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Abstract

HuH-7 is a highly differentiated hepatoma cell line and the only cell line that supports
HuH-7 cells cause cell death in serum-free culture condition. However, the effect is
cultures are advantageous for vaccine development and experimental reproducibilit

NA replication of the hepatitis C virus (HCV).
¢ supplementation with selenium. Serum-free cell
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The discovery of the HCV subgenomic replicon in 1999
was a turning point for HCV RNA replication in cultured cells
(Lohmannetal., 1999). Furthermore, genome-length HCV RNA

1. Introduction
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replication systems were developed using N, Conl, and H strains
(Blight et al., 2002; Ikeda et al., 2002; Pietschmann et al., 2002).
We recently developed a genome-length HCV RNA (strain O of
genotype 1b) replication reporter system (OR6) as an effective
screening system (Ikeda et al., 2005). The development of infec-
tious virus-producing cells has been a remarkable breakthrough
in the fields of virology (Lindenbach et al., 2005; Wakita et al.,
2005; Zhong et al., 2005).

HuH-7 is a highly differentiated hepatoma cell line that is
commonly used for replication and infection studies. However,
these cells have been reported by a number of groups to be

. heterogeneous, and the replication efficiency of this cell line

differed among subclonal HuH-7 cells. Parental HuH-7 cells
showed low capacity for HCV RNA replication and low sus-
ceptibility for HCV infection, but Huh7.5, Huh-Lunet, and our
recently developed the RSc cells efficiently support HCV RNA
replication and infection (Blight et al., 2002; Pietschmann et
al., 2006; Ikeda et al., in preparation). In addition to these sub-
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clonal HuH-7 cell features, fetal bovine serum (FBS) may be
another factor that affects HCV RNA replication and infection,
as FBS is a pooled material containing unknown factors from
different origins. Therefore, different FBS lots may affect the
reproducibility of experiments conducted by different research
groups. Furthermore, pathogens contained in FBS may intro-
duce additional problems during the development of an HCV
vaccine.

To resolve these issues, in this study, we investigated whether
or not HCV RNA could replicate in serum-free cell culture.
As HuH-7 cells produce an autocrine growth factor, hepatoma-
derived growth factor, additional supplementation with growth
factor seemed to be unnecessary (Nakamura et al., 1989, 1994).

HuH-7 cells cause cell death in serum-free culture condi-

tion. However, when HuH-7 cells were cultured in serum-free
medium supplemented with selenium, they produce a number
of plasma proteins and liver-specific enzymes essential for their
survival (Nakabayashi et al., 1982, 1984). Therefore, the serum-
free culture of HuH-7 cells can be maintained by the addition
of selenium alone. However, HCV RNA replication was not yet
maintainable under these conditions.

In the present study, we found that HCV RNA replicates
robustly for more than 9 months in serum-free medium sup-
plemented with selenium and lipid-rich albumin (LRA). These
results indicate the requirement of the lipid for HCV RNA repli-
cation. This cell culture system is expected to be a useful tool

for the development of an HCV vaccine, and will also enhance,

the reproducibility of experiments, including those that evalua
anti-HCV reagents.

2. Materials and methods
2.1. Reagents

Sodium selenite (Na;SeQ3), insulin, linoleic acid, oleic
acid, IFN-a, and cyclosporine A (CsA) weregpurchased from
Sigma~Aldrich (St. Louis, MO). Fluvastati ) and low-
density lipoprotein (LDL) were purchaséd fi Calbiochem
(San Diego, CA). Lipid-rich albumingALBUMAX I™) was
purchased from Invitrogen and i djto as LRA in this
study.

2.2. Cell cultures

The ORG6 cells were ¢
medium (DMEM; Gibco-B
Carlsbad, CA) supplem:

ifr Dulbecco’s modified eagle’s
, Invitrogen Life Technology,
with 10% FBS, 2 mM L-glutamine,
0.1 mM non-esse %%a*i 10 acids, 1% penicillin—streptomycin
(referred to as 1 medium in this study), and G418
(300 pg per ml; Genetitin, Invitrogen) in a 5% CO; atmosphere
at 37°C. The cells were supplied with fresh medium twice a
week at a 5:1 split ratio. The serum-free medium was DMEM
containing 100 nM sodium selenite (Na;SeOs3, Sigma-Aldrich)
with LRA. The cells were cultured on six-well plates in 10%
FBS medium or the serum-free medium. The cells cultured in
the serum-free medium were harvested at 1, 3, 6, 9, and 12
months, and were subjected to Western blot analysis.

2.3. Cell count

To examine cell growth in selenium-containing medium with
10% FBS, 2 mg per ml of LRA, or no supplementation, OR6 cells
were seeded at a density of 1 x 10° cells per well onto six-well
plates in the absence of G418. Then, the number of the cells was
counted in an improved Neubauer-type hemotocytometer after
trypan blue dye (Invitrogen) treatmeng,

2.4. Western blot analysis

el )

Preparation of the cel//}m : odlum dodecyl sulfate-
polyacrylamide gel electr@phoresis, “and immunoblot analy51s
with a polyvinylidene difltuciidé
as described prev1ou
ies used in this study “w e those agamst Core (Institute of
Immunology, Tokyo, Japan), NS3 (Novocastra Laboratories,

UK) and B-actin (AC-15; Sigma~Aldrich). Immunocomplexes

ase reporter assay was performed as described pre-
Ikeda et al., 2006). Briefly, 2 x 10* cells were plated
well plates and cultured in 10% FBS or the serum-
edium, at least in triplicate for each assay, and the cells
cultured for 24 h. Then, the cells were treated with human
-a, CsA, or FLV at several concentrations for 72h. The
cells were then harvested and subjected to luciferase assay
using the Renilla luciferase assay system (Promega). The cells
were washed twice with phosphate-buffered saline and were
then extracted with 100 pl of Renilla lysis reagent. The relative
luciferase unit value in 10 wl of lysates was measured by adding
50 wl of Renilla luciferase assay reagent according to the manu-
facturer’s protocol. A manual Lumat LB 9501/16 luminometer
(EG&G Berthold, Bad Wildbad, Germany) was used for the
detection of luciferase activity.

3. Results

3.1. Efficiency of HCV RNA replication in HuH-7 cells with

_ supplements in serum-free medium

At the early stage of the establishment of the HuH-7 cells,
the serum-free cell culture was examined; the HuH-7 cells were
found to replicate continuously for more than 9 months in a
chemically defined medium containing selenium (Nakabayashi
etal., 1982). Furthermore, the HuH-7 cells were maintained for a
period of more than 3 years in improved serum-free medium con-
taining additional supplements, i.e., oleic acid, linoleic acid, and
insulin (Nakabayashi et al., 1984). We first investigated whether
these serum-free conditions would support HCV RNA replica-
tion using the ORG6 reporter system. The OR6 cells supported
the replication of genome-length HCV-O RNA, into which the
luciferase gene had been introduced (Ikeda et al., 2005). Using
this OR6 system, we were able to monitor the level of HCV RNA
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Fig. 1. HCV RNA replication in OR6 cells under different cell culture con-
ditions. The ORG6 cells were cultured in DMEM containing 100 nM sodium
selenium with FBS (0.1, 1, 5, and 10%), insulin (3 and 10 pg per ml), linoleic
acid (3 and 18 nM), oleic acid (3 and 18 nM), LDL (50, 100, and 200 wg per
ml), or LRA (0.5, 1.0, and 2.0 mg per mi). The cells were harvested at 24 and
96 h and were subjected to luciferase assay as described in Section 2. Relative
luciferase activities (%) were obtained from the value at 96 h, when the value
at 24 h was assigned as 100%. The data indicate means =+ standard deviations
(S.D.s) from three independent experiments. (—) indicates culture in DMEM
containing 100 nM sodizm selenium.

