lane 1 was not treated.
One day later, Renilla luciferase activity was determined by
luminometer (7 = 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 OR6 cells were treated 50 pmol/L of

.

siRNA transfection assay

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

mTOR kinasc activity assay

The cells were washed two times with TBS and lysed by
addition of lysis buffer (SO mM Tris HCI, pH 7.4, 100 mM
NaCl, 50 mM p-glyccrophosphate, 10% glycerol (w/v),
1% Tween-20 detergent (w/v), 1 mM EDTA, 20 nM
microcystin-LR, 25 mM NaF, and a cocklail of protease
inhibilors]. The insoluble materials were removed by

B 100

Relative Renilla
luciferase activity
U
o

Oh 12k 24h 36h 48h
1 2 3 4 5

GGA and at the indicated time, HCV replicon assay was done
(n = 4). The differences between lane 1 versus 3-5 and lane 2 versus
4, 5 were statistically significant. ¢ The ORG6 cells were treated with
10 TU/mL of IFN-u in the absence (lane ) or presence of treatment
with 1-100 pmol/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 £ 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 Diego, USA) according to the manu-
facturer’s instructions.

Results
GGA with or without IFN had anti-HCV activity

OR6 cells, the [ull-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 luciferase
assay (Fig. 1a). The relative Renilla luciferase activity
decreased in a dosc-dependent manner. Furthermore, GGA
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induced anti-HCV replicon activity was time dependent
(Fig. 1b). GGA was combined with IFN-o to examine the
additive effect (Fig. lc). One or 10 pmol/L of GGA
combined with IFN-a decreased the relative Renilla lucif-
erase activity slightly (Fig. 1¢). However, 50 or 100 pmol/L
of GGA combined with IFN- decrcased the relative
Renilla luciferasc activity with statistical difference. GGA
treatment did not have any statistically significant cffect 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 scrine-727 on STAT-1
was detected in OR6 cells (Fig. 2a). IFN induce anti-viral

A

GGA (umol/t) - - 50

IFN (1U/mi) - 10 -

Tyrosine701-P STAT-1

Serine727-P STAT-1

STAT-1  sxmumme Snmmns S
1 2 3

Cc

GGA (umol/t) - - 50

1N (10/mi) - 10 -

B-actin

1 2 3

Fig. 2 Effect of GGA on STAT-1 (a), PKR (b) and HSP-70 (¢).
a The ORG6 cells were either untreated ({ane 1) or treated with 10 TU/mL
of IFN-« (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 1) 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 cxpression levels of both proteins did not change
throughout this study, as indicated by a Western blotting
analysis (Fig. 2b, c). Nex, the role of HSP in the mecha-
nism of GGA activity was cxamined because GGA is an
inducer of HSP. The HSP-70 expression was increased by
pre-cxposure (o heat shock (Fig. 2d, lanes 2, 4), but it did
not increase due to the cffects 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 cxamined in OR6 cclls. The cells
were treated with GGA after 3 h in the presence or absence
ol 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

B
GGA {pmol/L) - - 50

IEN {IU/ml) - 10 -

PKR

B-actin gt

1 2 3
D
Heat shock - + - +
GEA (umolfl) -~ - 50 50

. By re—,

B-actin

1 2 3 4

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 (/ane 1) 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
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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, 11 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 alonc (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 transfcction was used for mTOR
knockdown to explore role of mTOR in the anti-HCV
aclivity (Fig. 4). The transfection efficiency of the siRNA
was confirmed by a Western blotting analysis. In this
cxperiment, the detectable band intensitics 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, lane 4, 6) in comparison to the control cells
(Fig. 4b, lancs 3, 5).

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

The phosphorylation of the serine-2448 residues of mTOR
by 50 wmol/L of GGA was detected 30 min afier 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. Sa). Furthermore, an mTOR
activity assay was conducied to confirm the activity
mechanism of GGA (Fig. 5b). The mTOR activity was
increased by treatment with GGA alone (Fig. 5b, lanc 4)
and was inhibited by pretreatment with rapamycin (Fig. Sb,
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lane 6), whereas pretreatment with LY94002 did not sup-
press the mTOR activity (Fig. 5b, lane 5). Furthermore, to
cvaluate the mTOR activily, we investigated the Ievel of
phospholylated-p70S6K by a Western blotting analysis
(Fig. 5¢). 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 pretrcatment with rapamycin, but
the intensity was almost the same as that seen following
treatment with GGA alone after pretreatment with
LY294002 (Fig. 5c).

Discussion

GGA demonstrated the anti-HCV activity in this study. The
anti-HCV effect depended on the GGA induced mTOR
activity, not STAT-1 activity. An additive effect was
obscrved 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 hepatocyles 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
Iuciferase light unit. The Renilla luciferase activity increased in the
ORG6 cells transfected with mTOR-siRNA (lane 2) in comparison to
the non-targeted siRNA (/ane I). 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 antiviral factors
and can clinically provide protection from influenza 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 expression of an interferon-
inducible double-strand RNA-activated protein kinasc
(PKR) gene and promotes PKR autophosphorylation and
concomitantly alpha subunit of eukaryotic initiation factor
2 phosphorylation during influenza virus infection [22].
These anti-virus activities are 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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HCYV activity and HSP, PKR in OR6 cells. Therelore, 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 tyrosinc 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
aclivity depended on mTOR activity, not STAT-1. OR6
cells are full Iength 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
phosphatase 2A (PP2A) induction [27], STAT-3 expression
[28] and IL-8 cxpression [29]. GGA induced STAT-1
tyrosine phosphorylation and inducible PKR protein levels
arc also minor. Generally, the replicon transfection induces
the intrinsic IFN {301, but STAT-1 tyrosine phosphorylation
was not detected 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
cffect [32]. IFN-induced mTOR is LY294002 sensitive and
does not affect the IFN-stimulated regulatory clement
(ISRE) dependent promoter gene aclivity. A relationship
has been observed between the replication of the hepatitis
virus and mTOR activity. p21-activated kinase 1 is acti-
vated through the mTOR/p70 S6 kinasc 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 hepa-
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
observed 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 scveral-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 cffect on anti-HCV activity.
The current results suggest that combination therapy with



— 616 —

J Gastroenterol (2012) 47:195-202

A GGASOpmol/L
e
y294002 (nmolfL} - - 10 -
Rapamycin (umol/t) - - - 1
Serine2448

phosphorylated
mTOR

mTOR

B

350

300

250

200

150

100

Relative mTOR activity

50

1]
GGA {(umol/L) - -

Ly294002 (nmol/L} - 10
Rapamycin {pmol/L) - -
1 2

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 umol/L GGA (lanes 2—4) for 30 min and then were phosphory-
lated 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 ORG cells were either untreated
{lanes 1-3) or treated with 50 umol/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 Lo cxamine
the clinical effectiveness of the combination with GGA and
IFN for HCV paticnts 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 (AH1 strain of genotype 1b derived from a
patient with acute hepalitis 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 sysiems. 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 activity of roli-
pram differs depending on the HCV strain. Taken together,
these results suggest that the AHIR assay system is useful
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 (requently causcs
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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cncodes a large polyprotein precursor of approximately
3,000 amino acid (aa) residucs [1, 2]. This polyprotein is
cleaved by a combination of the host and viral proteascs
into at least 10 proteins in the following order: Core,
cnvelope 1 (El), E2, p7, non-structural 2 (NS2), NS3,
NS4A, NS4B, NS5A, and NS5B [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 arc more useful 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 enough to be suitable for the screcning of anti-
HCYV 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 screcning of anti-HCV
reagents, since the values of luciferase correlated well with
the level of HCV RNA after treatment with anti-HCV
reagents. Furthermore, OR6 assay system became 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
events 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 thc OR6 assay
system is useful for the discovery of anti-HCV reagents.

On the other hand, we previously established for the first
time an HuH-7-derived cell line (AH1) that harbors genome-
length HCV RNA (AH1 strain of genotype 1b) derived [rom
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 AHI and O cells supporting gen-
ome-length HCV RNA (O strain) replication {7]. From these
results, we supposed 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
AH]1 strain-derived assay system (AHIR) corresponding to
the OR6 assay system, and then performed a comparative
analysis using AHIR and OR6 assay systems. In this
arlicle, we report that the difference in HCV strains causes
the diverse effects 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-p, and CsA werc purchased f{rom Sigma-
Aldrich (St. Louis, MO). Rolipram was purchased from
Wako Pure Chemical Industries (Osaka, Japan).

Plasmid construction

The plasmid pAHIRN/C-SB/PL,LS,TA,(VA); was con-
structed from pAH1 N/C-5B/PL,LS,TA(VA); cncoding
genome-length HCV RNA clone 2 (Sec Fig. 2) obtained
from AH1 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 linearized 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

medium (DMEM) supplemented with 10% fetal bovine
scrum (FBS) and 0.3 mg/mL of G418 (Genelicin; Invitro-
gen, Carlsbad, CA). AHlc-cured cells, which were created
by eliminating HCV RNA from AH1 cells [12] by IFN-y
treatment, were also cultured in DMEM supplemented with
10% FBS.

RNA transfection and sclection of G418-resistant cells

Genome-length  HCV  (AHI1RN/C-5B/PL,LS,TA,(VA)3)
RNA synthesized in vitro was transfected into AH1c cells by
electroporation, and the cells were selected in the presence of
G418 (0.3 mg/mL) for 3 wecks as described previously [13].

RL assay for anti-HCV rcagents

To monitor the cffects of anti-HCV recagents, RL assay was
performed as described previously [14]. Briclly, 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 luciferase assay using the RL
assay system (Promcga, Madison, WI). From the assay
results, the 50% effective concentration (ECsg) of each
reagent was determined.

Quantification of HCV RNA

Quantitative reverse transcription-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-« 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 [U/mL for 24 h,
and subjccted to luciferase and quantitative RT-PCR assays
as described above.

Western blot analysis

The preparation of cell lysates, sodium dodecyl sulfate-
polyacrylamide gel clectrophoresis, and immunoblotting
analysis with a PVDF membrane werc 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
gifls from Dr. M. Kohara, Tokyo Metropolitan Institute of
Medical Scicnce, Japan). Anti-f-actin antibody (AC-15;
Sigma, St. Louis, MO, USA) was used as a control {or the
amount of protein loaded per lane. Inmunocomplexcs 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 triplicate 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 lo the manufacturer’s
protocol. From the assay results, the 50% cytotoxic con-
centration (CCs) of rolipram was cstimated. The selective
index (SI) value of rolipram was also estimated by dividing
the CCs value by the ECsy value.

RT-PCR and scquencing

To amplify the genome-length HCV RNA, RT-PCR was
performed separately in two fragments as described
previously [7, 15]. Briefly, one fragment covered from
5'-untranslated region to NS3, with a final product of
approximately 6.2 kb, and the other fragment covered {rom
NS2 to NSSB, with a final product of approximately 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) alter cloning into pBR322MC. PrimScript
(Takara Bio) and KOD-plus DNA polymerase (Toyobo,
Osaka, Japan) were used for RT and PCR, respectively. The
nucleotide scquences of cach 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 [acilitates the quantitative monitoring of genome-
length HCV-AH1 RNA replication

To develop an HCV AHT 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);)
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was transfected into AHIc cells. Following 3 wecks of cul-
turing in the presence of G418, more than 10 colonies were
obtained, and then 8 colonies (#2, #3, #4, #5, #6, #8, #13, and
#14) were successlully 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 scquencing analyses revealed that the
genome-length HCV-AHI RNAs obtained from these col-
onies cach had an approximately 1 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 luciferasc 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
sclection of the colony harboring a complete genome-length
HCV RNA among the obtained G418-resistant colonies [7].
Therefore, we next carried out the selection 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-AHI RNA
without any deleted forms, although most of the other col-
onies possessed some amounts of a deleted form in addition
to a complete genome-length HCV-AHT 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 thereafter referred to as AHIR and used for the
following studics.

We first demonstrated that AHIR cells expressed suffi-
cient levels of HCV proteins (Core, E2, and NSS5B) by
Western blot analysis for the cvaluation of anti-HCV
reagents, and the expression levels were almost equivalent
to thosc in OR6 cells (Fig. 1b). In this analysis, we con-
firmed that the size of the E2 protein in AHIR cells was
7 kDa larger than that in OR6 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 corrclations between the levels of RL activity and
HCV RNA in AHIR cells (Fig. 1c), as we previously
demonstrated in OR6 cells treated with IFN-o for 24 h {7].
These correlations indicate that AHIR cells were as useful
as ORG cclls as a luciferase assay system.

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

To examine whether or not genome-length HCV RNA in
AHIR cells possesses additional conserved mutations such
as adaptive mulations, we performed a sequence analysis off
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 G418-resistant cells were monitored by RL assay.
b Western blot analysis. AHIc, AHIR, and ORG cells were used for
the comparison. Core, E2, and NS5B were detected by Western blot
analysis. f-actin was used as a control for the amount of protein
Joaded per lane. ¢ RL activity is correlated with HCV RNA level.

two additional mutations accompanying aa substitutions
(W860R (NS2) and AI218E (NS3)) were detected com-
monly among the three independent clones scquenced,
suggesting that these additional mutations arc required for
the efficient replication or stability of genome-length HCV
RNA. The P1115L (NS3), L1262S (NS3), V1897A (NS4B),
and V2360A (NS5A) mutations derived {rom the sAHI
replicon [12] were conserved in AHIR cell-derived clones.
However, AHl1-clone-2-specific mutations (T1338A and
V1880A) werc almost reverted to the consensus sequences of
AH1RNA[12] except for VI880A in AHIR clone 2 (Fig. 2).
In addition, the Q63R (Core) mutation was obscrved in two
of three clones (Fig. 2).

