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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 ORG6 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 ng per ml), FLV (1.25, 2.5, 5.0, and 10 nM), or
IFN-a (0.625, 1.25, 2.5, and 51U 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 in
the FBS was to a great extent reduced. The development of such
a long-term cell culture is noteworthy, as it could be used for the
stable mass-production of an HCV vaccine.

In a related previous study, it was reported that insulin,
linoleic acid, and oleic acid enhance the growth of HuH-7 cells in
serum-free cell culture (Nakabayashi et al., 1984). Therefore, we
tested these supplements in HCV RNA replication experiments.
Insulin was found to slightly enhance HCV RNA replication, but
linoleic acid and oleic acid inhibited HCV RNA replication. In
anotherrecent study, Kapadia and co-workers reported that oleic
acid enhanced HCV RNA replication in a serum-containing cell
culture (Kapadia and Chisari, 2005). This discrepancy may have
been due to the presence or absence of serum; moreover, some
of the serum proteins may function in concert with oleic acid to
support HCV RNA replication.

LDL is an exogenous source of cholesterol, and it was found
to support HCV RNA replication in serum-free cell culture.
When the cholesterol demand is satisfied, intrinsic meval-
onate, which is a precursor of both cholesterol and non-sterol
isoprenoid, is directed to non-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

K.-i. Abe et al. / Virus Research 125 (2007) 162-168

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 replication, but polyun-
saturated fatty acids inhibit HCV RNA replication (Kapadia and
Chisari, 2005). In addition, these diverse effects of fatty acids on
HCYV RNA replication in serum-containing medium cannot be
simply applied to serum-free culture systems, because oleic acid
has been shown to exert different effects on HCV RNA replica-
tion under serum-containing and serum-free culture conditions.
To clarify the roles played by fatty acids in this context, further
studies will be needed.

Here, HCV RNA replication depended on the growth of HuH-
7 cells, and it has previously been shown that expression levels
of HCV proteins and RNA are low in confluent cells (Guo et
al., 2001; Pietschmann et al., 2001). Therefore, we examined
the time course of cell growth and found that cell growth in
serum-free medium with LRA was slower than that in 10%
FBS medium, although the replication levels of HCV RNA were
similar under both culture conditions studied. As regards HCV
RNA replication and cell growth, Windisch et al. reported that
HCV RNA replication in HuH-6 cells was not dependent on
cell growth (Windisch et al., 2005). They demonstrated that
the expression of HCV proteins was not reduced, even when
the HuH-6 cells became confluent. In serum-free culture sup-
plemented 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-a
were found to inhibit HCV RNA replication more efficiently in
serum-free medium with LRA than in 10% FBS medium. Sur-
prisingly, 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
be thatonly 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 1.0 mg 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., 2003; 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, sustains
only a relatively low risk of pathogenic contamination as com-
pared to that of previous systems, and is expected to improve
the reproducibility of similar experiments in the future.
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Abstract

We recently established a genome-length HCV RNA-replicating cell line (O strain of genotype 1b; here called O cells) using cured cells derived
from sO cells, in which HCV subgenomic replicon RNA with an adaptive NSSA mutation (S2200R) is replicated. Characterization of the O cells
revealed a second adaptive NS3 mutation (K1609E) required for genome-length HCV RNA replication. To clarify the role of adaptive mutation
in genome-length HCV RNA replication, we newly established one and three kinds of genome-length HCV RNA-replicating cell lines possessing
the cell background of sO and O cells, respectively, and found additional adaptive NS3 mutations (QI112R, P1115L, and E1202G) required for
the robust replication of genome-length HCV RNA. We further found that specific combinations of adaptive NS3 mutations drastically enhanced
HCV RNA replication, regardless of the cell lines examined. These findings suggest that specific viral factors may affect the replication level of

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

Infection with the hepatitis C virus (HCV), of the family Fla-
viviridae, frequently causes chronic hepatitis, which progresses
to liver cirrhosis and hepatocellular carcinoma. Since more than
170 million individuals are estimated to be infected with HCV
worldwide, this disease is a global health problem (Thomas,
2000). HCV is an enveloped virus with a positive single-stranded
9.6 kilobase (kb) RNA genome, which encodes a large polypro-
tein precursor of about 3000 amino acids (aa) (Kato et al., 1990;
Tanaka et al., 1995). This polyprotein is processed by a combi-
nation of the host and viral proteases into at least 10 proteins:
the core, envelope 1 (E1), E2, p7, non-structural 2 (NS2), NS3,
NS4A, NS4B, NS5A, and NS5B (Hijikata et al., 1991, 1993).
These HCV proteins function not only in virus replication but
may also affect a variety of cellular functions, including gene
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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 (1a),
N (1b), 1B-1 (1b), O (ib), 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 HCV, 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; Zhong et al., 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
et al., 2005; Blight et al., 2000, 2002, 2003; Grobler et al., 2003;
Ikedaetal., 2002, 2005; Kato and Sugiyamaet 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 were
also obtained by the elimination of replicons from the G418-
selected cells by interferon (IFN) treatment (Blight et al., 2002;
Kato and Sugiyama et al., 2003; Lohmann et al., 2003). These
reports suggest that both viral and cellular factors determine the
efficiency of RNA replication.

The sO replicon (O strain) that we developed also possesses
a unique adaptive mutation (S2200R) in the center of NSSA
(Kato and Sugiyama et al., 2003), and we recently established a
genome-length HCV RNA-replicating cell line (O cells) by the
transfection of genome-length HCV RNA with $2200R muta-
tion into sOc cured cells, which were created by eliminating sO
replicon from sO cells by IFN treatment (Ikeda et al., 2005).
Sequence and functional analyses of HCV RNAs obtained from
the O cells found a second adaptive mutation (K1609E) in the C-
terminus of the NS3 helicase. We further found that the Oc cells,
which were created by eliminating HCV RNA from O cells by
IFN treatment, possessed more overwhelming advantages than
the sOc cells in the replication of genome-length HCV RNA,
even though the O cells were derived from sO cells (Tkeda et
al., 2005). These results suggest that a second adaptive muta-
tion, such as K1609E, is required for the robust replication of
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

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 cultured in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal bovine serum as
described previously (Ikeda et al., 2005). Cells supporting
genome-length HCV RNAs were cultured in the presence of
G418 (300 p.g/ml; Geneticin, Invitrogen, Carlsbad, CA) and pas-
saged twice a week at a 5:1 split ratio. HCV RNA-replicating
cells possess the G418-resistant phenotype because Neo® was
produced by the efficient replication of HCV RNA. Therefore,
when HCV RNA is excluded from the cells or when its level is
decreased, the cells are killed in the presence of G418.