replication by measuring the activity of luciferase. Luciferase
activity at 96h was five times higher than that at 24 h in 10%
FBS medium (Fig. 1). However, HCV RNA replication was
reduced when the OR6 cells were cultured in serum-free mediu
containing only selenium (Fig. 1). Serum-free medium sup;
mented with insulin reduced HCV RNA replication to g
one-third of that observed in cultures maintained in 10§
medium supplemented with selenium. When used in co
tion with linoleic acid or oleic acid, the serum-free medium wi
selenium remarkably reduced HCV RNA replication (Fig. 1).
However, in the serum-free medium with selen a in combina-

ml), HCV RNA replication was supporte
that in 10% FBS medium, although the rep
was slightly low level in serum-free megdi
LRA supplement at 0.5 mg per ml.
chemically conditioned serum-free,n
selenium is not sufficient to sup
the addition of either LDL
cation to almost the same lg

o supplemented with
RNA replication, but

medium supplemented with FBS or LRA

As HCV RNA replication depends on cell growth (Guo et al.,
2001; Pietschmann et al., 2001), we next determined the number
of cells at 24, 48, 72, and 96 h of culture. The doubling time of
the ORG6 cells was estimated to be approximately 29, 43, and
64 h in selenium-containing medium with 10% FBS, or 0.5, 1.0,
and 2mg per ml of LRA, or no supplementation, respectively

nium was slower than that in the medium supplemented with
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Fig. 2. Cell growth of HuH-7 c&f
FBS medium. The OR6 cells wé%l dat 1 x 10 cells per well onto six-well
plates in triplicate. The cells were cultured in DMEM containing 100 nM sodium
selenium with 10% FBS or 0.5, 1.0 and 2.0 mg per ml LRA or no supplement
and were harvestedat 24, 48, 72, and 96 h. The cells were cultured in DMEM or
DMEM with LRA in*} sence of selenium and were harvested at indicated
time points. hN

or LRA containing medium enhanced the
ells and the combination of the selenium with
nhanced the cell growth in a LRA dose-dependent

lemnted with 10% FBS and selenium (Fig. 1), although the
%)l growth of the culture in the medium with LRA and sele-

0% FBS and selenium. These results indicate that LRA may
contain factors that enhance HCV RNA replication, and these
LRA-derived factors appear to function in a manner that is not
dependent on the cell growth factor.

3.3. Expression of HCV proteins in HuH-7 cells at 1 month
of cell culture under various medium conditions

‘We continued to maintain the culture of OR6 cells for 1 month
in different types of conditioned media. NS3 and Core HCV
proteins were detected in the ORG6 cell culture for 1 month in
medium containing selenium with 10% or 5% FBS, but not with
1% or 0.5% FBS (Fig. 3A). The protein expression levels were
higher in the cell culture with 10% FBS medium than in that with

- the 5% FBS medium. HCV proteins were not detected in the OR6

cells cultured in serum-free medium containing selenium alone
(Fig. 3A). In contrast, HCV proteins were detected in LRA-
and selenium-containing cell cultures. The levels of expression
of HCV proteins were almost equal to those in the cell culture
with selenium and 5% FBS (Fig. 3A). To further confirm the
results, we performed luciferase assay for the OR6 cells cultured
for 1 month after RNA transfection (Fig. 3B). These results
indicated that HCV RNA replication was not maintained for
more than 1 month in low concentrations (less than 1%) of FBS
with selenium. However, the cell culture in serum-free medium
with selenium and LRA at concentrations of 0.5, 1, or 2 mg per
ml did efficiently support HCV RNA replication for more than
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Fig. 3. Expression of HCV proteins in HuH-7 cells cultured in serum-free

medium with LRA or in 10% FBS medium. OR6 cells were cultured for 30

days in DMEM containing 100 nM sodium selenium with LRA..(0.5, 1.0, and -

2.0 mg per ml) or FBS (0.1, 1, 5, and 10%). (—) indicates the culture in DMEM

with sodium selenium. (A) The production of Core and NS3 in the OR6 cells was

analyzed by immunoblotting using anti-Core and anti- NS3 antibodies. B-ac
was used as a control for the amount of protein loaded per lane. (B) Relan

alternative supplement to FBS, when used in combinZti
selenium for HCV RNA replication.

Since ORG6 cells cultured in serumfré
nium and LRA could support HCV'
1 month we continued to culture t

suggest that serum-free
supports HCV RNA replica
the culture supplementédy
at least more thari!

lture supplemented with LRA
n at almost equal level to that in
1 10% FBS without G418 selection

3.5. Influence of anti¥fICV compounds on HCV RNA
replication in ORG cells cultured in serum-free medium
supplemented with LRA and selenium

IFN is currently used as a therapeutic treatment of patients
with chronic hepatitis C. Subgenomic HCV replicon-harboring
cells and genome-length HCV RNA-replicating cells have been
used to evaluate IFN and other candidate anti-HCV reagents, as

10%FBS  LRA (1.0mg/mi) LRA (2.0 mg/mi)

136912136912(momhs)

1369

Fig. 4. Core expression in a long-term cultq&e of OR6 cells in serum-free
medium supplemented with LRA. The OR ceils\ ere cultured for 1 year in
DMEM containing 100 nM sodium selemm%%RA at 1.0 or 2.0mg per
mil. The OR6 cells were also cultured ] 10% FBS and used as
a positive control. Cells were harvesteﬂ 316, 9, and 12 months, and were
subjected to Western blot analysis f e { ing anti-Core antibody. B-actin
was used as a control for the amogt of te”ﬁoaded per lane.

(Ikeda et al.,
2003; Ye et al., 2003). However, one remaining problem with
the evaluatign of the anti-HCV activity of these reagents has
derived from pooled blood materials and con-

av'few cellular factors as possible in order to ensure
lity of the results. In this context, completely chemical
ed medium is most ideal. Although our selenium and
ture system still contained animal proteins and lipids, it
ined fewer unknown factors than medium containing FBS. -
cbmpared the anti-HCV activity of IFN-a, CsA, and FLV

~in serum-free medium with selenium and LRA, as well as in
4 10% FBS medium with selenium. OR6 cells were treated with

these reagents for 72 h, and harvested cells were subjected to
luciferase assay. When the ORG6 cells were treated with IFN-«
under either the 10% FBS medium condition or the selenium and
LRA condition, HCV RNA replication was inhibited by IFN-a
in a dose-dependent manner (range: 0.625-5 IU per ml; Fig. 5).
However, the sensitivity of the cultures to IFN-a was greater in
selenium and LRA medium than in 10% FBS medium (Fig. 5).
When the OR6 cells were treated with CsA at low concentra-
tions of 0.0625 and 0.125 g per mi, sensitivity was greater
in selenium and LRA medium than in 10% FBS medium, but
almost identical sensitivity was observed under both medium
conditions at concentrations of CsA of 0.25 and 0.5 wg per ml
(Fig. 5). The most striking result was observed when the OR6
cells were treated with FLV in concentrations ranging from 1.25
to 10 pM. In contrast to the results obtained with CsA and IFN-«,
the sensitivity associated with FLV was markedly reduced in the
cultures treated with selenium and LRA medium, as compared
to that of cultures in 10% FBS medium (Fig. 5).