Comparison between the AHIR and OR6 assay systems
regarding the sensitivities to IFN-u, IFN-y, and CsA

Using quantitative RT-PCR analysis, we previously
cxamined the anti-HCV activities of IFN-«, IFN-y, and
CsA in AHI and O cells, and noticed different anti-HCV
profiles of IFN-y and CsA between AHT and O cells [12].
In that study, AH1 cells scemed to be more sensitive than
the O cells to CsA (significant differcnce was observed

IFN-a (IU/mL)

IFN-e (IU/mL)

The AHIR cells were treated with IFN-e (0, 1, 10, and 100 [U/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).
Converscly, AHI cells scemed to be less sensitive than the
O cells to IFN-y (significant difference was observed when
1 or 10 IU/mL of IFN-y was used). However, we were not
able to determine precisely the ECsy values of 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-¢, 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 morc sensitive than OR6 assay to IFN-o (ECso;
0.31 1U/mL for AHIR, 0.45 TU/mL for OR6) (Fig. 3a) and
CsA (ECsp; 0.11 pg/mL for AHIR, 0.42 pg/mL for OR6)
(Fig. 3b), and that thc OR6 assay was more sensitive than
the AHIR assay to IFN-y (ECsp; 0.69 IU/mL for AHIR,
0.28 IU/mL for OR6) (Fig. 3c). Regarding these anti-HCV
rcagents, the anti-HCV activities obscrved between the
AHIR and ORG6 assays diffcred significantly in all of the
concentrations cxamined (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 thosc of our previous
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Fig. 2 Aa substitutions detected in intracellular AHIR genome-
length HCV RNA. The wupper 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 encephalomyocarditis 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 (AHIR clones 1-3) sequenced are presented.
W860R and AI2I8E conserved substitutions are indicated by
asterisks. Q63R substitutions detected in two of three clones are
each indicated by a small dot. Core to NS5B regions of AHI clone 2,
used to establish the AH1R cell line, are also presented. AH 1-specific
conserved substitutions and AHI-clone-2-specific substitutions are
indicated by open circles and black circles, respectively

study {12]. Thercfore, we suggest that the diverse effects of
these anti-HCV reagents are due to the difference in HCV
strains, although we are 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 uscful for the evaluation of
anti-HCV reagents as an independent assay system.

Fig. 3 The diverse effects of A ECsy
anti-HCV reagents on AHIR gj; :m'ds:g"
and OR6 assay systems. AHIR 120

and ORG6 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-¢.

b Effect of CsA. ¢ Effect

of IFN-y

RLU (%)

01 1
1FN-o (IU/mL)
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Anti-HCV activity of rolipram was clearly observed
in the AHIR assay, but not in thc 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 evaluate the anti-HCV activity
of more than 10 pre-existing drugs (6-Azauridine, bisind-
oly maleimide 1, carvedilol, cehalotaxine, clemizole,
2'-deoxy-5-fluorouridine, esomeprazole, guanazole, hemin,
homoharringtonine, methotrexate, nitazoxanide, resvera-
trol, rolipram, silibinin A, Y27632, etc.), which other
groups had cvaluated using an assay system derived from
the Conl strain (genotype 1b) or JEH-1 strain (genotype
2a). The results revealed that most of these reagents in the
AHIR assay showed similar levels of anti-HCV activities
compared with those in the OR6 assay or those of the
previous studics (data not shown). However, we found that
only rolipram, a selective phosphodiesterase 4 (PDE4)
inhibitor [16] that is used as an anti-inflammatory drug,
showed moderate anti-HCV  activity (ECsy 31 pM;
CCso > 200 pM; 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 due to the inhibition of
exogenous RL, Neo®™ or encephalomyocarditis virus
internal ribosomal entry site (EMCV-IRES), all of which
are encoded in the genome-length HCV RNA, because
the AHIR and OR6 assay sysltems possess 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
spcbiﬁcily of genome-length HCV RNA, we examined
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

EC,,
.69 IU/ML{AHIR)
0.28 IU/ML(ORS)

EC,
B e n‘ns;glmL(nmR) c
wﬁ Mg.dzyglmr.(ons)

0 005 05 1 0 01 1 10

CsA {ug/ml.) IFN-y (IU/mL)
* P<0.05
" p<0.01
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Fig. 4 Anti-HCV activity of rolipram. a Rolipram sensitivities on
genome-length HCV RNA replication in AHIR and ORG6 assay
systems. AHIR and ORG6 cells were treated with rolipram for 72 h,
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 (ECsp 66 pM) in sAH1 cells,
but no such activity in sO cells (Fig. 4b). Anti-HCV
activity of rolipram in sAHI cells was a little weaker
than that in AHIR cells (Fig. 4b). The similar phenom-
enon 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 ecither a clone-specific or
genome-length HCV RNA-specific phenomenon. In our
previous studies also [14, 18], we demonstrated that anti-
HCV activities of scveral reagents including ribavirin and
statins were not due Lo 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 strain-
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 identificd 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-AH1 strain
(from a patient with acute hepatitis C), in which HCV-AH1

0 25 100 200
Rollpram {uM)
** P00

performed (lower panels). b Rolipram sensitivities on HCV replicon
RNA replication in sAHI and sO cells. sSAHL and sO cells were
treated with rolipram for 72 h, and extracted total RNAs were
subjected to quantitative 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 efficiently 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 ORS6, in which HCV-O
RNA was derived from an HCV-positive blood donor.
Since an HCV replicon harboring the sAH1 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 atiributable to
the difference in HCV strains rather than to the difference
in cell 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 activitics
of IFN-a, IFN-y, and CsA using AH1-strain-derived AHIR
and O-strain-derived OR6 assay systems demonstrated that
cach of these anti-HCV rcagents showed significantly
diverse antiviral effects between the (wo systems.
Regarding IFN-y and CsA, the present results obtained
using a luciferase reporter assay f{ully supported our pre-
vious findings [12] using quantitative RT-PCR analysis.
However, in the present analysis, we noticed that IFN-a
also showed significantly diverse cffects (especially at
less than 1 IU/mL) between the AHIR and OR6 assays.
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The differences in IFN-a sensitivity may be attributable 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 corrclate well with
IFN sensitivity in patients with chronic hepatitis C [20],
because the AHI strain possesses threc aa substitutions
(T2217A, H2218R, and A2224 V) in ISDR, whercas the O
strain posscsses no aa substitutions. However, no report has
demonstrated the correlation between IFN sensitivity and
the substitution numbers in ISDR using the cell culturc-
based HCV RNA replication system.

Allernatively, Akuta et al. [21] reported that aa substi-
tutions at position 70 and/or position 91 in the HCV Core
region of patients infceted with the HCV-1b genotype arc
pretreatment predictors of null virological response (NVR)
to pegylated IFN/ribavirin combination therapy. In partic-
ular, substitutions of argininc (R) by glutamine (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 phase of IFN-o
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), whercas position 91 is L
(wild type) in both strains. Thercfore, wild-type R in
position 70 of the AHI strain may contribute to the high
sensitivity to IFN-o in the AHIR assay. Regarding posi-
tions 70 and 91 of the HCV Corc, 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
IEN/ribavirin treatment.

The anti-HCV activity of rolipram, which is currently
used as an anti-inflammatory drug, is intcresting, 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 cffcctive in
the presence of transforming growth factor (TGF)-f1-
induced fibroblast stimulation [22]. On the other hand,
HCV cnhances hepatic fibrosis progression through the
generation of reactive oxygen specics and the induction of
TGE-f1 [23]. Taken together, the previous and present
results suggest that rolipram may inhibit both HCV RNA
replication and HCV-cnhanced hepatic fibrosis. However,
it is unclear that rolipram shows anti-HCV activity against
the majority of HCV strains, because rolipram has been
cffective for AHI 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 developed assay
systems using genome-length HCV RNA-replicating cells
are limited to several HCV strains including O and AH1

@ Springer

strains to date, further 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 sensitivities against anti-HCV rcagents
in comparison with assay systems in current use, such as
OR6 assay. Therclore, AHIR assay system would be
useful for various HCV studies including the evaluation of
anti-HCV rcagents and the identification of antiviral
targets.
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women. Osteop is is the typical complication that occurs in post-

menopausal women. Recently, it was reported that an osteoporotic reagent, vitamin D3, exhibited
anti-hepatitis C virus (HCV) activity. Therefore, we investigated whether or not another osteoporotic
reagent, raloxifene, would exhibit anti-HCV activity in cell culture

Here, we rated that

g?;:’gf:c virus raloxifene inhibited HCV RNA replication in genotype 1b and infection in genotype 2a. Raloxifene en-
Raloxifene hanced the anti-HCV activity of IFN-c. These results suggest a link between the molecular biology of
Estrogen osteoporosis and the HCV life cycle.

Osteoporosis
Statin

© 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

Hepatitis C virus (HCV) belongs to the Flaviviridae family and con-
tains a positive single-stranded RNA genome of 9.6 kb. The HCV
genome encodes a single polyprotein precursor of approximately
3000 amino acid residues, which is cleaved by the host and viral
proteases into at least 10 proteins in the following order: Core, en-
velope 1 (E1), E2, p7, nonstructural 2 (NS2), NS3, NS4A, NS4B, NS5A,
and NS5B [1-3].

The virological study and screening of antiviral reagents for HCV
was difficult until the replicon system was developed [4-7]. in 2005,
an infectious HCV production system was developed using genotype
2a HCV JFH-1 and hepatoma-derived HuH-7 cells, and the HCV life
cycle was reproduced in a cell culture system [8]. We previously
developed genome-length HCV reporter assay systems using HuH-
7-derived ORG6 cells [4]. In OR6 cells, the genotype 1b HCV-O with
renilla luciferase (RL) replicates robustly. We also developed an HCV
JFH-1 reporter infection assay system [9].

HCVinfection frequently causes chronic hepatitis (CH) and leads to
serious liver cirrhosis and hepatocellular carcinoma. Therefore, HCV
infection is a major health problem worldwide. The elimination of
HCV by antiviral reagents seems to be the most efficient therapy for
preventing the fatal state of the disease. Pegylated-interferon (PEG-
IFN) with ribavirin (RBV) is the current standard therapy for CH-C,
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2 Current address: Center for AIDS Research, Kumamoto University, Kumamoto
860-0811, Japan.
* Corresponding author. Fax: +81 86 235 7392,
E-mail address: majkeda@md.okayama-u.ac.jp (M. Ikeda).

but its sustained virological response (SVR) rate has remained 40-
50%. Recently, a protease inhibitor, telaprevir, improved the SVR rate
by up to 60-70% in combination with PEG-IFN/RBV [ 10). The response
to PEG-IFN/RBV therapy depends on host factors as well as viral fac-
tors. Among the host factors, age and gender are known to be associ-
ated with the outcome of IFN/RBV therapy {11,12]. Postmenopausal
women with CH-C exhibited a poor response to IFN therapy com-
pared to premenopausal women [11]. The decrease in estrogen may
affect the response to IFN therapy. Dyslipidemia and osteoporosis are
the typical complications in postmenopausal women. We and other
groups reported that statins, which are dyslipidemia reagents, inhib-
ited HCV proliferation in vitro and in vivo [13~17]. Recently it was
reported that vitamin D3, an osteoporotic reagent, exhibited anti-
HCV activity in vitro and in vivo [18-21]. It was also reported that
17[3-estradiol inhibited the production of infectious HCV [22]. Taken
together, these reports suggest an association between hepatitis C
and complications due to the decrease of estrogen.

Raloxifene and tamoxifen are synthetic selective estrogen receptor
modulators (SERMs) and are used for breast cancer and osteoporosis,
respectively, in clinical settings. The responses of SERMs are medi-
ated by estrogen receptors (ERs), either ERx or ER3. SERMs exhibit
agonistic actions in some tissues but antagonistic actions in others.
Both raloxifene and tamoxifen are antagonists in breast and agonists
in bone. However, only tamoxifen, and not raloxifene, exhibited ago-
nistic activity in the uterus. It was reported that tamoxifen inhibited
HCV RNA replication [23]. However, tamoxifen’s agonist action leads
to uterine cancer. Raloxifene belongs to an antiosteoporotic reagent
and offers the advantage of safety without uterine cancer. Therefore,
we decided to investigate whether or not raloxifene would exhibit
anti-HCV activity in our developed cell culture systems.

2211-5463/$36.00 © 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.
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2. Materials and methods
2.1. Reagents and antibodies

Raloxifene was purchased from LKT Laboratories, Inc. (St. Paul,
MN). IFN-c and tamoxifen were purchased from Sigma-Aldrich (St.
Louis, MO). Pitavastatin (PTV) was purchased from Kowa Company
(Nagoya, Japan). The antibodies used in this study were those spe-
cific to HCV Core (CP11, Institute of Immunology, Tokyo, Japan), NS3
(Novocastra Laboratories, Newcastle, UK), and (3-actin (Sigma).

2.2. Cell culture and HCV RNAs

HuH-7 cells were cultured in Dulbecco's modified Eagle’s medium
(Gibco-BRL, Invitrogen Life Technology, Carlsbad, CA) supplemented
with 10% fetal bovine serum, penicillin, and streptomycin. HuH-7-
derived OR6 and sOR cells were genome-length and subgenome HCV
(O strain of genotype 1b) RNA harboring cells, respectively and cul-
tured in the above medium supplemented with G418 (0.3 mg/ml;
Geneticin, Invitrogen) [4]. HCVs replicating in OR6 and sOR cells
contain RL and neomycin phosphotransferase (NPT) genes after 5'-
untranslated region (UTR). HuH-7-derived RSc cells are cured cells, in
which HCV RNA was eliminated by IFN-cx; they are used for HCV JFH-
1infection [9]. RSc cells are also used for subgenomic JFH-1 RNA (JRN/
35B) replication. JRN/35B contains RL and NPT genes after 5'-UTR.

23. RLassay

For the RL assay, 1.5 x 10% OR6 were plated onto 24-well plates
in triplicate and cultured for 24 h. The cells were treated with each
reagent for 72 h. Then the cells were harvested with Renilla lysis
reagent (Promega, Madison, Wi) and subjected to RL assay according
to the manufacturer’s protocol.

2.4. WST-1 cell proliferation assay

The cells (2 x 10% cells) were plated onto a 96-well plate in tripli-
cate at 24 h before treatment with each reagent. At 72 h after treat-
ment, the cells were subjected to a WST-1 cell proliferation assay
(Takara Bio, Otsu, Japan) according to the manufacturer’s protocol.