2.2. Plasmid constructions

To introduce the mutations into the plasmid pON/C-5B (Gen-
Bank accession no. AB191333; Fig. 1; Ikeda et al., 2005), a
PCR-based site-directed mutagenesis method was used. The
Spel-Notl fragment (corresponding to positions 3474-6159 of
the HCV genome) and the Norl-Kpnl fragment (correspond-
ing to positions 6159-9077 of the HCV genome) of pHCV-O
(Ikeda et al., 2005) were subcloned into pBluescript II (Strata-
gene, La Jolla, CA), resulting in pBlue/34AB and pBlue/5AB,
respectively. pBlue/34AB and pBlue/5AB 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-Notl 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 NeoR gene was replaced with the
Renillia luciferase (RL) gene at Ascl and Pmel sites in pPON/C-
5B.

ON/C-5B *

AC p7 NS4A .05&? s
5’ EMCV NS [ns| Ns '
—_— Neof IRES C |E1|E2 {|NS2| NS3 4B [SA| 5B [
OR/C-58 3
P
AC p? NS4A 4%
5 NS 3
S| A [EMEY cler|e2 ||ns2| nsa | |8 (5| B8

Fig. 1. Schematic gene organization of genome-length HCV 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 NeoR and RL genes, respectively. The asterisk indicates an
adaptive mutation (S2200R) found in the sO subgenomic replicon (Kato and
Sugiyama 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 (Ikeda 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 3-actin-
specific probe (lower 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 G418-resistant
cells

RNA transfection and selection of G418-resistant cells
were carried out as described previously (Ikeda et al., 2005).
Briefly, for electroporation, sOc or Oc cells were suspended
at 107 cells/ml in phosphate-buffered saline (PBS), and then
RNA was mixed with 500 pl of the cell suspension in a cuvette
with a gap width of 0.2cm (Bio-Rad Laboratories, Hercules,
CA). The mixture was immediately subjected to two electric
pulses of 1.2kV, 25 pF, and maximum resistance. The cells were
then seeded into a 10cm diameter dish. After 24 h, the cells
were selected in complete DMEM with 300 pg/ml G418 for 3
weeks.

2.5. Northern blot analysis

Total RNA from the cultured cells was prepared using an
RNeasy extraction kit (Qiagen, Hilden, Germany). Three micro-
grams of RNA was used to detect the HCV RNA and B-actin
mRNA. Northern blotting and hybridization were carried out
as described previously (Ikeda et al., 2002; Kato and Sugiyama
et 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 comparison 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 Q, 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-vy as described previously (Abe et
al., 2005; Tkeda et al., 2005; Naka et al., 2005). Briefly, the
cells (each 1 x 10%) were treated with IFN-a or IFN-vy (each
5001U/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 PCR,
respectively.

2.9. ¢DNA cloning and sequencing

Two PCR products (5.1 and '6.1kb) were digested with
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 directions using the
Big Dye Terminator Cycle Sequencing kit (Perkin—Elmer Life
Sciences) on an ABI PRISM 310 genetic analyzer (Applied
Biosystems, Foster City, CA).

2.10. Transient replication assays

The cells were transfected with 20 wg RNA by electropora-
tion as described above. After electroporation, the cells were
plated onto 24-well plates at 3 x 10% cells per well. The cells
were harvested with Renilla lysis reagent (Promega, Madison,
WI) at 24, 48, 72, and 96 h after the electroporation, and were
subjected to luciferase assay 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).

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 (S2200R) in NS5A (Kato and Sugiyama et al., 2003).
More recently we further established a cloned O cell line repli-
cating genome-length HCV RNA by the selection with G418
treatment following the electroporation of genome-length HCV
RNA with the S2200R mutation into sOc cured cells (Tkeda et
al., 2005). In that study, we found a second adaptive mutation
(K1609E) in the NS3 helicase region of HCV RNA-replicating
in the O cells, and we also observed that the Oc cured cells
showed more overwhelming advantages than the sOc cells in
the replication of genome-length HCV RNA (Ikeda et al., 2005).
These results suggested that the K1609E mutation was required
for the robust replication of genome-length HCV RNA, and that
cell backgrounds regarding the potentials of RNA replication
differ greatly between sOc and Oc cells. However, we could
not clarify whether or not K1609E is the unique or best adap-
tive mutation for RNA replication. Furthermore, we obtained no
information indicating whether viral or host factors are the main
contributors to the robust RNA replication.

To obtain such information, we attempted to establish addi-
tional genome-length HCV RNA-replicating cell lines by the
electroporation of ON/C-5B RNA, which possesses the S2200R
mutation (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 g) 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,
OD, and OE cells. However, instead of the K1609E mutation,
each cell line possessed a cell line-specific conserved mutation
in the NS3 protease region (Table 1). The E1202G, P1115L,
QI1112R, and P1115L mutations in the NS3 protease region were
detected in the OA, OB, OD, and OE cells, respectively. These
results indicated that K1609E was not a representative mutation
in genome-length HCV RNA-replicating in the cells. Although
QI1112R, P1115L, and E1202G mutations have been detected in
other subgenomic HCV replicons (Blight et al., 2000; Krieger
et al., 2001; Lohmann et al., 2003), E1202G mutation seems
to have little impact on adaptive mutations (Lohmann et al.,
2003) and there is no information on whether or not QI112R
and P1115L are adaptive mutations. Since these mutations were
detected as cell line-specific conserved NS3 mutations, we esti-
mated that these NS3 mutations are required for genome-length
HCV RNA replication. However, we estimated that the D2415G
mutation (the carboxyl region of NS5A) detected in the OA cells
is not an adaptive mutation, because this is a naturally observed

Table |

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 the NS3 region are
required for the robust replication of genome-length HCV
RNA