4, Discussion

The development of serum-free cell culture systems will
reduce the risk of contamination by infectious pathogens of ani-
mal origin in studies of vaccine development. Moreover, such
systems will enhance the reproducibility of such experiments,
because FBS contains unknown cellular factors that can affect
the physiological state of cells. In this study, we developed a
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Fig. 5. Influence of anti-HCV .compounds on HCV RNA replication in OR6
cells in serum-free medium supplemented with LRA or in 10% FBS medium.
The OR6 cells were cultured in triplicate in 10% FBS medium with selenium
(100nM) or in serum-free medium with LRA (2mg per ml) and selenium
(100 nM). Under these cell culture conditions, the cells were treated with CsA
(0.0625, 0.125, 0.25, and 0.5 g per ml), FLV (1.25, 2.5, 5.0, and 10 wM), or
IFN-a (0.625, 1.25, 2.5, and 5 IU per ml) for 72 h. Then, the cells were harvested
and subjected to luciferase assay as described in Section 2. The luciferase activity
of OR6 cells cultured under both medium conditions in the absence of anti-HCV
compounds was assigned as 100% and is indicated by (—).

novel serum-free cell culture system supplemented with LRA
that was able to support HCV RNA replication for more than 9
months. Although this cell culture system still contained animal
proteins, the quantity of unknown cellular factors contained i
the FBS was to a great extent reduced. The development of s
along-term cell culture is noteworthy, as it could be used
stable mass-production of an HCV vaccine.
In a related previous study, it was reported that in
linoleic acid, and oleic acid enhance the growth of HuH-7 cell%
serum-free cell culture (Nakabayashi et al., 1984). Therefore, we
tested these supplements in HCV RNA replicatjgl
Insulin was found to slightly enhance HCV R }

another recent study, Kapadia and co-wor
acid enhanced HCV RNA replication i
culture (Kapadia and Chisari, 2005).
been due to the presence or absen,

support HCV RNA replicati
LDL is an exogenous soyzce

to support HCV RNA repli
5 §

holesterol, and it was found
in serum-free cell culture.

onate, which is a pi¢ o
isoprenoid, is directe on-sterol isoprenoid. Non-sterol iso-
prenoid is essential for the prenylation of cellular proteins that
support HCV RNA replication (Ikeda et al., 2006; Kapadia and
Chisari, 2005; Ye et al., 2003). For this reason, LDL may sup-
port HCV RNA replication, even in serum-free cell culture. LRA
was initially developed to reduce or replace the requirement
of serum supplementation by chromatographic separation from
bovine plasma (Invitrogen). Here, we found that LRA supported
HCV RNA replication as well as cell growth in serum-free cell

culture. LRA contains free fatty acids and cholesterol associated
with albumin. Therefore, cholesterol may, at least to some extent,
play arole in HCV RNA replication by the mechanism described
above. However, care should be taken before coming to a con-
clusion regarding the effects of free fatty acids on HCV RNA
replication, because LRA contains a mixture of fatty acids in dif-
ferent states of saturation. Recent reports have demonstrated that
saturated fatty acids enhance HCV RNA@ plication, but polyun-
saturated fatty acids inhibit HCV RN
Chisari, 2005). In addition, these d
HCV RNA replication in serum-¢

has been shown to exert diffe
tion under serum-containi

¥on HCV RNA replica-
m free culture conditions.

studies will be needed.

Here, HCV RNA rephcatlon depended on the growth of HuH-
7 cells, and it has previously been shown that expression levels
of HCV proteins:
al., 2001; Pie

ell growth and found that cell growth in
with LRA was slower than that in 10%
though the replication levels of HCV RNA were
both culture conditions studied. As regards HCV

A rephcatlon in HuH-6 cells was not dependent on
owth (Windisch et al., 2005). They demonstrated that
pression of HCV proteins was not reduced, even when
HuH-6. cells became confluent. In serum-free culture sup-
lemented with LRA, HCV RNA replication in HuH-7 cells

’ proceeds in a manner independent of cell growth, as was previ-

ously observed in the case of replication in HuH-6 cells.

One disadvantage associated with the use of FBS-containing
cultures in virology studies is the influence exerted by unknown
serum proteins, because FBS is derived from the serum pool of
a bovine population. To prevent discrepancies between exper-
iments due to differences between FBS lots, it is desirable to
include only the most simple components as possible in the cul-
ture media. To this end, serum-free cultures are preferable in
terms of reproducibility. Along these lines, it is expected that
the use of our serum-free culture system with LRA may lead
to improvements in experimental conditions for experiments in
cell biology, as our culture medium contained only very simple
supplements: fatty acids, cholesterol, albumin, and selenium.
We tested the anti-HCV reagents CsA, FLV, and IFN-«a in our
serum-free culture supplemented with LRA. CsA and IFN-«
were found to inhibit HCV RNA replication more efficiently in
serum-free medium with LRA than in 10% FBS medium. Sur-
pﬁsingly, FLV inhibited HCV RNA replication less effectively
in serum-free medium supplemented with LRA than it did in
10% FBS medium. One explanation for these differences may

. bethatonly FLV is a lipid metabolism-related reagent, and there-

fore the anti-HCV effect appeared to be antagonized by LRA.
To clarify this issue, further study will be needed.

The goal of a serum-free cell culture is to develop a cell
culture system containing only compounds that are of non-
animal origin. Recently, a serum-free cell culture for canine
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pathogenic virus production was reported using Madin Darby
canine kidney cells lacking animal protein (Mochizuki, 2006).
In this system, soybean peptone was used for the serum-free
culture without animal protein. Canine viruses were able to
grow almost as efficiently in this serum-free medium as in
serum-containing medium. This plant protein-containing culture
system is of the second-highest quality in terms of controlling for
animal-derived pathogens in vaccine development experiments.
Assessments of this animal protein-free cell culture system in
terms of its usefulness for HCV RNA replication are therefore
warranted.

We found HuH-7 cells supported HCV RNA replication for
more than 9 months in serum-free medium supplemented with
LRA at 1.0mg per ml and selenium at 100 nM. This is the first
report to describe HCV RNA replication in a long-term, serum-
free culture. Recently, an infectious virus-producing cell culture
system was reported using genotype 2a strain JFH1 (Lindenbach
et al., 2005; Wakita et al., 2005; Zhong et al., 2005). We are cur-
rently examining infectious virus production in a serum-free cell
culture using the JFH1 virus. Our serum-free cell culture system
may provide the useful information to the vaccine development.

In conclusion, we have established a serum-free cell culture
system supplemented with LRA for the purpose of achieving
HCV RNA replication. HCV proteins were detected during this
series of experiments for more than 9 months. The present
system has enabled an ongoing study of the production of an
infectious HCV virion. Our serum-free cell culture system will
yield relevant information for vaccine development, sustairy
only a relatively low risk of pathogenic contamination as cg
pared to that of previous systems, and is expected to im
the reproducibility of similar experiments in the future
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-Abstract

the cell background of sO and O cells, respectlvely, and found additional adapti¢e-N
the robust replication of genome-length HCV RNA. We further found that speciff
HCV RNA replication, regardless of the cell lines examined. These findings

genome-length HCV RNA.
© 2006 Elsevier B.V. All rights reserved.

iy utatlons (Q1112R, Pl 115L, and E1202G) required for
sbinations of adaptive NS3 mutations drastically enhanced
at specific viral factors may affect the replication level of

Keywords: Hepatitis C virus; Adaptive mutation; Genome-length HCV" RN )ca 1n HCV RNA-replicating cell line

1. Introduction

Infection with the hepatitis C virus (HCV), of the family Fla-
viviridae, frequently causes chronic hepatitis, ¥ 1 rdgresses
to liver cirrhosis and hepatocellular carcin s /;r@;nore than
170 million individuals are estimated to beyinfected with HCV
worldwide, this disease is a global healthproblem (Thomas,
2000). HCV is an enveloped virus wi g\s ivé single-stranded
9.6 kilobase (kb) RNA genome, Wth 5—(?68 a large polypro-
tein precursor of about 3000 a no""c;t‘ a) (Kato et al., 1990;
Tanaka et al., 1995). This po pl:%' processed by a combi-
nation of the host and viral pééleas $?into at least 10 proteins:
the core, envelope 1 (E1), EZyp7 nén-structural 2 (NS2), NS3,
NS4A, NS4B, NS5A,. \SSE(Hmkata et al., 1991, 1993).
These HCV proteing-fu ctlonwot only in virus replication but
may also affect a v "?fkellular functions, including gene

* Corresponding author. Tel.: +81 86 235 7385; fax: +81 86 235 7392.
E-mail address: nkato@md.okayama-u.ac.jp (N. Kato).
! Present address: Department of Molecular Oncology, Kanazawa University
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Ishikawa 920-0934, Japan.