2.5. Western blot analysis

For Western blot analysis, 4 x 10 cells were plated onto G-well
plates, cultured for 24 h, and then treated with reagent(s) for 72 h
and 120 h. Preparation of the cell lysates, sodium dodecy! sulfate-
polyacrylamide gel electrophoresis, and immunoblotting were then
performed as previously described [24]. Immunocomplexes on the
membranes were detected by enhanced chemiluminescence assay
(Renaissance; Perkin Elmer Life Science, Wellesley, MA).

2.6. HCVinfection

RSc cells (1.5 x 104 cells) were plated onto a 24-well plate 24 h
before infection. To evaluate the effect of the treatment prior to in-
fection, the cells were first treated with raloxifene for 24 h, then
inoculated with reporter JFH-1 (JR/C5B/BX-2) supernatant at a mul-
tiplicity of infection (MOI) of 0.2, cultured for 48 h, and subjected to
RL assay as described previously [9]. The JR/C5B/BX-2 contains the
RL gene in the first cistron following the encephalomyocarditis virus-
internal ribosomal entry site (EMCV-IRES) gene and the open reading
frame (ORF) of JFH-1 in the second cistron. To evaluate the effect of
the treatment after infection, the celis were inoculated with reporter
JFH-1 supernatant at MOI of 0.2, cultured for 72 h, and subjected to
RL assay.

3. Results
3.1. Raloxifene inhibited HCV RNA replication

The HCV RNA that replicated in HuH-7-derived OR6 cells was a
genome-length HCV with RL, NPT, and EMCV-IRES in the first cistron
and the ORF of HCV (O strain of genotype 1b)in the second cistron [4].
ORG cells could not produce infectious HCV. Therefore, we can moni-
tor the replication step in the HCV life cycle using OR6 cells. Raloxifene
inhibited HCV RNA replication in a dose-dependent manner, and its
50% effective concentration (ECsp) was 1 UM (Fig. 1A). Raloxifene did
not exhibit cytotoxicity to OR6 cells until 2.5 UM (Fig. 1B). Raloxifene
also inhibited intracellular Core and NS3 production in a dose- and
time-dependent manner (Fig. 1C). The intensities of Core and NS3 in
ORS cells treated with 2.5 uM of raloxifene decreased to almost the
level of cells treated with 10 [U/ml of IFN-& at 120 h after treatment.
We also examined anti-HCV activity of raloxifene using subgenomic
HCV replicon harboring sOR cells. Raloxifene exhibited weak anti HCV
activity to sOR cells as compared with OR6 cells (Supplementary Figs.
1A and 1B). These results suggest that raloxifene exhibits anti-HCV
activity and decreased the expression levels of HCV proteins more
slowly compared to IFN-o.

3.2. Raloxifene enhanced anti-HCV activity of IFN-¢;

We investigated the anti-HCV activity of raloxifene in combination
with a representative anti-HCV reagent, IFN~«. HCV RNA replication
decreased in a dose-dependent manner after co-treatment with IFN-
o and raloxifene (Fig. 2A). The results were almost similar to the ex-
pected effect of raloxifene in combination with IFN-c calculated from
the anti-HCV activity of each reagent (Fig. 2B). These results indicate
that the anti-HCV activity of raloxifene and IFN-c exhibited additive
effect. We also examined the anti-HCV activity of previously reported
SERM, tamoxifen. Tamoxifen also exhibited additive anti-HCV activity
on HCV RNA replication in combination with IFN-o (Supplementary
Figs. 2A-C). These results indicate that raloxifene as well as tamoxifen
enhanced the anti-HCV activity of IFN-ot. As both raloxifene and IFN-
« are clinically used reagents, raloxifene seemed to be a candidate
reagent as an add-on treatment to I[FN-ot in patients with CH-C.

3.3. Raloxifene antagonized anti-HCV activity of statin

We previously reported that statins exhibited anti-HCV activity
using the ORG assay system [14]. Statin is the first-choice reagent for
dyslipidemia. As dyslipidemia and osteoporosis are major complica-
tions in postmenopausal women, we invested the effect of raloxifene
on the anti-HCV activity of PTV. Raloxifene did not enhance the anti-
HCV activity of PTV (Fig. 3A). Fig. 3B exhibits the expected anti-HCV
activity of co-treatment with raloxifene and PTV calculated from the
anti-HCV effect of either raloxifen or PTV alone. Raloxifene exhibited
an antagonistic effect on PTV's anti-HCV activity. Raloxifene's antag-
onistic effect on PTV increased dose-dependently. The co-treatment
with raloxifene (2.5 uM) and PTV (0.25, 0.5, and 1 uM) resulted in
lower anti-HCV activity than did treatment with raloxifene alone (2.5
UM). These results suggest that we should be careful in the admin-
istration of statins with raloxifene to postmenopausal woman with
CH-C.

3.4. Raloxifene inhibited infection of genotype 2a HCV

To further investigate the anti-HCV activity of raloxifene, we ex-
amined whether or not raloxifene could inhibit HCV infection. For this
purpose, we used our recently developed JFH-1 reporter infection as-
say system [9]. HuH-7-derived RSc’s are highly HCV-permissive cell
lines. Raloxifene was pretreated at 24 h before HCV infection. The cells
were inoculated with HCV [FH-1 virion with RL (JR/C5B/BX-2), and
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Fig. 1. Raloxifene inhibited HCV RNA replication. (A) Anti-HCV activity of raloxifene
in ORG cells. ORG cells were treated with raloxifene (0, 0.625, 1.25, and 2.5 uM) for 72
h. Relative RL activity (relative light unit: RLU) for HCV RNA replication is expressed as
a percentage of control. Each bar represents the average with standard deviations of
triplicate data points. {B) Effect of raloxifene on OR6 cell viability. Cell viability at 72 h
after raloxifene treatment (0.15, 0.31, 0,625, 1.25, 2.5, 5, and 10 M) was determined
using WST-1 cell proliferation assay and is expressed as a percentage of control. (C)
Raloxifene inhibited HCV proteins. ORG cells were treated with IFN-c (10 1U/mt} or
raloxifene (0, 0.625, 1.25, and 2.5 uM). After 72 or 120 h treatment, the production of
Core and that of NS3 were analyzed by immunoblotting using anti-Core and anti-NS3
antibodies, respectively. ORGc cells were cured cells in which HCV RNA was eliminated
using [FN-, and were used as a negative control. 3-actin was used as a control for the
amount of protein loaded per lane.

the infection was monitored with RL activity at 48 h after infection.
As shown in Fig. 4A, raloxifene inhibited HCV infection in RSc cells in
adose-dependent manner. Next we examined the effect of raloxifene
after HCV infection. RSc cells were inoculated with HCV JFH-1 virion
with RL. After HCV infection, the cells were treated with raloxifene for
72 h and raloxifene’s inhibitory effect on post-infection was assessed
using the RL assay. Raloxifene inhibited HCV proliferation in a dose-
dependent manner when it was added to the cells after infection in
RSc cells, although inhibitory effect of raloxifene on JFH-1 HCV RNA
replication seemed to be weak compared to the genotype 1b HCV-
O RNA replication (Fig. 4B). Raloxifene did not exhibit cytotoxicity
to RSc cells until 2.5 uM (Fig. 4C). We found that raloxifene could
not inhibit subgenomic JFH-1 HCV (JRN/35B) RNA replication (Fig.
4D). We further examined the inhibitory action of raloxifene around
infection step. RSc cells were treated for short time with raloxifene
around infection step: for 1, 4, and 4 h before, during, and after in-
oculation, respectively (Fig. 4E). Raloxifene inhibited JFH-1 infection,
when it was treated during inoculation but not just before or after in-
oculation. In case of genotype 2a JFH-1, raloxifene's anti-HCV activity
is mainly due to the inhibition of infection. These results indicate that
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Fig. 2. Raloxifene enhanced the anti-HCV activity of IFN-&. (A) Anti-HCV activity of
raloxifene in combination with IFN-cx. OR6 cells were co-treated with raloxifene (0,
0,625, 1.25, and 2.5 uM) and IFN-c (0, 0.63, 1.25, 2.5, 5, 10 IU/ml). Relative RL activity
is shown as a percentage of control, Each bar represents the average with standard
deviations of triplicate data points.(B) Expected anti-HCV activity was calculated based
on the results when the cells were treated with only raloxifene or IFN-.
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Fig. 3. Statin antagonized the anti-HCV activity of raloxifene. (A) OR6 cells were co-
treated with raloxifene (0, 0.625, 1.25, and 2.5 tM) and PTV (0, 0.25, 0.5, and 1 puM).
Relative RL activity was shown as a percentage of control, Each bar represents the av-
erage with standard deviations of triplicate data points. {B) Expected anti-HCV activity
was calculated based on the results when the cells were treated with only raloxifene
or PTV.

raloxifene inhibits JFH-1 infection but not its RNA replication.
4. Discussion

In this study, we demonstrated that raloxifene, an osteoporotic
reagent, inhibited the replication of genotypes 1b HCV RNA replica-
tion and inhibited genotype 2a HCV JFH-1 infection. Raloxifene ad-
ditively enhanced the anti-HCV activity of [FN-cc. On the other hand,
raloxifene exhibited an antagonistic effect on statins.
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Fig. 4. Raloxifene inhibited genotype 2a HCV infection. {A) Raloxifene inhibited HCV
JFH-1 infection. RSc cells were treated with raloxifene (0, 0.31, 0.625, 1.25, 2.5, 5, and
10 1M) 24 h before infection. HCV JFH-1 reporter virion was used as an inoculum
after removal of raloxifene. The cells were then infected with reporter JFH-1 virion
and cultured for 48 h. The inhibition of HCV infection was assessed by relative RL
activity and expressed as a percentage of control. (B) Raloxifene inhibited HCV JFH-1
proliferation after infection. RSc cells were inoculated with HCV JFH-1 reporter virion
and cultured for 24 h. Then the cells were treated with raloxifene (0, 0.31, 0.625, 1.25,
2.5, 5, and 10 pM) for 48 h. The inhibitory effect on HCV proliferation after infection
was assessed by relative RL activity and expressed as a percentage of control. Each bar
represents the average with standard deviations of triplicate data points. (C) Effect of
raloxifene on RSc cells viability. Cell viability at 72 h after raloxifene treatment (0.15,
0.31, 0,625, 1.25, 2.5, 5, and 10 UM} was determined using WST-1 cell proliferation
assay and is expressed as a percentage of contral. (D) Subgenomic JFH-1 RNA (JRN/35B)
replicating RSc cells were treated with raloxifene (0, 0.625, 1.25, and 2.5 uM) for 72
h. Relative RL activity for HCV RNA replication is expressed as a percentage of control.
Each bar represents the average with standard deviations of triplicate data points. (E)
Raloxifene (0, 0.625, 1.25, and 2.5 M) was treated for 1, 4, and 4 h before, during,
and after JFH-1 inoculation to RSc cells at MOI of 0.2, respectively. The cells were then
cultured for 72 h. The inhibition of HCV infection was assessed by relative RL activity
and expressed as a percentage of control.

PEG-IFN/RBV therapy led to a 40-50% SVR rate among patients
with CH-C. Telaprevir with PEG-IFN/RBV increases the effect of PEG-
IFN/RBV therapy by 10-20%. However, the major complication of ane-
mia in PEG-IFN/RBV therapy increased when telaprevir was added.
Considering that PEG-IFN/RBV-based therapy is less effective on post-
menopausal women, an alternative therapy with minimal side ef-
fects is needed. Add-on therapy for postmenopausal women may be
a candidate for improving the SVR in these patients. We focused on
the reagents, which compensate for the lack of estrogen function.
Dyslipidemia and osteoporosis are the major complications in post-
menopausal women, and these complications are attributable to the
decrease in estrogen. Statins are clinically used reagents for dyslipi-
demia; they inhibit HCV RNA replication in vivo as well as in vitro
[13-17]. Therefore, we investigated whether or not raloxifene ex-
hibits anti-HCV activity using genotype 1b HCV RNA replication and

mechanisms in the HCV life cycle. Further study is needed to clarify
these underlying mechanisms.

Recently it was reported that vitamin D3, an osteoporotic reagent,
inhibited HCV production in cell culture systems [20,21]. Further-
more, it was reported that vitamin D3 was associated with the
effect of therapy for patients with CH-C [18,19]. Statins inhibited
HCV RNA replication by suppressing geranylgeranyl pyrophosphate
(GGPP) production [14]. Another osteoporotic reagent, bisphospho-
nate, may possess anti-HCV activity, because it also inhibited the
biosynthesis of GGPP in the mevalonate pathway by inhibiting farne-
syl pyrophosphate synthetase. Taken together, these findings indicate
it is likely that the HCV life cycle is associated with osteoporosis.

Raloxifene and tamoxifen are SERMs for osteoporosis and breast
cancer, respectively. Tamoxifen is used for estrogen receptor-positive
breast cancer, and it inhibits HCV RNA replication in cell culture [23].
Tamoxifen's anti-HCV activity is associated with ERex. In our study,
raloxifene inhibited HCV infection as well as replication. To clarify
the multi-potential effects of raloxifene, further study is needed. The
incidence of side effects including uterine cancer is lower in raloxifene
therapy than in tamoxifen therapy [25]. This is another advantage of
raloxifene in clinical use for patients with CH-C.

As for the precise role of ERx or ER3 on the HCV life cycle, we
could not reach a clear conclusion because microarray analysis re-
vealed an absence of expression for both ERoc and ERf3 in OR6 cells
(data not shown). Hayashida et al. [22] reported that the most potent
physiological estrogen, 17-[3-estradiol, inhibited infectious HCV pro-
duction using HuH-7.5 cells, and that ERx-selective agonist inhibited
infectious HCV production whereas ER[3-selective agonist did not.
Watashi et al. [23] reported that RNA interference-mediated knock-
down of ERx reduced HCV RNA replication. In our study, the anti-
HCV activity of raloxifene in infection and replication did not seem
attributable to ERx or ERP. It is not clear why our HuH-7-derived
ORG6 cells did not express ERX or ERf3. HuH-7 cells were developed
in 1982 at Okayama University and distributed worldwide [26]. Re-
cently, Bensadoun et al. {27] reported that the genetic background of
the 1L28B genotype of HuH-7 cells differed among different laborato-
ries. This may be a consequence of the polyploidal nature of hepatoma
cells. A similar mechanism might cause the different expression levels
of ERxx and ER[3. Another ER, GPR30 [28], was expressed in OR6 cells
(data not shown; from microarray analysis). GPR30 may be the re-
sponsible host factor for anti-HCV activity in ORG cells. Further study
is needed to clarify this issue.