To clarify whether or not conserved NS3 mutations (Q1112R,
P1115L, E1202G) are adaptive mutations as are the K1609E
mutation, we first carried out qualitative analysis regarding the
effects of these mutations in ON/C-5B RNA on the efficiency
of colony formation (ECF). The effect of the K1609E mutation
derived from O cells was also examined for the comparison.
We introduced ON/C-5B RNA with a single NS3 mutation into
sOc and Oc cells. Since our previous study (Ikeda et al., 2005)
indicated that Oc cells possessed overwhelming advantages in
the replication of genome-length HCV RNA, one-twentieth of
the ON/C-5B RNA used for sOc cells was used for Oc cells.
The results revealed that the NS3 mutated RNA-introduced sOc
and Oc cells produced a number of G418-resistant colonies,
as did those in K1609E mutation-introduced cells, although no
and a few G418-resistant colonies were obtained in the origi-
nal 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

Summary of genetic analysis of HCV RNAs derived from O, OA, OB, OD, and OE celis

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

o 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 (EI) M939V (NS2) PI115L (NS3)

Only amino acid positions substituted in all three clones are indicated as the conserved mutations.
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Fig. 3. Adaptive mutations found in the NS3 region show the different ECFs between the sOc and Oc cells. ON/C-5B RNA or ON/C-5B RNA with an additional
NS3 mutation was transfected into the sOc cells (2 g RNA per 10 cm dish; top panel) and the Oc cells (0.1 j£g RNA per 10 cm dish; bottom panel). The panels show
G418-resistant colonies that were stained with Coomassie brilliant blue at 3 weeks after RNA transfection (Naganuma et al., 2004).

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 Neo® 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 electroporation.
OR/C-5B RNA with dGDD was used as a negative control. The
results revealed that the luciferase activity increased in a time-
dependent manner when OR/C-5B RNA with an adaptive NS3
mutation was transfected, whereas the activity decreased with
time when OR/C-5B RNA without an adaptive NS3 mutation or
with dGDD was transfected (Fig. 4A). These results suggest that
genome-length HCV RNA with an adaptive NS3 mutation is effi-
ciently able to replicate immediately after transfection. At 96 h,
the luciferase activities in the cases of the adaptive NS3 mutation
were approximately twice those at 24 h after RNA transfection,
and no significant differences in replication efficiency among
the adaptive NS3 mutations were observed (Fig. 4A). In sum-
mary, we demonstrated a good correlation between the ECF
assay (Fig. 3) and luciferase reporter assay for transient replica-
tion (Fig. 4A). Therefore, we conclude that Q1112R, P1115L,
E1202G, and K1609E function as cell culture-adaptive muta-
tions, and that at least one of them is required for efficient
replication of genome-length HCV RNA.

3.4. Every combination of adaptive NS3 mutations in the
Oc cells caused more effective 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-

ing that some adaptive mutations are not compatible. To examine
whether or not such conflicting effects of adaptive mutations are
observed in genome-length HCV RNA replication, we tested
the effects of combining the adaptive NS3 mutations identified
in this study, using the luciferase reporter assay for transient
replication. We prepared six kinds of OR/C-5B RNA with dou-
ble adaptive NS3 mutations (i.e., QI112R 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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Fig. 4. Transient replication assay of genome-length HCV RNA. (A) Effects of
adaptive NS3 mutations on transient replication of genome-length HCV RNA.
OR/C-5B RNA or OR/C-5B RNA with an additional mutation was transfected
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 quadruplicate results. Note that,
owing to the slightness of the variations, error bars are in some cases not viable
in the graph. Values are corrected for transfection efficiency as determined by
measuring the luciferase activity 24 h after transfection. dGDD indicates the
deletion of the GDD motif in the NS5B polymerase, and the genome-length
HCV RNA with dGDD was used as a negative control. (B) Combination effects
of adaptive NS3 mutations on transient replication of genome-length HCV RNA.
OR/C-5B RNAs with various combinations of adaptive NS3 mutations were
transfected into the Oc cells, and luciferase activity was determined in cell
lysates that were prepared at given time points post-transfection, as shown in
(A). For a comparison of the results, OR/C-5B RNA with K1609E was used as
a representative of a single adaptive mutation.

for the analysis. To check this possibility, we tested the effects
of combining adaptive NS3 mutations in the cured OAc, OBc,
ODc, and OEc cells, using 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 Q1112R and K1609E mutations
was approximately 20-fold higher at 96 h than that at 24 h after
RNA transfection (Fig. 5). On the other hand, we observed that
most combinations of adaptive mutations in the sOc cells did
not enhance RNA replication, although luciferase activity was
enhanced approximately two-fold in the combination of Q11 12R
and P1115L only (Fig. 5). These results suggest that the cellu-
lar environment is also involved in the efficient replication of
genome-length HCV RNA.

4. Discussion

In this study, we established four kinds of genome-length
HCV RNA (O strain of genotype 1b) replicating cell lines (OA,
OB, OD, and OE), which were independent from the O cell line
established previously (Ikeda et al., 2005). We also found several
cell culture-adaptive NS3 mutations required for the replication
of genome-length HCV RNA. We further found that specific
combinations of these adaptive mutations remarkably enhanced
the efficiency of the RNA replication, regardless of the cell lines
obtained.

To establish genome-length HCV RNA-replicating cell lines,
we introduced ON/C-5B RNA with the S2200R mutation
(NS5A), 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, PI1115L, 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 adaptive NS3 mutations on transient genome-length HCV RNA replication in various cured cells. OR/C-5B RNAs with various
combinations of adaptive NS3 mutations were transfected into various cured cells (Oc, OAc, OBc, ODc, OEc, and sOc cells), and luciferase activity was determined
in cell lysates that were prepared at 96 h post-transfection, as shown in Fig. 4. Values are corrected for transfection efficiency as determined by measuring the

luciferase activity 24 h after transfection.

replication of a subgenomic 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, PI115L, 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
QI112R 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 |B-1-derived replicon,
although this mutation’s contribution to the replication is not
clear (Kato et al., 2005). Genetic analysis of HCV RNAs in
long-term cultures of O ~ OE cells will provide useful infor-
mation regarding the genetic advantages of adaptive mutations
found in the NS3 region. For such analysis, long-term culture
(at least 1 year) of O ~ OE cells is in progress.