0168-1702/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.virusres.2006.12.011

expression, signal transduction, and apoptosis (Bartenschlager
and Lohmann, 2000; Kato, 2001). .
Although studies on the mechanism of HCV replication were
for many years difficult due to the lack of efficient HCV pro-
liferation in cell cultures (Kato and Shimotohno, 2000), such
studies proliferated after the development of subgenomic HCV
replicon (Con-1 of genotype 1b) that was capable of replica-
tion in human hepatoma (HuH-7) cells (Lohmann et al., 1999).
The subgenomic replicon RNA is composed of the HCV 5'-
untranslated region (UTR) fused to the first 12 aa of the core
coding region, the neomycin phosphotransferase (Neo®) gene
as a selectable marker, and the HCV NS3-NS5B regions under
the control of an encephalomyocarditis virus (EMCV) internal
ribosomal entry site (IRES), followed by 3’-UTR. After the first
replicon, several additional replicons derived from H77 (la),
N (1b), 1B-1 (1b), O (1b), and JFH-1 (2a) strains were devel-
oped, and tissue, genotype, and host ranges were also expanded
(Ali et al., 2004; Blight et al., 2000; Date et al., 2004; Ikeda
et al., 2002; Kato and Sugiyama et al., 2003; Kato and Date
et al.,, 2003; Kishine et al., 2002; Zhu et al., 2003). Since
intracellular replicon RNAs were easily detected by Northern
blot analysis and the HCV proteins produced were detected by
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Western blot analysis, these cell culture replication systems
became valuable tools for basic studies of HCYV, such as stud-
ies for viral replication and drug development (Bartenschlager,
2002, 2005; Lindenbach and Rice, 2005). However, in attempts
to examine what happens in HCV-infected hepatocytes, subge-
nomic HCV replicons were insufficient because they lacked the
effects of HCV structural proteins. For this reason, five kinds of
genome-length HCV RNA-replicating cell lines, derived from
H77 (1a), N (1b), Con-1 (1b), O (1b), and JFH-1 (2a) strains,
have been established to date (Ikeda et al., 2002, 2005; Blight
et al., 2002; Lindenbach et al., 2005; Pietschmann et al., 2002;
Wakita et al., 2005; Zhong et al., 2005). Regarding the JFH-1
strain, the infectious virus was efficiently produced in cell culture
(Lindenbach et al., 2005; Wakita et al., 2005; Zhongetal., 2005).
Studies in the past few years using subgenomic HCV repli-
con systems have revealed that most replicons possess cell
culture-adaptive mutations, which enhance the efficiency of
RNA replication and arise during G418 selection. Although
these mutations have been found in most NS regions, they clus-
ter in three distinct areas: the N-terminus of the NS3 helicase,
two distinct positions of NS4B, and the center of NS5A (Appel
etal., 2005; Blight et al., 2000, 2002, 2003; Grobler et al., 2003
Ikedaetal., 2002, 2005; Kato and Sugiyama et al., 2003; Kishine
et al., 2002; Krieger et al., 2001; Lohmann et al., 2001, 2003;
Yi and Lemon, 2004). To date, however, little information is
available on the adaptive mutations obtained from a genome-

length HCV RNA replication system. On the other hand, highly_

permissive cells (cured cells) for efficient RNA replication we
also obtained by the elimination of replicons from the G4
selected cells by interferon (IFN) treatment (Blight et al., 2
Kato and Sugiyama et al., 2003 Lohmann et al., 2003,

efficiency of RNA replication. '

The sO replicon (O strain) that we developed also pos ‘
a unique adaptive mutation (S2200R) in the center of NS5A
(Kato and Sugiyama et al., 2003), and we rec
genome-length HCV RNA-replicating cell

tion into sOc cured cells, which were
replicon from sO cells by IFN tr
Sequence and functional analyses

ed by eliminating sO

RNAs obtained from
n (K1609E) in the C-
terminus of the NS3 helicas
which were created by elif

erived from sO cells (Ikeda et

tion, such as K160
genome-length HCV RNA, and that the cell backgrounds regard-
ing the potentials of genome-length HCV RNA replication differ
greatly between Oc and sOc cells.

To evaluate these ideas, we newly established four kinds of
genome-length HCV RNA-replicating cells possessing the cell
background of sO or O cells, and then we characterized the
genetic mutations detected in the replicating HCV RNAs. Here,
we report the findings of adaptive NS3 mutations required for

withi82200R muta-

1s required for the robust replication of

the robust replication of genome-length HCV RNA, and the
drastic enhancement of HCV RNA replication by the specific
combination of these adaptive NS3 mutations.

2. Materials and methods
2.1. Cell culture

sOc and Oc cells were culmnéd:\Dulbecco ’s- modified -
Eagle’s medium (DMEM) w1th’“1:& fe I bovine serum as
described previously (Ikeda ét/, 1:2005). Cells supporting
genome-length HCV RNAg-we; 6/ ultured in the presence of
G418 (300 pg/ml; Genetici %’og‘ n, Carlsbad, CA) and pas-
saged twice a week at ; “gplit ratio. HCV RNA- repllcatmg

when HCV RNA is excluded from the cells or when its level is
decreased, the cells are killed in the presence of G418.

‘the mutations into the plasmid pON/C-5B (Gen-
fon no. AB191333; Fig. 1; Ikeda et al., 2005), a
d site-directed mutagenesis method was used. The
A 1 fragment (corresponding to positions 3474-6159 of

'V genome) and the NofI-Kpnl fragment (correspond-
o positions 6159-9077 of the HCV genome) of pHCV-O
da et al., 2005) were subcloned into pBluescript II (Strata-

Jgene, La Jolla, CA), resulting in pBlue/34AB and pBlue/5AB,

respectively. pBlue/34AB and pBlue/SAB were used as the tem-
plates for PCR-based site-directed mutagenesis. The introduced
mutations were confirmed by the sequencing of the obtained
plasmids. The Spel-Nod and NotI-Kpnl fragments possess-
ing the mutation(s) were each replaced with the corresponding
region of pHCV-O. The pON/C-5B-possessing mutation or
mutations were generated by replacing the EcoRI-Spel frag-
ment of the pHCV-O, into which one or more mutations were
introduced.

To construct pOR/C-5B, the Neo® gene was replaced with the
Renillia luciferase (RL) gene at Ascl and Pmel sites in pON/C-
5B.