In conclusion, we found that raloxifene inhibited HCV RNA repli-
cation in genotype 1b and infection in genotype 2a. Raloxifene ad-
ditively enhanced the anti-HCV activity of IFN-&. The antagonistic
effects of statins and raloxifene will yield information on the clinical
use of these reagents. Our results, as well as the reports of vitamin
D3's anti-HCV activity, will open new fields of treatment for both
osteoporosis and HCV infection.

Acknowledgments

The authors would like to thank Masayo Takemoto for her tech-
nical assistance. This work was supported by a Grant-In-Aid for Re-
search on Hepatitis from the Ministry of Health, Labor and Welfare of
Japan.
Supplementary Material

Supplementary material associated with this article can be found,
in the online version, at doi:10.1016/j.fob.2012.08.003.



— 92¢€ —

Midori Takeda et al. / FEBS Open Bio 2 (2012) 279-283 283

References

[1] Kato N.(2001) Molecular virology of hepatitis C virus. Acta Med. Okayama. 55,
133-159.

[2] KatoN, Hijikata M., Ootsuyama Y., Nakagawa M., Ohkoshi S., Sugimura T. etal.
(1990) Molecular cloning of the human hepatitis C virus genome from Japanese
patients with non-A, non-B hepatitis. Proc. Natl. Acad. Sci. USA. 87, 9524-9528.

{3} TanakaT., Kato N, Cho M.J., Sugiyama K., Shimotohno K. (1996) Structure of the
3" terminus of the hepatitis C virus genome. J. Virol. 70, 3307-3312.

[4] Tkeda M., Abe K., Dansako H., Nakamura T., Naka K., Kato N. (2005) Efficient
replication of a full-length hepatitis C virus genome, strain O, in cell culture, and
development of a luciferase reporter system, Biochem. Biophys. Res. Commun,
329, 1350-1359,

[5) lkeda M., Yi M, Li K., Lemon S.M. {2002) Selectable subgenomic and genome-
length dicistronic RNAs derived from an infectious molecular clone of the HCV-N
strain of hepatitis C virus replicate efficiently in cultured Huh7 cells. J. Virol. 76,
2997-3006.

[6] LohmannV., Korner F, Koch J., Herian U., Theilmann L., Bartenschlager R.{1999)
Replication of subgenomic hepatitis C virus RNAs in a hepatoma cell fine. Sci-
ence, 285, 110-113,

[7] Pietschmann T., Lohmann V., Kaul A, Krieger N., Rinck G., Rutter G. et al.(2002)
Persistent and transient replication of full-length hepatitis C virus genomes in
cell culture. J. Virol. 76, 4008-4021.

[8] Wakira T.(2005) Production of infectious hepatitis C virus in tissue culture from
a cloned viral genome. Nat. Med. 11,791-796.

[9] Takeda M., Ikeda M., Ariumi Y., Wakita T., Kato N {2012) Development of hep-
atitis C virus production reporter assay systems using two different hepatoma
cell lines. J. Gen. Virol. 93, 1422-1431.

[10] McHutchison }.G.(2009) Telaprevir with peginterferon and ribavirin for chronic
HCV genotype 1 infection. N, Engl. J. Med. 360, 1827-1838,

[11] Hayashi}. KishiharaY.,UenoK., Yamaji K., Kawakami Y., Furusyo N. etal.(1998)
Age-related response tointerferon alfa treatment in women vs men with chronic
hepatitis C virus infection. Arch. int. Med. 158, 177-181.

[12] Iwasaki Y.(2006) Limitation of combination therapy of interferon and ribavirin
for older patients with chronic hepatitis C. Hepatology. 43, 54-63.

[13] Bader T, Fazili .. Madhoun M,, Aston C., Hughes D., Rizvi S. et al. (2008) Flu-
vastatin inhibits hepatitis C replication in humans. Am. J. Gastroenterol. 103,
1383-1389.

{14] Ikeda M., Abe K., Yamada M., Dansako H., Naka K., Kato N. (2006) Different
anti-HCV profiles of statins and their potential for combination therapy with

interferon. Hepatology. 44, 117-125.

{15] Ikeda M, Kato N. {2007) Life style-related diseases of the digestive system:
cell culture system for the screening of anti-hepatitis C virus (HCV) reagents:
suppression of HCV replication by statins and synergistic action with interferon.
J. Pharmacol. Sci. 105, 145-150.

[16] Rao G.A, Pandya PK. (2011) Statin therapy improves sustained virologic re-
sponse among diabetic patients with chronic hepatitis C. Gastroenterology. 140,
144-152.

[17] Sezaki H.(2009) An open pilot study exploring the efficacy of fluvastatin, pegy-
lated interferon and ribavirin in patients with hepatitis C virus genotype 1b in
high viral loads. Intervirology. 52, 43-48.

18] Abu- Mouch S., Fireman Z, Jarchovsky J., Zeina AR., Assy N. (2011) Vitamin D

improves ined virologic response in chronic hepatitis C
(genotype 1)-naive patients. World J. Gastroenterol. 17, 5184~5190.

[19} Bitetto D. (2011) Vitamin D supplementation improves response to antiviral
treatment for recurrent hepatitis C. Transpl. int. 24, 43-50.

[20] Gal-Tanamy M., Bachmetov L., Ravid A, Koren R., Erman A, Tur-Kaspa R. et al.
(2011) Vitamin D: an innate antiviral agent suppressing hepatitis C virus in
human hepatocytes. Hepatology. 54, 1570-1579.

[21] Matsumura, T, Kato, T., Sugiyama, N., Tasaka-Fujita, M., Murayama, A., Masaki,
T. Wakita, T., Imawari, M. 25-hydroxyvitamin D(3) suppresses hepatitis C virus
production. Hepatology, in press.

[22] Hayashida K., Shoji L, Deng L., Jiang D.P., Ide Y.H,, Hotta H. (2010) 17beta-
estradiol inhibits the production of infectious particles of hepatitis C virus.
Microbiol. immunol. 54, 684-690.

[23} Watashi K,, Inoue D., Hijikata M., Goto K., Aly H.H., Shimotchno K. (2007) Anti-
hepatitis Cvirus activity of tamoxifen reveals the functional association of estro-
genreceptor with viral RNA polymerase NS5B. J. Biol, Chemn. 282, 32765-32772.

[24] Kato N.(2003) Establishment of a hepatitis C virus subgenomic replicon derived
from human hepatocytes infected in vitro. Biochem. Biophys. Res. Commun.
306, 756-766.

[25] Runowicz C.D,, Costantino J.P., Wickerham D.L., Cecchini R.S., Cronin W.M., Ford
LG. etal (2011)Gynecologic condltlons in participants in the NSABP breastcam
cerp ion study of and raloxi (STAR). Am. J. Obstet. Gynecol.
205, 535e1-535e5.

[26] Nakabayashi H., Taketa K., Miyano K., Yamane T., Sato J. (1982) Growth of hu-
man hepatoma cells lines with differentiated functions in chemically defined
medium. Cancer Res. 42, 3858-3863.

{27] Bensadoun P., Rodriguez C., Soulier A, Higgs M., Chevaliez S., Pawlotsky J.M.
(2011) Genetic background of hepatocyte cell lines: are in vitro hepatitis C virus
research data reliable. Hepatology. 54, 748.

[28] Revankar C.M., Cimino D.F.. Sklar LA. Arterburn ].B., Prossnitz E.R. (2005) A
transmembrane intracellular estrogen receptor mediates rapid cell signaling,
Science. 307, 1625-1630.

AAC

Journals ASM org

ENT]1, a Ribavirin Transporter, Plays a Pivotal Role in Antiviral
Efficacy of Ribavirin in a Hepatitis C Virus Replication Cell System
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We previously showed that equilibrative nucleoside transporter 1 (ENT1) is a primary ribavirin tr;

rter in h hepat:
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cytes. However, because the role of this transporter in the antiviral mechanism of the drug remains unclear, the present study
aimed to elucidate the role of ENT1 in ribavirin antiviral action. OR6 cells, a hepatitis C virus (HCV) replication system, were
used to evaluate both ribavirin uptake and efficacy. The ribavirin transporter in OR6 cells was identified by mRNA expression
analyses and transport assays. Nitrobenzylmercaptopurine riboside (NBMPR) and micro-RNA targeted to ENT1 mRNA (miR-
ENT1) were used to reduce the ribavirin uptake level in ORG6 cells. Our results showed that ribavirin antiviral activity was associ-
ated with its accumulation in ORS cells, which was also closely associated with the uptake of the drug. It was found that the pri-
mary ribavirin transporter in OR6 cells was ENT1 and that inhibition of ENT1-mediated ribavirin uptake by NBMPR
significantly attenuated the antiviral activity of the drug as well as its accumulation in ORG cells. The results also showed that
even a small reduction in the ENT1-mediated ribavirin uptake, achieved in this case using miR-ENT1, caused a significant de-

crease in its antiviral activity, thus indicating that the ENT1

ted ribavirin ke level determined its antiviral activity
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level in OR6 cells. In conclusion, our results show that by facilitating its uptake and accumulation in OR6 cells, ENT1 plays a piv-
otal role in the antiviral effectiveness of ribavirin and therefore provides an important insight into the efficacy of the drugin

anti-HCYV therapy.

hronic hepatitis C is a major cause of liver cirrhosis and hep-

atocellular carcinoma, and a combination of interferon-a
(IFN-) and ribavirin is a standard anti-hepatitis C virus (HCV)
therapy. Since the addition of ribavirin to IFN-a significantly im-
proves the rate of sustained virologic response (SVR) (40 to 60%
in genotype 1 patients) (5), the drug plays a key role in current
anti-HCV therapy.

Ribavirin, a purine nucleoside analog, is phosphorylated intra-
celiularly to form mono-, di-, and tri-phosphates, which then ac-
cumulate within cells at high concentrations (4, 13). While the
primary anti-HCV mechanisms of the drug are still under debate,
it is considered likely that the important actions take place within
the cells themselves, and several mechanisms have been proposed
to explain what occurs there. These include inhibition of inosine
monophosphate dehydrogenase (reviewed in references 4 and 7
and references therein). Additionally, a recent study revealed that
ribavirin potentiates [IFN-a action by augmenting IFN-stimulated
induction of gene expression (16).

Taking into consideration the above-mentioned mechanisms,
it is reasonable to assume that the uptake of ribavirin into hepa-
tocytes is a prerequisite for its antiviral activity. Since ribavirin isa
hydrophilic molecule, import of the drug into cells requires host
nucleoside transporters, which are divided into two families:
equilibrative nucleoside transporters (such as ENT1 to ENT4) and
concentrative nucleoside transporters (such as CNT1 to CNT3)
(9). ENTs are facilitated transporters, while CNTs are sodium-
dependent active transporters. These transporters differ in tissue
distribution, substrate preference, and inhibitor sensitivity. For
example, sensitivities to inhibition by nitrobenzylmercaptopurine
riboside (NBMPR) are different between ENT1 and ENT2 (20).

Our recent investigations into the ribavirin uptake system in
human hepatocytes determined that ENT1 is a primary ribavirin
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uptake transporter (6). In addition, Morello et al. (12) reported
the association of an intronic single nucleotide polymorphism
(SNP) of the SLC29A1 (ENT1) gene with rapid virologic response
(RVR; defined as an undetectable serum HCV RNA level at week
4) of treatment of genotype-1 Caucasian patients. More recently,
Tsubota and colleagues revealed that another intronic SNP in the
SLC29A1 gene is associated with SVR, as well as RVR, in
genotype-1 Japanese patients (18). Based on these findings, it can
be hypothesized that ENT1 plays an essential role in ribavirin anti-
HCV activity.

In the present study, along with a detailed characterization of
ribavirin uptake and its relationship to antiviral activity, we tested
the above-mentioned hypothesis through the use of OR6 cells,
which have been established as an efficient replication system for
the HCV RNA genome. The HCV replication level was evaluated
by monitoring the level of Renilla luciferase activity (8), which
enabled us to simultaneously evaluate both ribavirin uptake and
its antiviral activity.

MATERIALS AND METHODS

Cell culture. OR6 cells were cloned from ORN/C-5B/KE cells (derived
from Huh-7 cells) supporting genome-length HCV RNA (strain O of
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genotype 1b) containing the Renilla luciferase reporter gene, and the cells
were cultured as described previously (8). Huh-7 cells were obtained from
the Institute of Development, Aging and Cancer, Tohoku University
(Sendai, Japan). The Huh-7 cells were cultured at 37°C with 5% CO,~95%
air in RPMI 1640 medium (Invitrogen, Carlsbad, CA) with 10% fetal
bovine serum, 50 U/m} penicillin, and 50 pg/ml streptomycin.

Luciferase reporter assay. OR6 cells were plated 1 day prior to the
assay on 24-well plates at 1.5 X 10% to 2.5 X 10" cells/well, followed by
treatment with ribavirin (Wako, Osaka, Japan) in the absence of G418 and
at the indicated concentrations for 24, 48, and 72 h. The cells were then
subjected to the luciferase assay using a dual-luciferase reporter assay
system (Promega, Madison, W1) according to the manufacturer’s proto-
col. For data normalization, the protein contents were determined with a
Pierce 660-nm protein assay reagent (Thermo Fisher Scientific, Rockford,
IL) according to the manufacturer’s protocol. The relative luciferase ac-
tivity value of the untreated or vehicle treated cells (dimethyl sulfoxide
[DMSO] for NBMPR and sterile water for others) was set to 100%.
NBMPR (Sigma, St. Louis, MO), hypoxanthine (MP Biomedicals, Solon,
OH), and formycin B (Berry & Associates, Ann Arbor, MI) were included
in inhibition analyses at various concentrations.