From the analyses using subgenomic HCV replicons to
date, the center of NS5A has been thought to represent a hot
spot for cell culture-adaptive mutations, because most muta-
tions are found in this region. Interestingly, adaptive mutations
often affect serine residues involved in hyperphosphorylation of
NS5A. Although the HCV-O-derived sO replicon also possesses
a unique S2200R adaptive mutation in the center of NS5A, the
serine residue at position 2200 is not thought to be involved in the
hyperphosphorylation of NS5A (Tanji et al., 1995). To examine
whether or not S2200R mutation is required for efficient repli-
cation of genome-length HCV RNA, we tested the effect of the
S$2200R mutation on RNA replication by the introduction of
OR/C-5B RNA with Q1112R and K1609E, in which the argi-
nine residue in position 2200 was restored to serine residue, into
Oc cells. The results revealed that the replication of genome-
length HCV RNA was abolished with the restoration only in
position 2200 (data not shown), suggesting that the S2200R
mutation plays an important key role 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 NS§3
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 to HCV RNA replication
in cell culture. For the replication of genome-length HCV RNA,
we showed that adaptive NS3 mutations were viral factors and
that the differences between sOc and Oc cells were cellular
factors (Fig. 3). However, our results revealed that specific com-
binations of adaptive NS3 mutations (Q1112R and K1609E, or
Q1112R and P1115L) were superior to the other combinations
in all Oc, OAc, OBc, ODc, and OEc cell lines examined. In
even sOc cells, the combination of Q1112R and P1115L, but
not the combination of Q1112R and K1609E, was superior to
the other combinations. These findings suggest that the effect
of NS3 possessing a specific combination of mutations is supe-
rior to that of the host cell clonality. Recently, Yi et al. (2006)
reported the production of infectious genotype 1a HCV in the
cells transfected with genome-length HCV RNA (H77-S) pos-
sessing five adaptive mutations (two in NS3, one in NS4A, and
two in NS5A), suggesting that robust replication of HCV RNA
is also necessary for the production of infectious viruses (Yi et
al., 2006). Therefore, identification of the best combination of
adaptive mutations for efficient RNA replication may be useful
in the development of a system to produce infectious genotype
1b HCV, and for understanding the HCV replication mechanism.

Acknowledgments

We thank T. Nakamura and A. Morishita for their technical
assistance. This work was supported by a grant-in-aid for the
third-term comprehensive 10-year strategy for cancer control
and by a grant-in-aid for research on hepatitis, both from the
Ministry of Health, Labor, and Welfare of Japan. K.A. was sup-
ported by a Research Fellowship from the Japan Society for the
Promotion of Science (JSPS) for Young Scientists.

References

Abe, K., Ikeda, M., Dansako, H., Naka, K., Shimotohno, K., Kato, N., 2005.
cDNA microarray analysis to compare HCV subgenomic replicon celis with
their cured cells. Virus Res. 107, 73-81.

Ali, S., Pellerin, C., Lamarre, D., Kukolj, G., 2004. Hepatitis C virus subgenomic
replicons in the human embryonic kidney 293 cell line. J. Virol. 78,491-501.

Appel, N., Pietschmann, T., Bartenschlager, R., 2005. Mutational analysis of
hepatitis C virus nonstructural protein SA: potential role of differential phos-
phorylation in RNA replication and identification of a genetically flexibie
domain. J. Virol. 79, 3187-3194.

Bartenschlager, R., 2002. Hepatitis C virus replicons: potential role for drug
development. Nat. Rev. Drug Discov. !, 911-996.

Bartenschlager, R., 2005. The hepatitis C virus replicon system: from basic
research to clinical application. J. Hepatol. 43, 210-216.

Bartenschlager, R., Lohmann, V., 2000. Replication of hepatitis C virus. J. Gen.
Virol. 81, 1631-1648.

Blight, K., Kolykhalov, A.A., Rice, CM., 2000. Efficient initiation of HCV
RNA replication in cell culture. Science 290, 1972-1974.



K.-i. Abe et al. / Virus Research 125 (2007) 88-97 97

Blight, K.J., McKeating, J.A., Rice, C.M., 2002. Highly permissive cell lines
for subgenomic and genomic hepatitis C virus RNA replication. J. Virol. 76,
13001-13014.

Blight, K.J., McKeating, J.A., Marcotrigiano, J., Rice, C.M., 2003. Efficient
replication of hepatitis C virus genotype 1a RNAs in cell culture. J. Virol.
77, 3181-3190.

Date, T., Kato, T., Miyamoto, M., Zhao, Z., Yasui, K., Mizokami, M., Wakita,
T., 2004. Genotype 2a hepatitis C virus subgenomic replicon can replicate
in HepG2 and IMY-N9 cells. J. Biol. Chem. 279, 22371-22376.

Grobler, J.A., Markel, E.J., Fay, J.F, Graham, D.J., Simcoe, A.L., Ludmerer,
S.W., Murray, EM., Migliaccio, G., Flores, O.A., 2003. Identification of a
key determinant of hepatitis C virus cell culture adaptation in domain II of
NS3 helicase. J. Biol. Chem. 278, 16741-16746.

Hijikata, M., Kato, N., Ootsuyama, Y., Nakagawa, M., Shimotohno, K., 1991.
Gene mapping of the putative structural region of the hepatitis C virus
genome by in vitro processing analysis. Proc. Natl. Acad. Sci. U.S.A. 88,
5547-5551.

Hijikata, M., Mizushima, H., Tanji, Y., Komoda, Y., Hirowatari, Y., Akagi, T.,
Kato, N., Kimura, K., Shimotohno, K., 1993. Proteolytic processing and
membrane association of putative nonstructural proteins of hepatitis C virus.
Proc. Natl. Acad. Sci. U.S.A. 90, 10773-10777.

Ikeda, 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.

Ikeda, 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.

Kato, N., 2001. Molecular virology of hepatitis C virus. Acta Med. Okayama
55, 133-159.

Kato, N., Shimotohno, K., 2000. Systems to culture hepatitis C virus. Curr. Top.
Microbiol. Immunol. 242, 261-278.