ON/C-5B -

AC p7 NS4A .Jf .
5 emcv | . |. NS |NS| NS
—_— NeoR IRES C | E1 E2 [|NS2 NS3 4B |5A 58 [

OR/C-5B o

AC p? _NS4A .9
5 EMCV NS [ns] Ns 3

—i! AL RES C|E1|E2 |INS2| NS3 | (4B [5A| 5B ——

Fig. 1. Schematic gene organization of genome-length HCYV RNAs used in this
study. Open reading frames, untranslated regions, and EMCV IRES are depicted
as open boxes, thin lines, and thick lines, respectively. AC indicates the 12N-
terminal aa residues of the core as a part of IRES. ON/C-5B RNA and OR/C-5B
RNA possess the Neo® and RL genes, respectively. The asterisk indicates an
adaptive mutation (S2200R) found in the sO subgenomxc replicon (Kato and
Sugivama et al., 2003).
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Fig. 2. Characterization of genome-length HCV RNA-replicating cell lines.
(A) Lineage of genome-length HCV RNA-replicating cells. The sO and O cell
lines were previously established (lkeda et al., 2005; Kato and Sugiyama et
al., 2003). (B) Northern blot analysis. Total RNAs from genome-length HCV
RNA-replicating cells (O, OA, OB, OD, and OE cells), as well as total RNAs
from the sOc and the Oc cells, were analyzed by Northern blot analysis using a
positive-stranded HCV genome-specific RNA probe (upper panel) and a B-actin-
specific probe (fower panel). In vitro-synthesized ON/C-5B RNA (107 genome

2.3. RNA synthesis

Plasmid DNAs were linearized with Xbal and used for RNA
synthesis with the T7 MEGAscript kit (Ambion, Austin, TX).
Synthesized RNA was purified by lithium chloride precipitation
and dissolved in nuclease-free water.

2.4. RNA transfection and selection of @418-resistant
cells

18-resistant cells
(Ikeda et al., 2005).
o8 OC cells were suspended
affered saline (PBS), and then

were carried out as describe
Briefly, for electroporation, ¢
at 107 cells/ml in phosphat

with a gap width of 0.2¢
CA). The mixture was immediately subjected to two electric
pulses of 1.2k ¥, 25 nF, and maximum resistance. The cells were

A. Northern blotting and hybridization were carried out
¥described previously (Ikeda et al., 2002; Kato and Sugiyama
t al., 2003). A digoxigenin-labeled, negative-sense RNA probe
complementary to the NS5B region (positions 8935-9374 of the
HCV genome) and B-actin-specific antisense RNA probe were
used to detect the HCV RNA and B-actin mRNA, respectively
(Kato and Sugiyama et al., 2003; Kato et al., 2005).

2.6. Western blot analysis

The preparation of cell lysates, sodium dodecylsulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and
immunoblotting analysis with a PVDV membrane were
performed as described previously (Hijikata et al., 1993;
Naganuma et al., 2000). The antibodies used in this study were
those against Core (Institute of Immunology, Tokyo, Japan)
and B-actin (AC-15; Sigma—Aldrich, St. Louis, MO). Immuno-
complexes on the membranes were detected by enhanced
chemiluminescence assay (Renaissance; Perkin—Elmer Life
Sciences, Wellesley, MA).

equivalents spiked into normal cellular RNA) was used for the compaﬂéon of the
expression level. (C) Western blot analysis. The orders of specimens were the
same as in (B). Production of the core in these cells was analyzed by immunoblot-
ting using anti-core antibody. B-actin was used as a control for the amount of
protein loaded per lane. (D) Phylogenetic tree of HCV-O clone populations
obtained from genome-length HCV RNA-replicating cells. The phylogenetic
tree is depicted on the basis of nucleotide sequences of all clones obtained from
the O, OA, OB, OD, and OE cells.
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2.7. Preparation of cured cells

To prepare cured cells, HCV RNA-replicating cells were
treated with IFN-a or IFN-y as described previously (Abe et
al., 2005; lkeda et al., 2005; Naka et al., 2005). Briefly, the
cells (each 1 x 10°) were treated with IFN-a or IFN-vy (each
500 IU/ml) in the absence of G418. The treatment was continued
for 3 weeks with the addition of IFN at 4-day intervals. The cured
cells obtained from sO, O, OA, OB, OD, and OE cells (HCV
RNA -replicating cells obtained in this study, see Fig. 2A) were
named sOc, Oc, OAc, OBc, ODc, and OEc, respectively, and
were cultured in DMEM supplemented with 10% fetal bovine
serum in the absence of G418. RT-PCR confirmed the absence
of HCV RNA in these cured cells.

2.8. Reverse transcription-polymerase chain reaction
(RT-PCR)

To amplify HCV RNA, RT-PCR was carried out separately
in two parts as described previously (Ikeda et al., 2005). Briefly,
one part covered from HCV 5'-UTR to NS3, with a final prod-
uct of approximately 5.1kb, and the other part covered from
NS2 to most of HCV 3/-UTR, with a final product of approxi-
mately 6.1 kb. These fragments overlapped at the NS2 and NS3
regions and were used for sequence analysis for HCV open read-

ing frame (ORF) after cloning into pBR322MC (Kishine et al.,

2002). SuperScript II (Invitrogen) and KOD-plus DNA poly-
merase (Toyobo, Osaka, Japan) were used for RT .and PC
respectively.

2.9. c¢DNA cloning and sequencing

Two PCR products (5.1 and 6.1kb) were digestedii
Xbal and then cloned into the Xbal site of pBR322MC ¥as
described previously (Kato et al., 2005). Plasmid insertions were
sequenced in both the sense and antisense diggctions using the
Big Dye Terminator Cycle Sequencing%'t %{@—Elmer Life
Sciences) on an ABI PRISM 310 geng

l%x’c arfalyzer (Applied
Biosystems, Foster City, CA). &
2.10. Transient replication assays

The cells were transfect vV@@ug RNA by electropora-
tion as described above. Affer g@troporation, the cells were
plated onto 24-well plate{%’z\§§$ﬂo4 cells per well. The cells
were harvested with Re ;IT is reagent (Promega, Madison,
WI) at 24, 48, 72, and 9¢ dedfter the electroporation, and were
subjected to luciferasézassay according to the manufacturer’s
protocol.

2.11. Molecular evolutionary analysis

Nucleotide sequences (10,972 nucleotides of HCV 5'-UTR
to NS5B) of clones obtained by RT-PCRs from O, OA, OB, OD,
and OE cells were analyzed by neighbor-joining analysis using
the program GENETYX-MAC (Software Development, Tokyo,
Japan).

o
. 4

v ele’é/troporation of ON/C-5B RNA, which possesses the S2200R

3. Results

3.1. Establishment of genome-length HCV RNA-replicating
cell lines

We previously established a cloned sO cell line possessing
a subgenomic HCV replicon (O strain) and found an adaptive
mutation (§2200R) in NS5A (Kato an\ Sugiyama et al., 2003).
More recently we further establish@i ned O cell line repli-
cating genome-length HCV RI\}A“by\ ) %election with G418
treatment following the electr @ o?\éenome-length HCV
RNA with the S2200R mutatieninte sOc cured cells (Ikeda et
al., 2005). In that study, W(@fd asecond adaptive mutation
(K1609E) in the NS3 l}e#gase zgion of HCV RNA-replicating
in the O cells, and we (alsgiobserved that the Oc cured cells
showed more overwhelmifig' advantages than the sOc cells in
the replication of genome-length HCV RNA (Ikeda et al., 2005).
These result( suggested that the K1609E mutation was required
for the robust¥gplication of genome-length HCV RNA, and that
cell backgrdiinds“regarding the potentials of RNA replication
differ gregaz i P%Gveen sOc and Oc cells. However, we could
not clarfBywhether or not K1609E is the unique or best adap-
tive n’fk%ltio' vfor RNA replication. Furthermore, we obtained no
e ti%h indicating whether viral or host factors are the main
t@n ors to the robust RNA replication.
o-6btain such information, we attempted to establish addi-
1 genome-length HCV RNA-replicating cell lines by the