Western blot analysis. OR6 cells treated with ribavirin at various con-
centrations in the absence of G418 for 24, 48, and 72 h were harvested and
homogenized. The homogenates (60 ug/well) were resolved in a sodium
dodecyl sulfate (SDS)~15% polyacrylamide gel and then transferred onto
a nitrocellulose membrane. The membrane was blocked with 5% skim
milk and then incubated with either antibodies against the HCV core
protein (2,000-fold dilution; Institute of immunology, Tokyo, Japan) or
antibodies against B-actin (500-fold dilution; Sigma). Immunocomplexes
were detected with enhanced chemiluminescence (ECL) Western blotting
detection reagents (GE Healthcare, Giles, United Kingdom).

Accumulation assay. OR6 cells were plated 1 day prior to the assay on
24-well plates, after which the cells were incubated with 0.5 uCi/ml
[*H]ribavirin (Moravek Biochemicals, Brea, CA) and nonradiolabeled
ribavirin at various concentrations. NBMPR was included in inhibition
analyses at concentrations of 0.1, 1,3, 10, 31, and 100 uM. After treatment
for 9.6, 24, 48, or 72 h, the cells were washed twice with ice-cold Na*-free
Krebs-Henseleit buffer (KHB) and lysed with 0.2% SDS. Radicactivity
was measured using a liquid scintillation counter (LSC 5100; Aloka, To-
kyo, Japan). The protein contents were determined as described above. To
completely inhibit ENT-mediated ribavirin uptake, 30 uM dipyridamole
(Wako) was used in the same experimental sets (20). The data were cal-
culated by subtracting the accumulation values obtained with dipyridam-
ole from those without dipyridamole at the same ribavirin concentra-
tions. All assays were performed at 37°C.

Transport assays. Transport assays were performed using the previ-
ously described centrifugal filtration method (6). ORG cells were collected
and resuspended in ice-cold Na*-containing KHB or Na*-free KHB at
1.4 X 106 cells/ml. NBMPR, troglitazone (Wako), hypoxanthine, and for-
mycin B were included in the inhibition analyses. Since the rate of ribavi-
rin uptake by ORG cells was linear for at least 60 s in the preliminary assays,
the incubation time was set to 30 s. The radioactivity and protein contents
of the cells used in the assay were measured as described above. The same
experiments were also performed at 4°C, and the data were obtained by
subtracting the uptake levels at 4°C from those at 37°C at the same riba-
virin concentrations.

Total RNA preparation, cDNA synthesis, reverse transcription-PCR
(RT-PCR), and quantitative real-time PCR (qPCR). Total RNA prepa-
ration, cDNA synthesis, RT-PCR, and qPCR were performed using pre-
viously described procedures (6). Among the nucleoside transporters,
ENTI, ENT2, CNT2, and CNT3 mRNAs were examined by RT-PCR be-
cause they have been identified as ribavirin transporters (21). The primers
for RT-PCR and gPCR arelisted in Table S1 in the supplemental material.
The UPL universal probes used were no. 9 (ENT1), no. 48 (ENT2), and
no. 60 (glyceraldehyde 3-phosphate dehydrogenase [GAPDH]).

1408 aac.asm.org

Knockdown of ENT1 mRNA expression in OR6 cells. The
BLOCK-iT Pol I miR RNAi expression vector kit (Invitrogen) was used
to suppress ENT1 mRNA expression in ORG6 cells. The oligonucleotide
containing micro-RNA targeted to ENT1 mRNA (miR-ENT1) was cloned
into the pcDNAG.2-GW/EmGFP-miR vector. The control plasmid
PcDNAG.2-GW/EmGFP-miR-neg, carrying an insert that is notknown to
target any identified vertebrate genes (miR-Neg), was used as a negative
control. The sequences of inserts are shown in Table S1 in the supplemen-
tal material. The plasmids were transfected into OR6 cells using Lipo-
fectamine LTX (Invitrogen). Two days after transfection, the culture me-
dium was replaced with fresh medium containing 4 pg/ml blasticidin to
obtain cells stably expressing miR-ENT1 (OR6/miR-ENT1) and cells sta-
bly expressing miR-Neg (OR6/miR-Ng).

Data analysis. Statistical analysis was performed using Student’s test.
The four-parameter logistic model was used to calculate the 50% effective
concentration (ECs).

RESULTS

Concentration- and time-dependent anti-HCV activity and ac-
cumulation of ribavirin in OR6 cells. The inhibitory effects of
ribavirin (1 to 3,162 wM) on HCV replication in OR6 cells were
analyzed by monitoring the luciferase activity and HCV core pro-
tein expression levels. It was found that the HCV replication ac-
tivity and core protein levels decreased in a ribavirin
concentration-dependent manner (Fig. 1A and B), while the level
of ribavirin accumulation increased in a saturable manner (Fig.
1C). Next, the time course of anti-HCV activity of ribavirin at
concentrations of 10, 100, and 1,000 uM was examined. The
results of our examination showed that, similar to the
concentration-dependent profile, the HCV replication activity
and core protein amounts decreased over time at each of the riba-
virin concentrations tested (Fig. 1D and E) and that the levels of
ribavirin accumulation increased linearly or saturably over time
(Fig. 1F). These results suggest that ribavirin exerts concentration-
and time-dependent antiviral activity that could be associated
with the concentration- and time-dependent intracellular accu-
mulation of the drug.

Identification of the ribavirin uptake transporter in OR6
cells. To identify the ribavirin uptake transporter in OR6 cells, we
characterized the uptake profile of the drug and the nucleoside
transporters mRNA expression in the cells. The ribavirin (1 to
3,162 uM) uptake level in Na*-plus KHB was found to increase
linearly up to 3 mM (Fig. 2A), and the uptake activities of the drug
(nmol/mg protein/30 s) at 10, 100 (data not shown), and 1,000
uM were recorded as 0.03 = 0.01, 0.33 * 0.02 and 3.2 £ 0.3,
respectively (Fig. 2B). The removal of Na* from the transport
medium did not affect the uptake activities at any of the ribavirin
concentrations tested, indicating that all the uptake activities of
the drug were sodium independent. These activities were mostly
abolished by the addition of 100 uM NBMPR, an inhibitor of
ENT1and ENT2. Consistently, the results of RT-PCR showed that
ENT1and ENT2 mRNAs were abundantly expressed in OR6 cells,
while hardly any CNT2 and CNT3 mRNAs were expressed (Fig.
2C). During the above-described experiments, we found that a
low concentration of NBMPR (100 nM) failed to inhibit ribavirin
uptake by ORG6 cells (M. likura, unpublished data). Considering
that ENT1-mediated nucleoside uptake is generally sensitive to
NBMPR inhibition at 100 nM (20), it was hypothesized that ENT2
should have contributed to ribavirin uptake in OR6 cells. How-
ever, our previous results indicated that ENT2 cannot transport
ribavirin (6). Therefore, to clearly distinguish between ENT1- and

Antimicrobial Agents and Chemotherapy

-
o n
S o

Huh?7
Ribavirin
M) -0
HCV core

@
E=3

o
<3

B
o
Accumulation

p-actin

Relative luciferase activity (%) 2>
®
=1

0
0.001 001 0.1 1 10
Ribavitin (miv)

0 24 48 72
Time (h)

Ribavirin_ 4 10p1 A 100 M M 1miv |

Role of ENT1 in Antiviral Efficacy of Ribavirin

c
[
z 5

OR6 3
S 4

10 316 1000 3162 g
—— £°3
g 2

£

-

[t}
0 05 1t 15 2 25 3
Ribavirin (mi)

£120 .
£ 100 Ribavi -
-;_S- ihavirin 10 100 1000 S E 5
& g0 M) §3°
4 Time(h) 2448 72 24 48 72 24 4872 'g =
o 60 z,
E 3=
ki HCV core | #99 @ amy soe o wone coome s e
S 40 men 8%
2 £
B

K]

4

0 24 48 72
Time (h)

[Ribavirin 4 101M A 100uM B 1mM

FIG 1 Concentration- and time-dependent profiles of anti-HCV activity and accumulation of ribavirin in ORG6 cells. (A) ORG cells were treated with ribavirin
at concentrations of 0, 1, 10, 31,50, 100, 316, 500, 1,000 and 3,162 uM for 48 h. The value of relative luciferase activity in the absence of ribavirin was set to 100%.
(B) Expression levels of HCV core protein in OR6 cells treated with ribavirin for 48 h were examined by Western blot analysis. 8-Actin was used as a loading
control. Huh-7 cells were used as a negative control. (C) OR6 cells were treated with ribavirin at concentrations of 0.1, 0.5, 1, and 3 mM for 48 h, after which the
radioactivity within the cells was determined. (D) ORG6 cells were treated with ribavirin. The value of relative luciferase activity in the absence of ribavirin at each
time point was set to 100%. (E) Expression levels of HCV core protein in OR6 cells treated with ribavirin were examined by Western blot analysis. (F) OR6 cells
were treated with ribavirin, after which the radioactivity within the cells was determined. Values are means and standard deviations (SD) of the relative luciferase
activity or the accumulation for three independent experiments. Each experiment was performed in duplicate. For Western blotting, the representative result for

three independent assays was shown.

ENT2-mediated ribavirin uptake, inhibition analysis was per-
formed using troglitazone (60 uM), hypoxanthine (5 mM), and
formycin B (50 uM). Troglitazone has been reported to specifi-
cally inhibit ENTT activity (10). Hypoxanthine and formycin B, at
the indicated concentrations, were previously reported to prefer-
entially inhibit ENT? activity (3, 22), and we confirmed the inhib-
itory effects of these compounds on ENT2 activity by using HeLa
cells (see Fig. S1 in the supplemental material). The results of the
inhibition analysis showed that troglitazone completely inhibited
the ribavirin uptake activity, while neither hypoxanthine nor for-
mycin B inhibited uptake of the drug in OR6 cells (Fig. 2D). Taken
together, the results indicated that, even though the affinity of
ENT1 of ORG cells for NBMPR was somehow reduced, ENT1 was
exclusively responsible for the ribavirin uptake in OR6 cells.
Effect of inhibition of ribavirin uptake on its anti-HCV activ-
ity. After it was determined that ENT1 was responsible for ribavi-
rin uptake in ORG cells, the role of ENT1 in the anti-HCV activity
of the drug (100 uM and 1 mM) was examined by chemical inhi-
bition of ENT1-mediated ribavirin uptake in ORG6 cells. Since tro-
glitazone itself somewhat repressed HCV replication in ORG6 cells
(likura, unpublished), NBMPR was used as an ENT1 inhibitor. As
shown in Fig, 3A, NBMPR decreased the level of ribavirin uptake
in a dose-dependent manner and, accordingly, decreased the ac-
cumulation level of the drug in a dose-dependent manner (Fig.
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3B). Inassociation with these decreases, it was determined that the
ribavirin antiviral effect was weakened by NBMPR in a
concentration-dependent manner (Fig. 3C). We confirmed that
ENT1 protein expression was not changed in the cells treated with
the highest ribavirin and NBMPR concentrations for 48 h (see Fig.
S2 in the supplemental material). To further clarify the impor-
tance of ENT1-mediated ribavirin uptake in its antiviral effects,
the concentration and time dependencies of the antiviral effects of
the drug were examined in cells treated with NBMPR or its vehicle
(0.1% DMSO). The concentration of NBMPR was set to 7 uM,
which is near the EC;, against ENT1 activity calculated from the
results of Fig. 3A, indicating that the ENTI activity level of
NBMPR-treated cells was approximately half that of the vehicle-
treated cells. As shown in Fig. 3D, the ECy, of ribavirin in the
NBMPR-treated cells was 399 *® 22 uM, which was significantly
higher than that of the vehicle-treated cells (203 * 47 uM, P =
0.0005) (The results of the individual experiments are shown in
Fig. §3 in the supplemental material.) In addition, the response to
ribavirin in the NBMPR-treated cells was significantly delayed in
comparison to that in the vehicle-treated cells (Fig. 3E). We also
examined the constraining effects of ENT2 inhibitors on ribavirin
antiviral activity but found that hypoxanthine (5 mM) and formy-
cin B (50 uM) had no effect (see Fig. $4 in the supplemental
material). Furthermore, NBMPR, hypoxanthine and formycin B
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were found to have no effect on HCV replication activity in the
above-described experiments (see Fig. $4 in the supplemental ma-
terial), and NBMPR (7 uM) failed to affect telaprevir antiviral
activity (see Fig. S5 in the supplemental material).

These results clearly show that inhibition of ENT1-mediated
ribavirin uptake significantly attenuates ribavirin antiviral effec-
tiveness by reducing the accumulation level of the drug in the cells.

Effect of ENT1 mRNA knockdown on ribavirin anti-HCV ac-
tivity, The above-mentioned results prompted us to investigate
whether a small change in ENTI1 activity would similarly affect
ribavirin antiviral effectiveness. miRNA targeted to ENT1 mRNA
was used in this examination. We found that when stably ex-
pressed in OR6 cells (OR6/miR-ENT1), miR-ENT]1 reduced the
ENT1 mRNA expression level to 72.5 = 3.4% of that of the control
cells (OR6/miR-Ng) without affecting the ENT2 mRNA expres-
sion level (Fig. 4A). Accordingly, the ribavirin uptake level in
OR6/miR-ENT]1 cells was about 66.7 * 14.0% of that in OR6/
miR-Ng cells (Fig. 4B). To determine the degree to which this
ENT1 mRNA knockdown affected ribavirin antiviral action, con-
centration dependencies of ribavirin action in OR6/miR-ENT1
and OR6/miR-Ng cells were characterized. We found that the
ECs, of ribavirin in OR6/miR-ENT1 cells was 212 = 11 uM,
which was significantly higher than the ECs, in OR6/miR-Ng cells
(143 * 33 uM; P = 0.013) (The results of the individual experi-
ments are shown in Fig. $3 in the supplemental material.) These
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results showed that even a small reduction in the ENT1 mRNA
expression level could decrease the ribavirin uptake level, thus
causing a reduction in the antiviral efficacy of the drug.