Kato, N., Hijikata, M., Ootsuyama, Y., Nakagawa, M., Ohkoshi, S., Sugimura,
T., Shimotohno, K., 1990. Molecular cloning of the human hepatitis C virus
genome from Japanese patients with non-A, non-B hepatitis. Proc. Natl.
Acad. Sci. U.S.A. 87, 9524-9528.

Kato, N., Sugiyama, K., Namba, K., Dansako, H., Nakamura, T., Takami, M.,
Naka, K., Nozaki, A., Shimotohno, K., 2003. Establishment of a hepatitis
C virus subgenomic replicon derived from human hepatocytes infected in
vitro. Biochem. Biophys. Res. Commun. 306, 756-766.

Kato, T., Date, T., Miyamoto, M., Furusaka, A., Tokushige, K., Mizokami, M.,
Wakita, T., 2003. Efficient replication of the genotype 2a hepatitis C virus
subgenomic replicon. Gastroenterology 125, 1808-1817.

Kato, N., Nakamura, T., Dansako, H., Namba, K., Abe, K., Nozaki, A., Naka, K.,
Ikeda, M., Shimotohno, K., 2005. Genetic variation and dynamics of hep-
atitis C virus replicons in long-term cell culture. J. Gen. Virol. 86, 645-656.

Kishine, H., Sugiyama, K., Hijikata, M., Kato, N., Takahashi, H., Noshi, T., Nio,
Y., Hosaka, M., Miyanari, Y., Shimotohno, K., 2002. Subgenomic replicon
derived from a cell line infected with the hepatitis C virus. Biochem. Biophys.
Res. Commun. 293, 993-999.

Krieger, N., Lohmann, V., Bartenschlager, R., 2001. Enhancement of hepatitis
C virus RNA replication by cell culture-adaptive mutations. J. Virol. 75,
4614-4624.

Lindenbach, B.D., Rice, C.M., 2005. Unravelling hepatitis C virus replication
from genome to function. Nature 436, 933-938.

Lindenbach, B.D., Evans, M.J., Syder, A.J., Wolk, B., Tellinghuisen, T.L., Liu,
C.C,, Maruyama, T., Hynes, R.O., Burton, D.R., McKeating, J.A., Rice,
C.M., 2005. Complete replication of hepatitis C virus in cell culture. Science
309, 623-626.

Lohmann, V., Korner, F,, Koch, J., Herian, U., Theilmann, L., Bartenschlager,
R., 1999. Replication of subgenomic hepatitis C virus RNAs in a hepatoma
cell line. Science 285, 110-113.

Lohmann, V., Korner, F,, Dobierzewska, A., Bartenschlager, R., 2001. Mutations
in hepatitis C virus RNAs conferring cell culture adaptation. J. Virol. 75,
1437-1449.

Lohmann, V., Hoffmann, S., Herian, U., Penin, F., Bartenschlager, R., 2003.
Viral and cellular determinants of hepatitis C virus RNA replication in cell
culture. J. Virol. 77, 3007-3019.

Murphy, M.D., Rosen, H.R., Marousek, G.I,, Chou, S., 2002. Analysis of
sequence configurations of the ISDR, PKR-binding domain, and V3 region
as predictors of response to induction interferon-alpha and ribavirin therapy
in chronic hepatitis C infection. Digest. Dis. Sci. 47, 1195-1205.

Naganuma, A., Nozaki, A., Tanaka, T., Sugiyama, K., Takagi, H., Mori, M.,
Shimotohno, K., Kato, N., 2000. Activation of the interferon-inducible 2’-
5'-oligoadenylate synthetase gene by hepatitis C virus core protein. J. Virol.
74, 8744-8750.

Naganuma, A., Dansako, H., Nakamura, T., Nozaki, A., Kato, N., 2004. Dis-
turbance of the DNA repair system by HCV core protein. Cancer Res. 64,
1307-1314.

Naka, K., Takemoto, K., Abe, K., Dansako, H., Ikeda, M., Shimotohno, K., Kato,
N., 2005. Interferon resistance of hepatitis C virus replicon-harbouring cells
is caused by functional disruption of type I interferon receptors. J. Gen.
Virol. 86, 2787-2792.

Pietschmann, T., Lohmann, V., Kaul, A., Krieger, N., Rinck, G., Rutter, G.,
Strand, D., Bartenschlager, R., 2002. Persistent and transient replication of
full-length hepatitis C virus genomes in cell culture. J. Virol. 76, 4008-4021.

Sarrazin, C., Mihm, U., Herrmann, E., Welsch, C., Albrecht, M., Sarrazin, U.,
Traver, S., Lengauer, T., Zeuzem, S., 2005. Clinical significance of in vitro
replication-enhancing mutations of the hepatitis C virus (HCV) replicon in
patients with chronic HCV infection. J. Infect. Dis. 192, 1710-1719.

Tanaka, T., Kato, N., Nakagawa, M., Ootsuyama, Y., Cho, M.J., Nakazawa,
T., Hijikata, M., Ishimura, Y., Shimotohno, K., 1992. Molecular cloning of
hepatitis C virus genome from a single Japanese carrier: sequence variation
within the same individual and among infected individuals. Virus Res. 23,
39-53.

Tanaka, T., Kato, N., Cho, M.J., Shimotohno, K., 1995. A novel sequence found
at the 3’ terminus of hepatitis C virus genome. Biochem. Biophys. Res.
Commun. 215, 744-749,

Tanji, Y., Kaneko, T., Satoh, S., Shimotohno, K., 1995. Phosphorylation of hep-
atitis C virus-encoded nonstructural protein NS5A. J. Virol. 69, 3980-3986.

Thomas, D.L., 2000. Hepatitis C epidemiology. Curr. Top. Microbiol. Immunol.
242,25-41.

Wakita, T., Pietschmann, T., Kato, T., Date, T., Miyamoto, M., Zhao, Z., Murthy,
K., Habermann, A., Krausslich, H.G., Mizokami, M., Bartenschlager, R.,
Liang, T.J., 2005. Production of infectious hepatitis C virus in tissue culture
from a cloned viral genome. Nat. Med. 11, 791-796.