utation (Fig. 1), into sOc or Oc cells (Fig. 2A). After 3 weeks of
G418 selection, we obtained one G418-resistant colony derived
from sOc cells and three G418-resistant colonies derived from
Oc cells. These G418-resistant colonies proliferated success-
fully; the sOc-derived colony was named OA cell line and
Oc-derived three colonies were called OB, OD, and OE cell lines
(Fig. 2A), and then these cell lines were used for further analysis.
To examine the replication level of genome-length HCV RNA
in these cell lines, total RNAs and proteins extracted from OA,
OB, OD, and OE cells were subjected to Northern and Western
blot analyses, respectively. Total RNAs and proteins extracted
from the O, sOc, and Oc cells were also used for the compari-
son. Genome-length HCV RNAs approximately 11 kb long were .
detected in all specimens except those from the sOc and Oc cells
(Fig. 2B). The number of copies of HCV RNAs in total RNA
(each 3 pg) was estimated to be more than 107 by comparing
these HCV RNAs with HCV RNA synthesized in vitro, although
the levels in OB and OD cells were somewhat lower than those
in O, OA, and OE cells. The core was also detected in all spec-
imens except those from the sOc and Oc cells (Fig. 2C). The
levels of the core in OB and OD cells were also somewhat lower
than those in O, OA, and OE cells. These results suggest that
the replication levels of HCV RNA in OA cells are equivalent
to that in O cells and are higher than those in OB, OD, and OE
cells. Although the expression of HCV RNAs and HCV proteins
differed somewhat among these cell lines, these lines, including
that of O cells, were maintained for at least several months in
the presence of G418 (data not shown), suggesting the stable
robust HCV RNA replication. The OA, OB, OD, and OE cells
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were highly sensitive to IFN-a towards HCV RNA replication
(data not shown), as were the O cells (Ikeda et al., 2005; Naka
et al., 2005).

3.2. Genetic analysis of HCV RNAs replicating in the OA,
OB, OD, and OE cells and comparison with that in the O
cells

To learn whether or not HCV RNAs replicating in the OA,
OB, OD, and OE cells possess the K1609E mutation, we per-
formed sequence analysis of HCV RNAs replicating in these
cell lines. Total RNAs extracted from these cells were sub-
jected to RT-PCR, and then two fragments (5.1 and 6.1kb)
amplified by RT-PCR for ORF were subcloned into plasmid
for sequence analysis, as described previously (Ikeda et al.,
2005). The sequences of three independent clones were deter-
mined and compared with each other to avoid PCR error and
to find conserved mutations. Based on the nucleotide sequence
data of all clones sequenced in this study and the data obtained
from the O cells (Ikeda et al., 2005), we constructed a phylo-
genetic tree for the HCV RNAs sequenced (10,972 nucleotides
of HCV 5’-UTR to NS5B). The result (Fig. 2D) revealed that
the three clones derived from each cell line were mostly clus-
tered and located at similar genetic distances from the origin
(ON/C-5B), although O-3 and OB-3 were not clustered com-
pletely in the expected positions, suggesting that O ~ OE are
independent cell lines. In our sequence analysis, the K1609E

mutation found in the O cells was not detected in the OA, OB, Lt

OD, and OE cells. However, instead of the K1609E mutatiof

each cell line possessed a cell line-specific conserved mutatiohs/

K

in the NS3 protease region (Table 1). The E1202G, P1ki5
Q1112R, and P1115L mutations in the NS3 protease regiel
detected in the OA, OB, OD, and OE cells, respectively. [he >
results indicated that K1609E was not a representative mutation
in genome-length HCV RNA-replicating in the cells. Although
Q1112R, P1115L, and E1202G mutations have/
other subgenomic HCV replicons (B]ight@w i 0
et al., 2001; Lohmann et al., 2003), E12 mitition seems
to have little impact on adaptive mutat'o\,l (Lohmann et al.,

2003) and there is no information og},;yz hew or ‘not Q1112R
and P1115L are adaptive mutations. Siace

se mutations were
detected as cell line-spéciﬁc conse,gvgd‘NS mutations, we esti-
mated that these NS3 mutation%%?iﬁed for genome-length
HCV RNA replication. Howéyé®, wedstimated that the D2415G
mutation (the carboxyl regi NS85 A) detected in the OA cells
is not an adaptive mutation, bét;

ayse this is a naturally observed

Table 1
Summary of genetic analysis'Qf

aa substitution (Murphy et al., 2002; Tanaka et al.,, 1992). In
addition, none of the conserved mutations in the upstream of
the NS3 region were detected in the OA, OB, and-OD cells or

_ in the O cells, although three conserved mutations (I258K and

Y361H in E1 and M939V in NS2) were detected in the OE cells
(Table 1). Therefore, we focused on the NS3 mutations found in
this analysis for further analyses described below.

3.3. Adaptive mutations found in th S37e ion are
required for the robust replication @g{lom&élength HCV

RNA

To clarify whether or notc @ d N$3 mutations (Q1112R,
P1115L, E1202G) are adapfive.mutations as are the K1609E
mutation, we first cam'et&:.t qualitative analysis regarding the
effects of these mutations in“&N/C-5B RNA on the efficiency
of colony formation (ECF). The effect of the K1609E mutation
derived from @, cells was also examined for the comparison.
We introduced ON/C-5B RNA with a single NS3 mutation into

5 “RNA used for sOc cells was used for Oc cells.
The gﬁﬁ s tevealed that the NS3 mutated RNA-introduced sOc
and @ ctl

ON/C-5B RNA-introduced sOc and Oc cells, respectively
Fig. 3). Although the K1609E or E1202G mutation was found

in the sOc-derived O or OA cells, the effect of the K1609E or
=~ E1202G mutation was not different from that of the Q1112R

or P1115L mutation found in the Oc-derived OB, OD, or OE
cells. This result indicated that the effects of these mutations
are not dependent on their, cell origins, and that the Q1112R,
P1115L, and E1202G mutations also worked as cell culture-
adaptive mutations, as did the K1609E mutation in both sOc
and Oc cells. Furthermore, these results indicated again that Oc
cells are superior to sOc cells regarding the intracellular repli-
cation of genome-length HCV RNA, supporting the previous
suggestion (Ikeda et al., 2005) that the cell backgrounds for the
potentials of the RNA replication are rather different between
Oc and sOc cells. ' '
We next performed quantitative analysis whether or not the
effects of these adaptive mutations on ECF are correlated with
the effects in early events after RNA transfection into the cells,
because of the possibility that additional adaptive mutations

CV RNAs derived from O, OA, OB, OD, and OE cells

Cell Cell background Size (Nts) Clone number sequenced Conserved mutations

(0] sOc 10972 3 K1609E (NS3)

OA sOc 10972 3 E1202G (NS3) D2415G (NS 5A)
OB Oc 10972 3 P1115L (NS3)

oD Oc 10972 3 QI112R (NS3)

OE Oc 10972 3

1258K (E1) Y361H (E1) M939V (NS2) P1115L (NS3)

Only amino acid positions substituted in all three clones are indicated as the conserved mutations.
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ON/C-5B RNA (2ug) into the sOc cells