Toxicological analyses. Concurrent with the above-described
experiments, the cytotoxic effects of ribavirin and other reagents
on OR6 cells were examined independently and/or simultane-
ously (see the supplemental methods in the supplemental mate-
rial). As shown in Table S2 and Fig. $6 of the supplemental mate-
rials, the lactate dehydrogenase (LDH) release assay results
showed that no severe cytotoxicity in ORG cells occurred in any
treatments (less than 10%). Microscopic observation also showed
that the cells were viable upon treatment with ribavirin (3,162
M) together with NBMPR (100 uM) for 48 h (see Fig. S2 in the
supplemental material). We further performed the MTS assay,
which can detect different types of toxicity, to confirm the results
of the LDH assay. The results showed that even though marginal
toxicity was observed at the highest ribavirin and NBMPR con-
centrations tested (at most 25%), most treatments did not display
severe cytotoxicity for OR6 cells (less than 10%; see Table S2 in the
supplemental material).

DISCUSSION

In this paper, we provide results supporting our hypothesis that
ENT1 plays an essential role in the anti-HCV activity of ribavirin
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through detailed characterization of the antiviral activity of the
drugand its association with ENT1-mediated uptake in OR6 cells.

Qur results showed that the concentration and time depen-
dency of ribavirin antiviral activity was closely associated with its
accumulation in ORG6 cells. This association is supported by sev-
eral reports. For example, it has been reported that larger ribavirin
accumulations were associated with significant decreases in the
intracellular GTP pool (13) or with higher antiviral potency
against the Hantaan virus (14). Therefore, it is considered likely
that continuous ribavirin accumulation in hepatic cells at the
higher levels, which are achieved by the sustained and higher riba-
virin extracellular concentrations, is critical to the antiviral effi-
cacy of the drug.

Due to its hydrophilicity, ribavirin requires a “gate” to pene-
trate the plasma membrane of cells prior to its accumulation. Qur
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results clearly show that ENT1 provides this gate, thus facilitating
the drug’s import into and accumulation in ORS cells. Since we
recently showed that ENT1 is also exclusively involved in ribavirin
uptake in human hepatocytes, which has a ribavirin uptake profile
similar to that of OR6 cells (6), it is considered likely that this
ENT1 role can probably be extended to human hepatocytes as
well. The mode of ENT1-mediated ribavirin uptake in ORG6 cells,
as well as human hepatocytes, was represented by a linear increase
in the uptake level along with an increase in extracellular ribavirin
concentration (6; also this study). This uptake feature was the
most probable reason why the higher extracellular ribavirin con-
centration resulted in a stronger antiviral effect in OR6 cells but
might also explain why clinical findings show that a higher expo-
sure to ribavirin leads to the better virologic response in HCV
genotype-1 patients (11, 17). Therefore, our results, together with
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relative luciferase activity from four independent experiments, each performed in triplicate.

the other findings, indicate that ENT1 plays an indispensable role
in ribavirin antiviral activity.

The importance of ENT1 in ribavirin antiviral activity was fur-
ther underscored by the results of both the ENT1 knockdown and
uptake inhibition experiments using NBMPR. It is noteworthy
that even a small reduction of ENT1 activity significantly weak-
ened ribavirin’s antiviral potency. These results indicate that in-
creasing or decreasing ENT1 activity level in the cells results in
stronger or weaker ribavirin efficacy by increasing or reducing the
uptake of the drug, even if extracellular ribavirin concentrations
and exposure durations are constant. Therefore, it can be con-
cluded that the ENT1-mediated ribavirin uptake level determines
the level of ribavirin antiviral activity in OR6 cells and, presum-
ably, in human hepatocytes.

The above-mentioned findings and suppositions prompt us to
propose the following two possibilities (see Fig. S7 in the supple-
mental material). One is that patients with higher ENT1 activity
levels in hepatocytes could more likely attain RVR (defined as a
faster and stronger ribavirin antiviral effect in the early stage of the
treatment) than those with lower ENT1 activity levels, when other
factors affecting the treatment outcome are similar. The mecha-
nisms underlying the interindividual difference in the hepatic
ENTI activity level remain unclear, but SNPs are promising can-
didates for the causal factors that result in the difference. Since two
intronic SNPs have been revealed to be associated with RVR (and
SVR) (12, 18), investigations should be conducted to determine
whether these SNPs have a positive effect on the hepatic ENT1
expression level.
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The other possibility is that the hepatic uptake of ribavirin by
ENTT1 could be hindered by coadministered chemicals, thus re-
sulting in attenuation of the treatment response in some patients,
as shown in Fig, 3. Although there have been no clinical reports
supporting this possibility, preceding studies have been per-
formed to determine whether hepatic uptake inhibition of prava-
statin and metformin, which are hepatocyte-targeting drugs, re-
duces their effectiveness (1). These drugs are known substrates for
hepatic organic ion transporters, and it has been shown that ab-
errations in these transporters significantly impair their in vivo
functions (2, 15). Since, due to attendant complications or other
chronic diseases, several drugs are often coprescribed along with
ribavirin during treatment regimens, it may be worth considering
whether interactions between ribavirin and other drugs at the
point of ENTI-mediated uptake can affect the treatment re-
sponse.

Exploration of these possibilities must await further studies
aimed at clarification of the factors affecting the hepatic ENT1
activity level, including the above-described SNP studies and
ribavirin-drug interaction studies. The results obtained from such
studies could contribute not only to a better understanding of the
mode of action of ENT1 on ribavirin antiviral activity but also to
identification of the associated markers for RVR or null responses
in clinical settings.

It should be noted that, unexpectedly, ENT1 activity was found
to be insensitive to inhibition by NBMPR in the nanomolar range
in ORG6 cells. This was not due to nucleotide alterations in ENT1
¢DNA of OR6 cells (likura, unpublished). Since OR6 cells were
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derived from Huh-7 cells, we examined the sensitivity of ENT1 to
inhibition of NBMPR using Huh-7 cells and obtained results sim-
ilar to those obtained with ORG6 cells (Iikura, unpublished). There-
fore, the lower sensitivity of ENT1 to NBMPR in OR6 cells was
thought to have originated from the Huh-7 cells. Although the
reason for the altered sensitivity of ENT1 to NBMPR remains
unknown at this time, it is believed that the cell-specific posttrans-
lational modification might be involved. It has been reported that
defective glycosylation of ENTI leads to decreased affinity for
NBMPR (19). Therefore, it can be speculated that the type or
structure of glycochain and/or other modifications could be re-
sponsible for decreased affinity of ENT1 of OR6/Huh-7 cells for
NBMPR. Further studies aimed at ascertaining the reason might
provide novel insights into the biology of ENT1.

Finally, we briefly discuss the static cytotoxic effects of ribavirin
and NBMPR on OR6 cells. According to the results of toxicolog-
ical analyses, these reagents (at most concentrations tested) did
not cause severe toxicity in OR6 cells (less than 10%), and only
marginal toxicity was found in treatment of the reagents at the
highest concentrations tested in an MTS assay. In contrast, blasti-
cidin § treatment (20 ng/ml) significantly damaged the cells
(>50% in the MTS assay [likura, unpublished]). Therefore, it is
assumed that OR6 cells possess inherent resistance to ribavirin
and NBMPR, and this factor might be related to the relatively high
EC;, of ribavirin. Although we do not know the reason for the
behavior of the cells, it is unlikely that the limited toxicity would
give rise to a question regarding the present results. In actuality,
100 uM NBMPR treatment, which caused marginal toxicity, did
notaffect HCV replication activity (see Fig. $4 in the supplemental
material).

In conclusion, we have clearly demonstrated that ENT1 plays
an indispensable role in ribavirin antiviral activity by facilitating
the uptake and accumulation of the drug in OR6 cells, thereby
indicating that ENT1 provides a gate that is essential to the success
of ribavirin’s mission. Our study limitations include an in vitro
HCV model system using hepatoma cells and no in vivo evidence
of association between hepatic ENT1 activity and ribavirin effi-
cacy. Nevertheless, our results, together with the literature,
strongly suggest that ENTI also plays the determinant role in the
antiviral efficacy of ribavirin in the human liver during the course
ofanti-HCV therapy. Accordingly, it is believed that our results, as
well as the ideas described in this paper, will encourage further
studies aimed at the clarification of the clinical importance of
ENT1 in anti-HCV therapy.
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Introduction

Hepatitis C virus (HCV) is an enveloped RNA virus of the genus
Hepacivirus of the Flaviviridae family. More than 170 million paticnts
persistently infected with HCV have been reported worldwide,
leading to liver discases including steatosis, cirrhosis, and
hepatocellular carcinoma [1,2]. The genome of HCV is charac-
terized as a single positive-strand RNA with a nucleotide length of
9.6 kb, flanked by 5" and 3'-untranslated regions (UTRs). The
genomic RNA encodes a large polyprotein consisting of approx-
imately 3,000 amino acids [3], which is translated under the
control of an internal ribosome entry site (IRES) located within the
5'-UTR of the genomic RNA [4]. The translated polyprotein is
cleaved by host and viral proteases, resulting in 10 mature viral

PLOS ONE | www.plosone.org

proteins [3]. The structural proteins, consisting of core, E1, and
E2, arc located in the N-terminal quarter of the polyprotein,
followed by viroporin p7, which has not yet been classified into a
structural or nonstructural protein. Further cleavage of the
remaining portion by viral proteases produces six nonstructural
proteins-INS2, NS3, NS4A, NS4B, NS5A, and NS5B-which form
a viral replication complex with various host factors. The viral
protease NS2 cleaves its own C-terminal between NS2 and NS3.
Alter that, NS3 cleaves the C-terminal ends of NS3 and NS4A and
then forms a complex with NS4A. The NS3/4A complex becomes
a fully active form to cleave the C-terminal parts of the
polyprotein, including nonstructural proteins. NS3 also possesses

November 2012 | Volume 7 | Issue 11 | 48685

RNA helicase activity to unwind the double-stranded RNA during
the synthesis of genomic RNA [5,6].

Although the previous standard therapy, combining pegylated
interferon with ribavirin, was cffective in only about half of
patients infected with genotype 1, the most common genotype
worldwide [7-9], recent biotechnological advances have led to the
development of a novel therapy using anti-HCV agents that
directly target HCV proteins or host factors required for HCV
replication and have improved the sustained virologic response
(SVR) [10-12]. Telaprevir and boceprevir, which are categorized
as advanced NS3/4A protease inhibitors, were recently approved
for the treatment of chronic hepatitis C patients infected with
genotype 1 [13,14]. The triple combination therapy with
pegylated interferon, ribavirin, and telaprevir improved SVR by
77% in patients infected with genotype 1 [15]. However, this
therapy exhibits side effects including rash, severe cutancous
eruption, inflluenza-like symptoms, cytopenias, depression, and
anemia [7,16,17]. Furthermore, the possibility of the emergence of
drug-resistant viruses is a serious problem with therapies that use
antiviral compounds [18,19].

Recent technical advances in the determination of molecular
structures and the synthesis of chemical compounds have led to the
development of various drugs based on natural products, especially
drugs identified from terrestrial plants and microbes [20-22].
Marine organisms, including plants and animals, were recently
established as representative of a natural resource library for drug
development. Potent biological activity is often found in products
isolated from marine organisms because of their novel molecular
structures [23,24]. Trabectedin (Yondelis), cytarabine (Ara-C), and
eribulin (Halaven), which are known as antitumor drugs, werc
developed from compounds found in marine organisms [25].

In this study, we screened 84 extracts prepared from 54 marine
organisms by using replicon cell lines derived from HCV genotype
b and attempted to identify the extract that inhibits HCV RNA
replication. A marine organism may produce anti-HCV agent(s)
that could inhibit the protease and helicase actvitics of NS3.

Results

Effect of the Extract from Marine Sponge and Tunicate on
HCV Replication

We prepared methanol (McOH)- and ethyl acetate (EtOAc)-
soluble extracts from 54 marine organisms in order to test which of
these extracts could best suppress HCV replication. Each extract
was added at 25 pg/ml o the culture supernatant of HCV
replicon cell tnes derived from O and Conl strains of genotype
1b, which produce the luciferase/ncomycin hybrid protein
depending on RNA replication. Luciferase activity and ccll
viability were measured 72 h afier treatment with the extracts
(Table 1). The extracts exhibiting more than 85% cell viability and
lower than 15% luciferase activity were selected as arbitrary
candidates for the extract including anti-HCV compounds. The
LEtOAc-extract prepared from sample C-29 (C-29FA) was selected
as a candidate in both cell lines. Thus, the and-HCV activity of
extract G-29EA was tested.

The EtOAc-soluble extract C-29EA was prepared from the
maring sponge Amphimedon sp. (Fig. 1A), which inhabits the sca
surrounding Okinawa Prefecture, Japan. HCV replication was
inhibited in a dose-dependent manner but did not exhibit
cytotoxicity when replicon cells were treated with C-29EA (Fig, 1
B). The extract C-29EA cxhibited ECsq values of 1.5 pg/ml
(Table 2). Furthermore, treatment with C-29FA suppressed the
HCV replication derived from the genotype 2a strain JFH1 with
an ECsg of 24.9 pg/ml, irrespective of cell viability (Fig. 2A and
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Table 2). Extact C-29EA also inhibited the production of
infectious viral particles, viral RNA, and core protein from

JFHI-infected cells in the supernatant (Fig. 2B and C). These

results suggest that the marine sponge Amphimedon sp. possesses
anti-HCV agents.