Yi, M., Lemon, S.M., 2004. Adaptive mutations producing efficient replication
of genotype la hepatitis C virus RNA in normal Huh7 cells. J. Virol. 78,
7904-7915.

Yi, M., Villanueva, R.A., Thomas, D.L., Wakita, T., Lemon, S.M., 2006. Pro-
duction of infectious genotype la hepatitis C virus (Hutchinson strain)
in cultured human hepatoma cells. Proc. Natl. Acad. Sci. U.S.A. 103,
2310-2315.

Zhong, J., Gastaminza, P.,, Cheng, G., Kapadia, S., Kato, T., Burton, D.R.,
Wieland, S.F, Uprichard, S.L., Wakita, T., Chisari, F.V., 2005. Robust hep-
atitis C virus infection in vitro. Proc. Natl. Acad. Sci. US.A. 102, 9294~
9299.

Zhy, Q.,Guo, J.T,, Seeger, C., 2003. Replication of hepatitis C virus subgenomes
in nonhepatic epithelial and mouse hepatoma cells. J. Virol. 77, 9204-9210.



ANTIMICROBIAL AGENTS AND CHEMOTHERAPY, Oct. 2007, p. 3756-3759

0066-4804/07/$08.00+0 doi:10.1128/AAC.00233-07

Vol. 51, No. 10

Copyright ® 2007, American Society for Microbiology. All Rights Reserved.

Identification of Novel Epoxide Inhibitors of Hepatitis C Virus
Replication Using a High-Throughput Screen"{§

Lee F. Peng,»?3t Sun Suk Kim,"*} Sirinya Matchacheep,’? Xiaoguang Lei,” Shun Su,” Wenyu Lin,'
Weerawat Runguphan, > Won-Hyeok Choe,' Naoya Sakamoto,® Masanori Ikeda,” Nobuyuki Kato,’
Aaron B. Beeler,” John A. Porco, Jr.,> Stuart L. Schreiber,>*® and Raymond T. Chung*

GI Unit, Department of Medicine, Massachusetts General Hospital, 55 Fruit Street, Boston, Massachusetts 02114'; Department of
Chemistry and Chemical Biology, Harvard University, 12 Oxford Street, Cambridge, Massachusetts 02138% The Broad Institute of
Harvard and MIT, 7 Cambridge Center, Cambridge, Massachusetts 02142%; Department of Gastroenterology and Hepatology,
Gachon University Gil Medical Center, 1198 Guwol-dong, Namdong-gu, Incheon, 405-760 Korea*; Department of
Chemistry and Center for Chemical Methodology and Library Development (CMLD-BU), Boston University,

590 Commonwealth Avenue, Boston, Massachusetts 02215°; Department of Gastroenterology and
Hepatology, Tokyo Medical and Dental University, Tokyo, Japan®; Department of Molecular Biology,

Okayama University Graduate School of Medicine, Dentistry, and Pharmaceutical Sciences,

Okayama, Japan”; and Howard Hughes Medical Institute, Chevy Chase, Maryland®

Received 15 February 2007/Returned for modification 7 May 2007/Accepted 28 July 2007

Using our high-throughput hepatitis C replicon assay to screen a library of over 8,000 novel diversity-
oriented synthesis (DOS) compounds, we identified several novel compounds that regulate hepatitis C virus
(HCYV) replication, including two libraries of epoxides that inhibit HCV replication (best 50% effective con-
centration, < 0.5 pM). We then synthesized an analog of these compounds with optimized activity.

Hepatitis C virus (HCV) infects over 170 million people
worldwide and frequently leads to cirrhosis, liver failure, and
hepatocellular carcinoma (1). Currently, the best therapy for
the treatment of chronic hepatitis C is a combination of pegy-
lated interferon and ribavirin, which has suboptimal efficacy
and has an unfavorable side effect profile (14). The identifica-
tion of more-effective and better-tolerated agents is therefore
a high priority.

We have recently reported the successful adaptation of the
Huh7/Rep-Feo replicon cell line (18) to a high-throughput
screening assay system (8). Using this system, we previously
screened a library of 2,568 well-known compounds whose bi-
ological activity is fully characterized (8). In order to dis-
cover novel regulators of HCV replication, we then screened
a library of 8,064 diversity-oriented synthesis (DOS) com-
pounds (1S, 16). This library, known as the DOS set, is a

TABLE 1. Hits by library from the primary high-throughput screening with the DOS set”

Increased luciferase signal hit libraries Antiviral hit libraries

Library
Hits Members Reference(s) Hits Members Reference(s) or sources
FPA 11 319 5
BUCMLD 4 880 10,17 4 880 10, 17. Fig. 1. Table 2
JMM 4 544 i3
UGISS 1 319 2
BUCMLD epoxyquinol 12 34 10, 17, Fig. 1 and 2,
Table 2
SM 9 27 Fig. 1 and 2. Table 2
SpOx 6 612 6. 12
BEA 3 238 3
ICCB6 3 352 4
YKK 2 281 9
RTE 2 159 19

4 The total number of compounds which comprise cach library is listed in the "Members™ columns.
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TABLE 2. Results of secondary screening with antiviral hit
compounds from the SM and BUCMLD libraries’

Compound name EC;, CCsy
BUCMLD-B10A11 <0.5 (<0.5-0.5) 19.5(19.4-22.4)
BUCMLD-B10A3 0.7 (<0.5-5.2) 9.0 (7.1-10.0)
BUCMLD-X1.-184 1.4 (0.8-3.9) >50
BUCMLD-B10AS 1.5(<0.5-5.4) 39.3 (28.6->50)
BUCMLD-XL-190 2.5 (<0.5-10) >50
BUCMLD-B10A1 2.6 (1.0-5.0) 18.0 (15.9-19.5)
SM_A14B5 3.5(2.74.4) 27.1 (18.044.6)
BUCMLD-XL-189 3.8(2.2-7.0) >50
SM_A6B5_2P100 6.6 (4.0-15.3) >50
BUCMLD-B10AS8 7.0 (0.9-30.0) >50
BUCMLD-B10A10 7.0 (5.4-30.0) >50
BUCMLD-B10A14 7.6 (1.0-23.0) >50
BUCMLD-B10A7 7.75 (1.0-30.0) 35.3 (33.6-36.7)
SM_A4B6_2P123 8.0 (6.3-10.0) >50
SM_AS5B5_2P118 9.1 (2.5-16.7) >50
SM_A7C2_2P155 12.7 (7.0-24.0) >50
BUCMLD-B13A2 14.2 (6.4-45.0) >50
SM_A1B2_1P32 19.6 (11.7-28.2) >50
SM_A1B5_2P24 19.7 (6.25-50.0) >50
BUCMLD-B13A1 21.1 (7.5-36.7) >50
SM_ASB3_2P14] 25.7 (18.3-39.8) >50
SM_A5B2_2P142 26.7 (9.1-50.0) >50
BUCMLD-NTM- 30.0 (0.746.1) >50