No mutation Q1112R

P1115L

E1202G K1609E

ON/C-5B RNA (0.1ug) into the Oc cells
Q1112R

No mutation

NS3 mutation was transfected into the sOc cells (2 g RNA per 10 cm dish; top panel) and the Oc «;
G418-resistant colonies that were stained with Coomassie brilliant blue at 3 weeks after RNA,

occur during G418 selection for 3 weeks. For the development
of a transient replication assay using the RL reporter gene, we
first constructed pOR/C-5B from pON/C-5B by replacing the
RL and NeoR genes (Fig. 1). Next, we made OR/C-5B RNA
with the Q1112R, P1115L, E1202G, or K1609E mutation, and
then introduced these RNAs into the Oc cells by electroporatj
OR/C-5B RNA with dGDD was used as a negative contro
results revealed that the luciferase activity increased ina
dependent manner when OR/C-5B RNA with an adapti

time when OR/C-5B RNA without an adaptive NS3 muta
with dGDD was transfected (Fig. 4A). These results suggest that
genome-length HCV RNA with an adaptive NS i

were approximately twice those at 24

and no significant differences in rephi
the adaptive NS3 mutations were ¢
mary, we demonstrated a goo

tion (Fig. 4A) Therefore cx:@ude that Q1112R, P1115L,
E1202G and K1609E fu cﬁ%s cell culture-adaptive muta-
nelof them is required for efficient

3.4. Every combin  of adaptive NS3 mutations in the
Oc cells caused more‘¢ffective genome-length HCV RNA
replication than any single adaptive NS3 mutation:

According to previous reports using subgenomic HCV repli-
cons, some combinations of adaptive mutations drastically
enhance ECF (Krieger et al., 2001; Lohmann et al., 2001,
2003). However, some combinations of adaptive mutations
reduced ECF drastically (Lohmann et al., 2001, 2003), suggest-

P1115L

ON/C-5B RNA or ON/C-5B RNA with an additional
#iLg RNA per 10 cm dish; bottom panel). The panels show
(Naganuma et al., 2004).

fhe adaptive mutations are not compatible. To examine
r not such conflicting effects of adaptive mutations are
‘d in genome-length HCV RNA replication, we tested
éffects of combining the adaptive NS3 mutations identified
is study, using the luciferase reporter assay for transient
eplication. We prepared six kinds of OR/C-5B RNA with dou-
ble adaptive NS3 mutations (i.e., Q1112R and P1115L), and
then introduced these RNAs into the Oc cells by electroporation.
OR/C-5B RNA with the K1609E mutation was used as a repre-
sentative of a single adaptive NS3 mutation, and OR/C-5B RNA
with dGDD was used as a negative control. The results revealed
that the luciferase activities in every combination of adaptive
NS3 mutations were remarkably increased, to approximately
four- to nine-fold at 96 h, in comparison with the activities at
24 h after RNA transfection, although the enhancement of the
luciferase activity by the K1609E mutation was only approx-
imately two-fold (Fig. 4B). The combination of Q1112R and
K1609E mutations was the most effective in the Oc cells, fol-
lowed by that of Q1112R and P1115L mutations. These results
suggest that all adaptive NS3 mutations identified in this study
are compatible for genome-length HCV RNA replication. It is
noteworthy that Q1112R and P1115L mutations are compatible,
regardless of very near localization in the NS3 protease.

3.5. Specific combination of adaptive NS3 mutations
drastically enhanced genome-length HCV RNA replication,
regardless of cell lines

Although we found that every combination of adaptive NS3
mutations caused more effective genome-length HCV RNA
replication than any single adaptive NS3 mutation and that some
combinations of the mutations drastically enhanced RNA repli-
cation (Fig. 4B), the possibility remains that these findings are
due to cell clonality, because a cloned Oc cell line was used
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~F K1609E
=7 P1115L

-O- Q1112R
~/~ E1202G
-9~ dGDD

=@~ No mutation

Relative luciferase activity (fold)

(A) _ Time (h)

-@®- Q1112R, P1115L
Q1112R, E1202G-
=4 E1202G, K1609E
-4~ dGDD

10+ =O~ Q1112R, K1609E
= P1115L, K1609E
== P1115L, E1202G
= K1609E

Relative luciferase activity (fold)

(B) _ Time (h)

Flg 4 Transient repllcatxon assay of genome-length HCV RNA. (A) Etie

into the Oc cells, and luciferase activity was determined in cell lysates that
were prepared at given time points post-transfection. Values for each time point
correspond to the mean and the error range of quadrupli
owing to the slightness of the variations, error bars age in J
in the graph. Values are corrected for transfection -effic
measuring the luciferase activity 24 h after transfegt

HCV RNA with dGDD was used as a negative
of adaptive NS3 mutations on transient replicati
OR/C-5B RNAs with various combinatio

ime P ost transfection, as shown in
3 with K1609E was used as
tatio “, '

for the analysis. To% 1l ‘possibility, we tested the effects
of combining adaptive¥83 mutations in the cured OAc, OBc,
ODc, and OEc cells, usgng the transient replication assay. as
described above. sOc cells, which are rather inferior to the Oc
cells in RNA replication (Ikeda et al., 2005; Fig. 3), were also
used for the analysis. Interestingly, in the OAc, OBc, ODc, and
OEc cells also, the results were similar to those obtained in the
Oc cells. The combination of Q1112R and K1609E mutations
or Q1112R and P1115L mutations was the most effective on the
genome-length HCV RNA replication, although the combina-

tion of P1115L and K1609E mutations or E1202G and K1609E
mutations was not effective in ODc cells (Fig. 5). These results
suggest that the NS3 with specific adaptive mutations is the
primary determinant of the replication level of genome-length
HCV RNA, regardless of cell lines. In addition, we found that
OEc cells possessed the best environment for RNA replication
among examined cell lines, by demonstrating that the luciferase
activity in the combination of Q11 12R%§) K1609E mutations
was approximately 20-fold higher at «%@» g that at 24 h after

RNA transfection (Fig. 5). On the ¢ and) we observed that
most combinations of adaptive mi S in the sOc cells did
not enhance RNA replication
enhanced approximately two
and P1115L only (Fig. 5
lar environment is also i
genome-length HCV RNAS

stésults suggest that the cellu-
in the efficient replication of

- 4. Discussion

ned.

To establish genome-length HCV RNA-replicating cell lines,
we introduced ON/C-5B RNA with the S2200R mutation
(NSSA), which was identified as the adaptive mutation for the
sO replicon, into two types (sOc and Oc) of cured cells. Since
the ECF of the Oc cells was higher than that of the parental sOc
cells (Ikeda et al., 2005), the Oc cells were also used to facilitate
the establishment of genome-length HCV RNA-replicating cell
lines. We initially estimated that adaptive mutations other than
K1609E (NS3 helicase region) found in the O cells would be
obtained from the sOc-derived OA cell line, and that the K1609E
mutation would be obtained mainly from the Oc-derived OB,
OD, and OE cell lines. Although a new E1202G adaptive muta-
tion was obtained from the sOc-derived OA cells, the K1609E
mutation was not obtained from the Oc-derived OB, OD, and
OE cells. Instead of the K1609E mutation, the P1115L adap-
tive mutation (NS3 protease region) was obtained from the OB
and OE cells, and the Q1112R adaptive mutation (NS3 protease
region) was obtained from the OD cells. The ECF assay and
transient replication assay showed that these adaptive mutations
possessed similar potentials of genome-length HCV RNA repli-
cation in the Oc cells. These results suggest that the K1609E
mutation is only one of the adaptive mutations that function
in the Oc cells, and suggest that the combination of an NS3
mutation (Q1112R, P1115L, E1202G, or K1609E) with the
NS5A mutation (S2200R) is required for efficient replication of
genome-length HCV RNA, although only the S2200R mutation
is enough to efficiently replicate the subgenomic sO replicon
(Kato and Sugiyama et al., 2003). Therefore, our findings sug-
gest that viral factors, which are not required for the robust
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Fig. 5. Effects of combining adayti

X i
NS% mutations on transient genome-length HCV RNA replication in various cured cells. OR/C-5B RNAs with various

combinations of adaptive NS3 ) 'ons«vzere transfected into various cured cells ((_)c, OAc, OBc, ODc, OEc, and sOc cells), and luciferase activity was determined
in cell lysates that were pre%gred 196 h post-transfection, as shown in Fig. 4. Values are corrected for transfection efficiency as determined by measuring the

ter tra on.

luciferase activity 24 h,

&
replication of a subggfaomic HCV replicon, are required for the
robust replications of‘genome-length HCV RNA.