Effect of Extract C-29EA on IRES-dependent Translation

Extract C-29EA had the most potent inhibitory activity against
HCV replication. The viral replication (Fig. 1 B and 2 A) and viral
proteins (Fig. 3 A and B) in replicon cell lines derived from
genotype 1b strain Conl and 2a strain JFH1 were decreased 72 h
alter treatment in a dose-dependent manner. HCV protein has
been translated based on the positive-sense viral RNA in an IRES-
dependent manner. The replicon RNA of HCV is composed of
the 5"-UTR of HCV, indicator genes (a luciferase-fused drug-
resistant gene), encephalomyocarditis virus (EMCV) IRES, the
viral genes encoding complete or nonstructural proteins, and the
3"-UTR of HCV, in that order [26]. The replicon RNA replicated
autonomously in several HCV replication-permissive cell lines
derived from several hepatoma cell lines. Nonstructural proteins in
replicon cells were polycistronically translated through EMCV
IRES. The cap-dependent translated mRNA, including Renilla
luciferase, EMCV IRES, and the firefly luciferase/neomycin-
resistant gene, in that order, was constructed to examine the effect
of the extract on EMCV-IRES-dependent translation (Fig. 3C).
When the mRNA expression was transcribed by an EF promoter
of the transfected plasmid in the presence of C-29EA, the ratio ol
firefly luciferase activity o Renilla luciferase activity was not
changed {Fig. 3C). This suggested that treatment with C-29EA
exhibited no effect on EMCV-IRES-dependent translation.
Furthermore, treatment with G-29EA did not significanty affect
the activity of HCV IRES that was used instead of EMCV IRES
in the system described above (Fig. 3D). Thus, these results suggest
that treatment with C-29EA exhibits no effect on EMCV- or
HCV-IRES-dependent translation.

Effect of C-29EA on the Interferon Signaling Pathway

Tt has been well known that HCV replication in cultured cells is
potently inhibited by interferon [27,28]. We examined whether or
not treatment with CG-29EA elicits an interferon-inducible gene
from replicon cells. The replicon cells were treated with various
concentrations of interferon-alpha 2b or 15 pug of C-29EA per
milliliter. The treated cells were harvested at 72 h post-treatment.
The interferon-inducible gene 2', 5'-OAS, was induced with IFN-
alpha 2b but not with a 10-times ECs, concentration of G-29EA
(Fig. 4). These results suggest that the inhibitory effect of C-29EA
on the replication of the HCV replicon is independent of the IFN
signaling pathway.

Effect of C-29EA on the NS3 Helicase Activity

We previously established an assay system for unwinding HCV
activity based on photoinduced clectron transfer (PET) [29,30].
The fluorescent dye (BODIPY FL) is attached to the cytosine at
the 5’-end of the fluorescent strand and quenched by the guanine
base at the 8-end of the complementary strand via PET. When
helicase unwinds the double-strand RNA substrate, the fluores-
cence of the dye emits a bright light upon the release of the dye
from the guanine base. The capture strand, which is complemen-
tary to the complementary strand, prevents the reanncaling of the
unwound duplex. Treatment with C-29EA inhibited the helicase
activity in a dose-dependent manner, with an 1C5, value of
18.9 ng/ml (Fig. 5A). We confirmed the effect of C-29EA on NS3
helicase unwinding activity by the RNA helicase assay using >2P-
labeled double-stranded RNA (dsRNA) as a substrate. Treatment
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Table 1. Effect of marine organism extracts on HCV replication and cell viability.
Luciferase activity Cell viability
No. Sample (% of control) (% of control) Phylum Specimen Extract Site

Unidentified

Sponge

Tunicate

Sponge
. Sponge
Sponge

Sponge

PLOS ONE | www.plosone.org 3

oft.coral

unidentified

47 J-54 42 90 13 124 Sponge unidentified MeOH o]
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Table 1. Cont.

Luciferase activity Cell viability
No. Sample (% of control) (% of control) Phylum Specimen Extract Site

Jellyfish unidentified MeOH D

50 157 8 63 94 85 Tunicate
s ~Sp6n§e‘
Sponge

Epip
unidentified

Stylotella aurantium
Epipolasis
unidentified
 Hippospongia ;

unidentified ' EtOAC B
unidentifiec i :
unidentified © ROAc 8

Soft coral

unidentified

ponge unidentified

84 J-46 13 58 103 126 Sponge unidentified EtOAC D

There are a total of 54 marine organisms, while 84 extracts were prepared from them with ethyl acetate and/or methanol. Aragusuku, iriomote, Kohama, and Ishigaki
islands are indicated by A, B, C, and D, respectively, in the collection-site column?(right end). EtOAc: Ethyl acetate; MeOH: Methanal.
doi:10.1371/journal.pone.0048685.t001

with C-29EA inhibited dsRNA dissociation at a concentration of  was decreased to less than 20% in the presence of 50 pg of G-
16 pg/ml and above (Fig. 5B). 29EA per milliliter (Fig. 5A). Next, we examined the effect of C-

The unwinding ability of HCV helicase depends on ATP 29EA on the binding of NS3 helicase to single-strand RNA
binding, ATP hydrolysis, and RNA binding [30,31]. We examined (ssRNA). A gel-mobility shift assay was employed 1o estimate the
the eflect of C-29FA on the ATPase activity of NS3. The ratio of  binding activity of NS3 to the 21-mer of $sRNA. The binding of
free phosphate (**P-Pi) to ATP (**P-ATP) was determined in the NS3 to ssRNA was inhibited by C-29FA in a dose-dependent
presence of C-29EA. The reaction was carried out between 16 and mamner (fig. 6 B and C). These results suggest that treatment with
250 pg of C-29EA per milliliter. The ATPasc activity of NS3 C-29EA inhibits the helicasc activity of NS3 by suppressing RNA
helicase was not inhibited (Fig. 6A), although the helicase activity binding.

PLOS ONE | www.plosone.org 4 November 2012 | Volume 7 | Issue 11 | e48685
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Figure 1. Effect of the extract prepared from a marine sponge on viral replication in the replicon cell line derived from viral
g ype 1b. (A) Amphimedon sp. belongs to a marine sponge. The ethyl acetate fraction prepared from the marine organism was designated C-
29EA in this study. (B) The Huh7 cell line, including the subgenomic replicon RNA of genotype 1b strain Con1, was incubated in medium containing
various concentrations of C-29EA or DMSO (0). Luciferase and cytotoxicity assays were carried out as described in Materials and Methods. Error bars
indicate standard deviation. The data represent three independent experiments.

doi:10.1371/journal.pone.0048685.g001
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Figure 2. Effect of C-29EA extract on viral replication in the replicon cell line derived from viral genotype 2a. (A) The Huh7 cell line,
including the subgenomic replicon RNA of genotype 2a strain JFH1, was incubated in medium containing various concentrations of C-29EA or DMSO
(0). Luciferase and cytotoxicity assays were carried out as described in Materials and Methods. () The Huh7 OK1 cell line infected with HCVcc JFH1
was incubated with various concentrations of C-29EA or DMSO (0). The virus titers were determined by a focus-forming assay. The significance of
differences in the means was determined by Student’s t-test. (C) Amounts of viral RNA and core protein were estimated by qRT-PCR and ELISA,
respectively. Error bars indicate standard deviation. The data represent three independent experiments. Treatment with DMSO corresponds to ‘0'.
doi:10.1371/journal.pone.0048685.g002
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Table 2. Effect of C29EA on HCV replication.

HCV strain (genotype) ECsq (ug/ml)®  CCso (ug/mi)®  SI°

JFH1 (2a) 249

® Fifty percent effective concentration based on the inhibition of HCV
replication.

®: Fifty percent cytotoxicity concentration based on the reduction of cell
viability.

< S, selectivity index (CCso/ECs0).

doi:10.1371/journal.pone.0048685.t002

Effect of C-29EA on NS3 Protease Activity

Serine protease and helicase domains are respectively located
on the N-terminal and C-terminal portions of NS3 [32]. Thus, we
examined the effect of C-29EA on NS3 protease activity by using

Anti-HCV Activity Found in a Marine Sponge

an NS3 protease assay based on FRET. NS3/4A serinc protease
was mixed with various concentrations of C-29TA. The initial
velocity at each concentration of C-29EA was calculated during a
120 min reaction. The initial velocity in the absence of C-29EA
represented 100% of relative protease activity. C-29EA decreased
the serine protease activity in a dose-dependent manner (Fig. 7).
The ICs5q of C-29EA was 10.9 pg/ml, which is similar to the value
estimated by helicase assay. These results suggest that C-29EA
includes the compound(s) inhibiting the protease activity of NS3 in
addition to the helicase activity.

Combination Antiviral Activity of C-29EA and Interferon-
alpha

Treatment with C-29EA may potentate inhibitory action of
interferon-alpha, since it inhibited the protease and hclicase
activities of NS3 but not induce the interferon response as
described above. Then, we examined cllect of treatment using

both interferon and C-29EA on HCV replication. The replication
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Figure 3. Effect of C-29EA on expression of viral proteins in replicon cell lines. The Huh7 replicon cell lines derived from genotype 1b (A}
and 2a (B) were incubated with C-29EA at 37°C for 72 h. The treated cells were harvested and then subjected to Western blotting. Treatment with
DMSO corresponds to ‘0”. The bicistronic gene is transcribed under the control of the elongation factor 1o (EF1e) promoter. The upstream cistron
encoding Renilla luciferase (RLuc) is translated by a cap-dependent mechanism. The downstream cistron encodes the fusion protein (Feo), which
consists of the firefly luciferase (Fluc) and neomycin phosphotransferase (Neo'), and is translated under the control of the EMCV IRES (C) or HCV IRES
(D). The Huh7 cell line transfected with the plasmid (each above the panel in C and D) was established in the presence of G418. The cells were
incubated for 72 h without (control) and with 15 pg/ml of C-29EA. Firefly or Renilla luciferase activity was measured by the method described in
Materials and Methods and was normalized by the protein concentration. F/R: relative ratio of firefly luciferase activity to Renilla luciferase activity. F/R
is presented as a percentage of the control condition. Error bars indicate standard deviation. The data represent three independent experiments.
doi:10.1371/journal.pone.0048685.g003
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Figure 4. Effect of C-29EA on interferon signaling pathway. The
Huh?7 replicon cell line of genotype 1b was treated without (lane 3) or
with 1, 10, 100, or 1000 U/mL interferon-alpha 2b (lanes 4-7), and 1.5 or
15 pg/ml C-29EA (lanes 1-2) for 48 h. Treatment with DMSO
corresponds to ‘0. The mRNAs of 2', 5'-0AS, and GAPDH as an internal
control were detected by RT-PCR. Error bars indicate standard deviation.
The data represent three independent experiments.
doi:10.1371/journal.pone.0048685.g004

of replicon was decreased in the presence of C-29EA or interferon-
alpha and further decrcased by combimation weamment using
interferon-alpha and C-29EA (Fig. 8A). Turthermore, we em-
ployed the isobologram method [33] to determine whether
antiviral effect of the combination treatment exhibits additive or
synergistic. ECgg values ol interferon-alpha and” C-29EA were
estimated at 10.7 U/ml and 26.4 pg/ml, respectively, in the
ahsence of cach other, ECqq values of G-29EA in the presence of
0, 2.5 and 5 U/ml interferon-alpha were plotted to generate an
isobole. TFigure 8B shows that the isobole exhibits concave

A
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curvilinear, representing synergy but not additivity. These results
suggest that combination treatment of interferon-alpha and C-
29EA exhibits synergistic inhibition of HCV replication.

Discussion

Several natural products have been reported as anti-viral agents
against HCV replication. Silbinin, cpigallocatechin 3-gallate, and
proanthocyanidins, which were prepared from milk thistie, green
tea, and blueberry leaves, respectively, have exhibited inhibitory
activity against HCV replication in cultured cells [34-37]. In our
previous report, we identificd manoalide as an anti-HCV agent
from a marine sponge extract by high-throughput screening
targeting NS3 helicase activity [38]. Manoalide inhibited ATPase,
RNA binding, and NS3 helicase activity in enzymological assays.
The EtOAc extract of the marine feather star also suppressed
HCV replication in HCV replicon cell lines derived from genotype
1b, and it inhibited the RNA-binding activity but not the ATPase
activity of NS3 helicase [30]. In this study, we screcned 84 extracts
of marine organisms for their ability to inhibit HCV replication in
replicon cell lines and HCV cell culture system. Among these
extracts, C-29FA, which was extracted from Amphimedon sp., most
strongly inhibited HCV replication regardless of eytotoxicity. We
previously reported that the EtOAc extract (8G1-23-1) of the
[cather star Allococomatella polycladia inhibited HCV replication with
an ECsq 0f 22.9 10 44.2 pg/ml in HCV replicon cells dervived from
genotype 1b [30]. Treatment with C-29EA potently inhibited
HCV replication with an ECsp of 1.5 pg/ml and with an SI of
more than 33.3 in the replicon cell line derived from genotype 1,
regardless of cytotoxicity (Fig. 1B and Table 2). However, C-29EA
exhibited an EC3q of 24.9 pg/ml in a replicon cell line derived
from genotype 2a at a weaker level than in the replicon cell line
derived from genotype 1b (Figs. 1 and 2), suggesting that the
ability of C-29EA to suppress HCV replication is dependent on
the viral genotype or strain.
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Figure 6. Effect of C-29EA on ATPase and RNA-binding activities of NS3 helicase. (A) The reaction mixtures were incubated with [y-*?P}
ATP as described in Materials and Methods. The reaction mixtures were subjected to thin-layer chromatography. The start positions and migrated
positions of ATP and free phosphoric acid are indicated as ‘Origin’, *2P-ATP', and “*?P-Pi', respectively, on the right side of the figure. The data
represent three independent experiments. Treatment with DMSO corresponds to ‘0". (B) Gel mobility shift assay for RNA-binding activity of NS3
helicase. The reaction was carried out with 0.5 nM labeled ssRNA at the indicated concentrations of C-29EA or DMSO. The reaction mixture was
subjected to gel mobility shift assay. (C) The relative RNA-binding ability was calculated with band densities in each lane and presented as a
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Figure 5. Effect of C-29EA on unwinding activity of NS3 helicase. (A) NS3 helicase activity was measured by PET assay. The reactions were
carried out in the absence or presence of C-29EA. Helicase activity in the absence of C-29EA was defined as 100% helicase activity. Treatment with
DMSO corresponds to ‘0. The data are presented as the mean * standard deviation for three replicates. (B) The unwinding activity of NS3 helicase
was measured by an RNA unwinding assay using radioisotope-labeled RNA. The heat-denatured single-strand RNA (26-mer) and the partial duplex
RNA substrate were applied to lanes 1 and 2, respectively. The duplex RNA was reacted with NS3 (300 nM) in the presence of C-29EA (lanes 4-9, 16~
250 pg/ml). The resulting samples were subjected to native polyacrylamide gel electrophoresis. Treatment with DMSO corresponds to ‘0",
doi:10.1371/journal.pone.0048685.9g005
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percentage of RNA-NS3 in the total density. The data represent three independent experiments. Treatment with DMSO corresponds to ‘0",

doi:10.1371/journal.pone.0048685.9006

HCV NS3 is well known to play a crucial role in viral
replication through helicase and proteasc activitics [5,39]. The N-
terminal third of NS3 is responsible for serine protease activity in
order to process the C-terminal portion of polyprotein containing
viral nonstructural proteins [32]. The remaining portion of NS3
exhibits ATPase and RNA-binding activitics responsible for
helicase activity, which is involved in unwinding double-stranded
RNA during replication of genomic viral RNA [10-42]. A
negative-strand RNA is synthesized based on a viral genome
(positive strand) after viral particles in the infected cells are
uncoated, and is then used itself as a template o synthesize a
positive-stranded RNA, which is translated or packaged into viral
particles. Thus, both helicase and protease activitics of NS3 arc
critical for HCV replication and could be targeted for the
development of antiviral agents against HCV.