EN2-67A
SM_A12B3 >30 >50
BUCMLD-B10AI13 429 (25.2-59.4) >50
BUCMLD-XL-130 >100 >350

“ Notc that structurc-activity rejationship SM library compounds are also in-
cluded. The ECs, and 504 cytotoxic concentration (CCy,) are reported in pM
with 95% confidence intervals in parentheses. A value of <0.5 indicates a con-
centration of less than (.5 pM; >30 indicates a concentration of greater than 30
wM; >350 indicates a concentration of greater than 50 pM: and >100 indicates
a concentration of greater than 100 pM.

meta-library comprised of DOS libraries from chemists
throughout the United States and Canada. Information
about the DOS set is available at http://www.broad.harvard
.edu/chembio/platform/screening/compound_libraries/index
htm.

The high-throughput primary screen and the secondary val-
idation assays were performed as described in our previous
publication (8).

Computational data analysis of the primary screening results
was performed as previously described (8) except for the hit
criteria. As the characteristics of this data set are different from
those generated by our previous screen (8), different threshold
values were chosen to assure optimal hit selection. Compounds
were considered hits for inhibiting replication if they had a
composite Z score of <-—2:57 in the reporter gene screen, a
reproducibility of >0.9 or <—0.9 in that screen, and a com-
posite Z score of >—2.00 in the cell viability screen. Com-
pounds were considered hits for stimulating luciferase produc-
tion if they had a composite Z score of >2.50 in the reporter
gene screen, a reproducibility of >0.9 or <—{).9 in that screen,
and a composite Z score of <1.00 in the cell viability screen.

Full synthetic experimental procedures and spectroscopic
data for the SM library compounds discussed in this publica-
tion are provided in the supplemental material. The synthesis
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FIG. 2. Selected graphical results of secondary screening with antiviral hit compounds from the SM and BUCMLD epoxyquinot libraries.
Luciferase activity for HCV RNA replication levels is shown as a percentage of control. Cell viability is also shown as a percentage of control. Each
point represents the average of triplicate data points with standard deviation represented as the error bar.

The synthesis of the BUCMLD epoxyquinol library has been
previously described (10, 17).

Full experimental details regarding the JFH1 HCVcc system
(11) are provided in the supplemental material. We identified
41 antiviral compounds that inhibited HCV replication and 20
proviral compounds that increased luciferase production (Ta-
ble 1). In our analysis of the antiviral hit compounds from the
DOS set, a striking finding was that 21 of the 41 compounds
contained an epoxide moiety. Moreover, the most potent of
these compounds were epoxides. Further analysis revealed that
these epoxides came from only two DOS libraries, SM and
BUCMLD epoxyquinol (10, 17), with very high sublibrary hit
rates of 35% and 33%, respectively (Table 1). Of note, the
non-hit members of these two libraries did exhibit antiviral
activity but failed to meet the formal hit criteria.

As we were especially intrigued by these epoxide-bearing
compounds, we restricted our hit validation to these com-
pounds (Table 2 and Fig. 1). SM_AG6B5_2P100 was the most
active member of the SM library, while BUCMLD-BIOAT]
was the most potent member of the BUCMLD epoxyquinol
library (Table 2 and Fig. 2).

Structure-activity relationship analysis of the SM library
reveals the structural elements most important for antiviral

activity (Table 2 and Fig. 1). Comparing SM_ASB5_2P118§
to SM_AI1BS5 _2P24. iodinated compounds are more active
than brominated ones. Comparing SM_AS5SB5_2P118 to
SM_ASB3_2P141 and SM_A5B2_2P142, compounds with
a phenyl substituent are more active than those with
aliphatic chains. Finally, the most active compounds,
SM_A4B6_2P123 and SM_A6B5_2P100, have a bridgehead
substituent. Thus, we hypothesized that the most active
compound should bear an iodine, a phenyl substituent, and
a bridgehead substituent.

SM_A14B5, which incorporates all of these elements, was
therefore synthesized, as it was reasoned to be the most active
SM library compound. Indeed, SM_A14B5 had a 50% effective
concentration (ECy,) of approximately 3.5 uM, which is about
hatf that of SM_A6BS_2P100 (Table 2 and Fig. 2).

The most potent compounds (rom each library, SM_A14B5
and BUCMLD-BI0A1I, underwent further validation in the
infectious JFHt HCVce system (11). They were tested at con-

Ccentrations of 5 uM and 1 pM. respectively, and inhibited

HCV replication 48.4% * 5.9% and 45.1% = 5.2%, respec-
tively, relative to the level of inhibition achieved by interferon
at a concentration of 1 ng/ml. These data roughly approximate
the EC,, validation data derived from the ORG system (7) in
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which inhibition was also measured relative to that of inter-
feron at a concentration of 1 ng/ml.

Our observations suggest that the epoxide moiety is es-
sential for potent antiviral activity. Analyzing the BUCMLD
compounds, those compounds that bear an epoxide moiety
are, in general, more-potent antivirals than those that do not
(Table 2 and Fig. 1). Furthermore, all of the compounds
from the SM library bear epoxides. SM_A12B3, an analog of
SM_ASB3_2P141, which bears a tetrahydrofuran moiety in
place of an epoxide, was therefore synthesized to further
test this hypothesis. SM_A12B3 had negligible antiviral ac-
tivity (Table 2), while SM_AS5B3_2P141 displayed modest
antiviral activity. Other analogs of SM compounds bearing
tetrahydrofuran rings in place of epoxides showed similar
attenuation of antiviral activity relative to their parent com-
pounds. Unfortunately, attempts to synthesize the tetrahy-
drofuran analog of the most potent SM compound,
SM_A14BS, have so far been unsuccessful.