To date, it has been believed that cell culture-adaptive
mutations that enhance HCV RNA replication do not exist
in HCV-infected patients (Bartenschlager, 2005). However,
Sarrazin et al. (2005) recently reported the existence of adap-
tive NS3 mutations in 5 of 26 HCV-infected patients. In that
study, it is noteworthy that mutations (P1112R and P1115G) in
positions 1112 and 1115 have been found, although Q1112R

and P1115L have not been detected, and that specific adaptive
mutations have been associated with a slower initial decrease in
HCV RNA concentrations during IFN-a-based antiviral therapy
(Sarrazin et al., 2005). Furthermore, a search of the Hep-
atitis Virus Database (Nagoya City University, Japan) found
Q1112R, P1115L, and E1202G in the HCV sequences (acces-
sion nos. AY460204, D84262, and AF011751, respectively)
derived from HCV-infected patients. Therefore, some of the
cell culture-adaptive mutations may not be artificial mutations
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but may reflect some phenomena that HCV-infected patients
undergo.

Although adaptive NS3 mutations found in this study were
the same as those detected in subgenomic HCV replicons derived
from different HCV strains (Blight et al., 2000; Kishine et al.,
2002; Krieger et al., 2001; Lohmann et al., 2001, 2003), the
impacts of these mutations in subgenomic HCV replicons seem
to be small. The impacts of E1202G and K1609E on ECF assay
and transient replication assay, respectively, were only about
four- and two-fold that of the wild-type subgenomic HCV repli-
con (Lohmann et al., 2001, 2003), and information regarding
Q1112R and P1115L mutations has yet to be reported. How-'
ever, we observed that Q1112R, P1115L, E1202G, and K1609E
mutations remarkably enhanced the efficiency of genome-length
HCV RNA replication in both ECF and transient replication
assay (Figs. 3 and 4). The discrepancy in the results might be
due to the differences in subgenomic and genomic lengths of
HCV RNA, in HCV strains, or in host cell lines used. Recently,
we showed time-dependent genetic mutations of subgenomic
HCV replicons and time-dependent expansions of their genetic
diversities in long-term culture (at least 1 year) of two cell
lines harboring subgenomic HCV replicons (1B-1 and O strains)
(Kato et al., 2005). In that study, we observed that the expan-
sion of the replicons’ genetic diversity was associated with
the enhancement of RNA replication. It is noteworthy that the
P1115L mutation has been detected as a conserved mutation
after 6 months in cell culture of the l_B-l-derived‘replicon,
although this mutation’s contribution to the replication is not
clear (Kato et al., 2005). Genetic analysis of HCV RNAs i
long-term cultures of O ~ OE cells will provide useful in
mation regarding the genetic advantages of adaptive mutat'
found in the NS3 region. For such analysis, long-term.g
(at least 1 year) of O ~ OE cells is in progress.

From the analyses using subgenomic HCV replicons t
date, the center of NS5SA has been thought to represent a hot
spot for cell culture-adaptive mutations, bec ost muta-
tions are found in this region. Interesting {%nutanons
often affect serine residues involved in hype hosﬁhé? lation of
NSS5A. Although the HCV-O-derived sO réplicon also possesses
a unique S2200R adaptive mutation inzghe.cétiter of NSS5A, the
serine residue at position 2200 is not 1tto be involved in the
hyperphosphorylation of NS5A ( gal? 1995). To examine
whether or not S2200R mutatieh tnred for efficient repli-
cation of genome-length HCY Abwe tested the effect of the
S2200R mutation on RNA £€plic
OR/C-5B RNA with Q1 L12R*
nine residue in position 22 ;

nd K1609E, in which the argi-
v4s restored to serine residue, into
Oc cells. The result Ealed that the replication of genome-
length HCV RNA w polished with the restoration only in
position 2200 (data notshown), suggesting that the S2200R
mutation plays an important key rote in HCV RNA replication
in HuH-7-derived cells. However, the mechanism underlying
the mutations found in NS3 causes the replication of genome-
length HCV RNA is unknown, as is the mechanism underlying
the great enhancement of replication by the combination of NS3
mutations. One possibility is that the NS3 mutations found in
this study are able to drastically enhance the protease or helicase

activity of NS3. To evaluate this possibility, further experiments
using the quantitative system that measures the NS3 protease or
helicase activity will be needed.

The relation between the combination of adaptive NS3 muta-
tions and the cloned cell lines is interesting. From information
obtained in previous studies (Lohmann et al., 2003; Ikeda et -
al., 2005) and the present study, it clearly appeared that both
viral and cellular factors contributed tofHCV RNA replication
in cell culture. For the replication of gg;
we showed that adaptive NS3 mutati:

binations of adaptive NS3 mut,
QI112R and P1115L) w e
in all Oc, OAc, OBc, OEc cell lines examined. In
even sOc cells, the combinétion of Q1112R and P1115L, but
not the combination of Q1112R and K1609E, was superior to
the other combinations. These findings suggest that the effect

Ae.host cell clonality. Recently, Yi et al. (2006)
%mn of infectious genotype 1a HCV in the

, suggesting that robust replication of HCV RNA
ssary for the production of infectious viruses (Yi et

in }, development of a system to produce infectious genotype
h HCV, and for understanding the HCV replication mechanism.
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Background/Aims: The development of an efficient in vitro infection system for HCV is important in order to develop
new anti-HCYV strategy. Only Huh7 hepatocyte cell lines were shown to be infected with JFH-1 fulminant HCV-2a strain
and its chimeras. Here we aimed to establish a primary hepatocyte cell line that could be infected by HCV particles from

patients’ sera.

Methods: We transduced primary human hepatocytes with human telomerase reverse transcriptase together with human
papilloma virus 18/E6E7 (HPV18/EGE7) genes or simian virus large T gene (SV40 T) to immortalize cells. We also estab-
lished the HPV18/EGE7-immortalized hepatocytes in which interferon regulatory factor-7 was inactivated. Finally we ana-

iyzed HCV infectivity in these cells.

Results: Even after prolonged culture HPV18/EGE7-immortalized hepatocytes exhibited hepatocyte functions and mark-
er expression and were more prone to HCV infection than SV40 T-immortalized hepatocytes. The susceptibility of
HPV18/E6E7-immortalized bepatocytes to HCV infection was further improved, in particular, by impairing signaling

through interferon regulatory factor-7.

Conclusions: HPV18/E6E7-immortalized hepatocytes are useful for the analysis of HCV infection, anti-HCV innate
immune response, and screening of antiviral agents with a variety of HCV strains.
© 2006 Euaropean Association for the Study of the Liver. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Infection with Hepatitis C virus (HCV) is a serious
problem worldwide since 3% of the world’s population
is chronically infected [1]. Chronic HCV may lead to liv-
er cirrhosis and hepatocellular carcinoma. Current stan-
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dard therapy utilizes the combination of pegylated
interferon-o and ribavirin, which resuits in a sustained
response in only 30-60% of patients [2-5]. Many
patients, however, do not qualify for or tolerate stan-
dard therapy [6]. Thus, it is important to develop an effi-
cient in vitro infection system for HCV to facilitate the
discovery of new anti-HCV strategies. Only Huh7 cell
line is permissive for replication, infection and release
of the fulminant hepatitis-derived HCV-2a (JFH-1)
strain and its chimeric derivatives [7-9]. No other hepa-
tocyte cell lines are able to support HCV replication
efficiently.
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