NS3 helicase activity was inhibited by treatment with C-29EA
in a dose-dependent manner with an ICs0 of 18.9 ug/ml (Fig. 5A).
RNA-binding activity, but not ATPase activity, was inhibited by
trcatment with C-29EA (Fig. 6). Treatment with C-29EA did not
significantly affect the HCV-IRES activity and did not induce
interferon-stimulated gene 2°,5'-OAS (Figs. 3 and 4). Further-
more, the serine protease activity of NS3 was inhibited by using C-
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29TA with an ICs50 of 10.9 pg/ml (Fig. 7). These results suggest
that Amphimedon sp. includes the unknown compound(s) that could
suppress NS3 enzymatic activity to inhibit HCV replication.
Although the mechanism by which treatment with C-29EA could
inhibit HCV replication has not yet been revealed, the unknown
compound(s) may bc associated with the inhibition of NS3
protease and helicase, leading to the suppression of HCV
replication. However, other effects of extract C-29EA on HCOV
replication could not be excluded in this study.

The compound 1-N, 4-N-bis [4-(1H-benzimidazol-2-yl)phenyl]
benzene-1,4-dicarboxamide, which is designated as (BIP)oB, was
reported to be a potent and selective inhibitor of HCV NS3
helicase [43]. This compound competitively decreases the binding
ability of HCV NS3 helicase to nucleic acids. The compound
(BIP),B mhibited RNA-induced stimulation of ATPasc, although it
did not directly aflect the ATP hydrolysis activity of NS3 helicasc.
Thus, (BIP),B could not affect ATPasc activity without RNA or
with a high concentration of RNA. Treatment with C-29EA
inhibited hclicase activity and viral replication but not ATPasc
activity (Figs, 1B, 2, 5, and 6). This extract suppressed the binding
of RNA to helicase but exhibited no suppression of ATPase by
NS$3 helicase. Thus, the inhibitory action of extract C-29EA seems
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Figure 7. Effect of C-29EA on the activity of NS3 serine
protease. NS3/4A serine protease was mixed with various concentra-
tions of C-29EA or DMSO (0) in the reaction mixture and then incubated
at 37°C for 120 min. The initial velocity at each concentration of C-29EA
was calculated during 120 min reaction. The initial velocity in the
absence of C-29EA was defined as 100% of relative protease activity.
The data are presented as the mean = standard deviation for three
replicates.

doi:10.1371/journal.pone.0048685.g007

different from that of (BIP);B. The quinolone derivative QU663
was reported to inhibit the unwinding activity of NS3 helicase by
binding to an RNA-binding groove irrespective of its own ATPase
activity [44]. The compound QU663 may competitively bind the
RNA-binding site of NS3 but not affect ATPase activity, resulting
in the inhibition of unwinding activity. In this study, treatment
with G-29EA inhibited the RNA-binding activities of NS3 helicase
but did not affect ATPasc activity (Fig. 6). Furthermore, treatment
with C-29EA suppressed the viral replication of HCV in an HCV
cell culture system derived from scveral virus strains (Figs. 1 and 2,
Table 2). The mechanism of C-29EA on the inhibition of NS3
helicase may be similar to that of compound QU663.

Tt is unknown whether one or several molecules included in C-
29EA are critical for the inhibition of protease and helicase
activities, The serine protease NS3/4A is one of the viral factors
targeted for development into antiviral agents. Improvements in
HCV therapy over the past several years have resulted in FDA
approval of telaprevir  (VX-950) [15,45] and boceprevir
(SCH503034) [46,47]. Several studics suggest that the activities
of NS3/4A protease and helicase in the full-length molecule
cnhance cach other [48,49]. The NS3/4A protease has formed a
complex with macrocyclic acylsulfonamide inhibitors [50,51].
Schiering et al. recently reported the structure of full-length
NS3/4A in complex with a macrocyclic acylsulfonamide protease
inhibitor [52], although the structure of full-length HCV NS3/
4A in complex with a protease inhibitor has not been reported.
The inhibitor binds to the active site of the protease, while the
P4-capping and P2 moietics of the inhibitor are exposed toward
the helicase interface and interact with both protease and
helicase residues [52]. An unknown compound included in C-
29FA might interact with both protease and helicase domains of
NS3 to inhibit their activitics. However, our data in this study
have not excluded the possibility that several compounds
included in C-29EA arc rclated to the inhibition of protease
and helicase of NS3/4A.

PLOS ONE | www.plosone.org
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Figure 8. Effect of C-29EA on the antiviral activity of interferon-
alpha. (A) The Huh7 cell line, including the subgenomic replicon RNA
of genotype 1b strain Conl, was incubated in medium containing
various concentrations of C-29EA or DMSO (0) in the presence or the
absence of interferon-alpha. Luciferase assay were carried out as
described in Materials and Methods. Error bars indicate standard
deviation. The data represent three independent experiments. (B)
isobole plots of 90% inhibition of HCV replication. The broken line
indicates the additive effect in the isobologram.
doi:10.1371/journal.pone.0048685.9008

In conclusion, we showed that the EtOAc extract from
Amphimedon sp.  significantly inhibits  HCV  replication by
suppressing viral helicase and protease activitics. The purifica-
tion of an inhibitory compound from the extract of Amphimedon
sp. will be necessary in order to improve its efficacy by chemical
modification.

Materials and Methods

Preparation of Extracts from Marine Organisms

All marine organisms used in this study were hand-collected by
scuba diving ofl islands in Okinawa Prefecture, Japan. No specific
permits were required for the described field studies. We do not
have to obtain a local government permit to collect invertehrates
except for stony corals and marinc organisms for fisheries, which
we did not collect in this study. The areas where we collected are
not privately-owned or protected in any way. We did not collect
any invertebrates listed in the red data book issued by Ministry of
Environment, Japan. The sponges, tunicates, and soft corals used
in this study are not listed at all. Hence, no specific permits arc
required for this collection in the same way as the previous report
of Aratake et al. [53].

The sponge from which C-29EA was extracted was identified as
Amphimedon sp. and deposited at Naturalis under the code RMNH
POR 6100. Each specimen was soaked in acetone. The acetone-
extract [raction prepared from each specimen was concentrated.
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The resulting material was [ractionated as an EtOAc- and water-
soluble fraction, The water-soluble fraction was dried up and
solubilized in McOH. The EtOAc- and the MeOH-soluble
fractions were used for screening. All samples were dried and
then solubilized in dimethyl sulfoxide (DMSO) before testing.

Cell Lines and Virus

The following Huh-7-derived cell lines used in this study were
maintained in Dulbecco’s modified Eagle’s medium containing
10% fetal calf serum and 0.5 mg/ml G418. The Lunct/Conl
LUN Sb #26 cell line, which harbors the subgenomic replicon
RNA of the Conl strain (genotype 1b), was kindly provided by
Ralf Bartenschlager [26]. Huh7/ORN3-5B #24 cell line, which
harbors the subgenomic replicon RNA of the O strain (genotype
1b) was reported previously [54] and uscd for screcning in this
study (Table 1). HCV replicon cell line derived from genotype 2a
strain JFHI was described previously [55]. The surviving cells
were infected with the JFH-1 virus at a multiplicity of infection
(moi) of 0.05. The viral RNA derived from the plasmid pJFH1 was
transeribed and introduced into Huh7OK1 cells according to the
method of Wakita et al. [56]. The infectivity of the JFH1 strain
was determined by a focus-forming assay [36].

Quantitative Reverse-transcription PCR (gRT-PCR) and
Estimation of Core Protein

The estimation of viral RNA genome was carried out by the
method described previously [57] with slight modification. Total
RNAs were prepared from cells and culture supernatants by using
an RNeasy mini kit (QIAGEN, Tokyo, Japan) and QIAamp Viral
RNA mini kit (QIAGEN), respectively. First-strand ¢cDNA was
synthesized by using a high capacity cDNA reverse transcription
kit (Applicd Biosystems, Carlshad, CA, USA) with random
primers. Each ¢cDNA was estimated by using Platinum SYBR
Green qPCR SuperMix UDG (Invitrogen, Carlshad, CA, USA)
according to the manufacturer’s protocol. Fluorescent signals of
SYBR Green were analyzed by using an ABI PRISM 7000
(Applicd Biosystems). The HCV internal ribosomal entry site
(IRES) rcgion was amplified using the primer pair 5-
GAGTGTCGTGCAGCCTCCA -3" and 5’- CACTCGCAAG-
CACCCTATCA -3'. Txpression of HCV core protein was
determined by an enzyme-linked immunosorbent assay (ELISA)
as described previously [57].

Determination of Luciferase Activity and Cytotoxicity in
HCV Replicon Cells

HCYV replicon cells were seeded at 2x10* cells per well in a 48-
well plate 24 h before treatment. C-29FA was added to the culture
medium at various concentrations. The treated cells were
harvested 72 h post-treatment and lysed in cell culture lysis
reagent (Promega, Madison, WI, USA) or Remilla luciferase assay
lysis buffer (Promega). Luciferase activity in the harvested cells was
estimated with a luciferase assay system (Promega) or a Renilla
lucilerase assay system (Promega). The resulting luminescence was
detected by the Luminescencer;JNR AB-2100 (ATTO, Tokyo,
Japan) and corresponded to the expression level of the HCV
replicon. Cell viability was measured by a dimethylthiazol
carboxymethoxy-phenylsulfophenyl tetrazolium (MTS) assay us-
ing a CellTiter 96 aqueous one-solution cell prolifcration assay kit

(Promega).
Effects on Activities of Internal Ribosome Entry Site (IRES)

Huh7 cells were transfected with pEF.Rluc. HCV.IRES.Feo or
PEF.Rluc. EMCV.IRES.Feo and then were established in medium
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containing 0.25 mg/ml G418, as described previously [58]. These
cell lines were seeded at 2x10* cells per well in a 48-well plate
24 h belore treatment, treated with 15 pg/ml extract C-29TA,
and then harvested at 72 h post-treatment. The firefly luciferase
activities were measured with a luciferase assay system (Promega).
The total protein concentration was measured using the BCA
Protein Assay Reagent Kit (Thermo Scientific, Rockford, TL,
USA) to normalize luciferase activity.

Western Blotting and Reverse-transcription Polymerase
Chain Reaction (RT-PCR)

Western blotting was carried out by a method described
previously [30]. The antibodies to NS3 (clone 8G-2, mousc
monoclonal, Abcam, Cambridge, UK), NS5A (clone 256-A,
mouse monoclonal, ViroGen, Watertown, MA, USA), and beta-
actin were purchased from Cell Signaling Technology (rabbit
polyclonal, Danvers, MA, USA) and were used as the primary
antibodies in this study. RT-PCR was carried out by a method
described previously [30,58].

Assays for RNA Helicase, ATPase, and RNA-binding
Activities

A continuous fluorescence assay based on photoinduced
clectron transfer (PET) was described previously [29] and was
slightly modified with regard to the reaction mixture [30]. The
NS3 RNA unwinding assay was carried out by the method of
Gallinari ct al. [59] with slight modifications [30]. NS3 ATPase
activity was determined by the method of Gallinari et al. [59] with
slight modifications [30]. RNA binding to NS3 helicase was
analyzed by a gel mobility shift assay [30,31]. The gene encoding
N83 helicase was amplified from the viral genome of genotype 1b
and was introduced into a plasmid for the expression of a
recombinant protein [38,60]. The radioactive band was visualized
with the Tmage Reader FLA-9000 and quantified by Multi Gauge
V 3.11 software.

NS3 Protease Assay

The fluorescence NS3 serine protease assay based on [luores-
cence resonance energy transfer (FRET) was carried out by the
modified method using the SensoLyte ™ 520 HCV proteasc assay
kit (AnaSpec, Fremont, CA, USA). In bricf, NS3 protcin with a
two-fold excess of NS4A cofactor peptide (Pep4AK) was prepared
in 1% assay buller provided with the kit. HCV NS3/4A protease
was mixed with increasing concentrations of C-29EA and
incubated at 37°C for 15 min. The reaction was started by
adding the 5-FAM/QXIL 520 substrate (o the reaction mixture
containing 180 nM HCV N83/4A protease and various concen-
trations (0-400 pg/ml) of C-29EA. The resulting mixture (20 pi)
was incubated at 37°C for 120 min using a LightCycler 1.5
(Roche Diagnostics, Basel, Switzerland). The fluorescence inten-
sity was recorded every minute for 120 min. The NS3 serine
proteasc activity was calculated as the initial reaction velocity and
presented as a percentage of relative activity to that of the control
examined with DMSO solvent but not C-29EA, in the same way
as described in the fluorescence helicase assay [29].

Analysis of Drug-drug Interaction

The cilects of drug combinations were evaluated using the
isobologram method [33]. Various doses of C-29EA and
interferon-alpha on 90% inhibition of HCV replication were
combined to generate an isoeffect curve (isobole) to determine
drug-drug interaction. Concave, linear, and convex curves exhibit
synergy, additivity, and antagonism, respectively.

November 2012 | Volume 7 | Issue 11 | 48685