It is interesting to note that it is the urazole-containing
epoxyquinol constituents of the BUCMLD epoxyquinol [i-
brary, rather than the maleimide-derived ones, that demon-
strated anti-HCV activity in the primary screen. It is therefore
likely that the combination of a urazole with the epoxide is
necessary for the activity of the BUCMLD epoxyquinol com-
pounds.

Although none of our most potent antiviral DOS com-
pounds showed significant cytotoxicity at their ECs,s, all of
them ultimately proved to be cytotoxic at higher concentra-
tions (Table 2 and Fig. 2). Therefore, future modifications
should not only aim to improve anti-HCV activity but should
also attempt to decrease cytotoxicity, in order to widen the
therapeutic window.

It is tempting to hypothesize that these epoxides exert their
antiviral effects through a common pathway. Presumably, they
act as electrophiles, with the nucleophilic target making a co-
valent bond by attacking and opening the epoxides. Studies to
elucidate their mechanism of action are under way.
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Abstract: Previously, we found that bovine and human lactoferrin (LF) specifically inhibited hepatitis C
virus (HCV) infection in cultured non-neoplastic human hepatocyte-derived PHSCHS cells, and we iden-
tified 33 amino acid residues (termed C-s3-33; amino acid 600—632) from human LF that were primarily
responsible for the binding activity to the HCV E2 envelope protein and for the inhibiting activity against
HCY infection. Since the anti-HCYV activity of C-s3-33 was weaker than that of human LF, we speculated
that an increase of E2 protein-binding activity might contribute to the enhancement of anti-HCYV activity.
To test this possibility, we made two repeats [(C-s3-33).] and three repeats [(C-s3-33),] of C-s3-33 and char-
acterized them. Far-Western blot analysis revealed that the E2 protein-binding activities of (C-s3-33),
and (C-s3-33), became stronger than that of the C-s3-33, and that the binding activity of (C-s3-33), was
stronger than that of (C-s3-33).. Using an HCV infection system in PHSCHS cells, we demonstrated that
the anti-HCYV activities of (C-s3-33), and (C-s3-33), became stronger than that of the C-s3-33. Further-
more, using a recently developed infection system with a VSV pseudotype harboring the green fluorescent
protein gene and the native El and E2 genes, we demonstrated that the antiviral activities of (C-s3-33), and
(C-s3-33); were stronger than that of C-s3-33. These results suggest that tandem repeats of LF-derived
anti-HCV peptide are useful as anti-HCYV reagents.

Key words: Hepatitis C virus, Lactoferrin, Anti-HCV peptide, E2 protein-binding activity

Hepatitis C virus (HCV) infection frequently causes
chronic hepatitis, which progresses to liver cirrhosis
and hepatocellular carcinoma (28). HCV is an
enveloped positive single-stranded RNA (9.6 kb) virus
belonging to the Flaviviridae. The HCV genome
encodes a large polyprotein precursor of about 3,000
amino acids (aa), which is cleaved by the host and viral
proteases into at least [0 proteins: the core. envelope |
(E1), E2, p7, and non-structural 2 (NS2), NS3, NS4A,
NS4B. NS5A, and NS5B (7, 8, 18). These HCV pro-
teins function not only in virus replication but may also
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affect a variety of cellular functions, including gene
expression, signal transduction, and apoptosis (1, 17).

Approximately 170 million people worldwide are
infected with HCV (32). The combination of a pegylat-
ed interferon with ribavirin is the current standard thera-
py for chronic hepatitis C and yields a sustained viro-
logical response rate of about 55% (6). This means that
about 45% of patients with chronic hepatitis C are still
threatened by the progress of the disease to cirrhosis
and hepatocellular carcinoma.

Although the entry mechanism of HCV remains
unclear. to date, several candidates for HCV receptors

Abbreviations: aa, amino acids; DMEM, Dulbecco’s modified
Eagle’s medium: E2, envelope 2: GFP. green fluorescent pro-
tein: HCV. hepatitis C virus: LF, lactoferrin: MBP. maltose-bind-
ing protein; NS2. non-structural 2; TF, transferrin: VSV, vesicu-
lar stomaltitis virus.
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have been reported: CD81, the scavenger receptor class
B type 1, the mannose-binding lectins DC-SIGN and L-
SIGN, low-density lipoprotein receptors, etc. (4). Most
of them have been identified as interacting materials
with a soluble and truncated form of the HCV E2 pro-
tein, because of the lack of efficient HCV proliferation
in cell cultures, although several culture systems using
PCR for detection of HCV infection have been reported
(20). However, a major advance in investigating HCV
entry has been achieved by the development of pseudo-
type viruses bearing HCV El and E2 proteins assem-
bled onto retrovirus particles (2, 9) or vesicular stomati-
tis virus (VSV) particles (3, 23, 30). Extensive charac-
terization of the pseudotype viruses has shown that
these mimic the early steps of the HCV life cycle. This
system has allowed the study of the role of candidate
receptors in the early steps of HCV infection (4).

We previously found that bovine and human lactofer-
rins (LFs) specifically prevented HCV infection in cul-
tured human non-neoplastic hepatocyte PHSCH8 cells
using the PCR method for detection of HCV infection
(10, 12). Regarding these findings, some clinical studies
have demonstrated that monotherapy with bovine LF
improves the serum HCV RNA and/or alanine amino-
transferase levels in patients with chronic hepatitis C
(15,16.27,31).

LF is an 80-kDa mammalian iron-binding glycopro-
tein and consists of two homologous globular Jobes (an
N-lobe and a C-lobe), each with a single iron (Fe™)
binding site. It is structurally related to the plasma
iron-transport protein transferrin (TF). LF’s biological
roles include activities in the host defense mechanism as
well as in iron metabolism (21, 22). Unlike TF, LF is a
primary defense protein against microbial infection. LF
possesses strong bacteriostatic and bactericidal activi-
ties against pathogenic bacteria, as well as inhibitory
activity against pathogenic viruses (5, 21, 22, 33).

LF’s preventive mechanism against HCV infection
has been thought to be the direct interaction between
LF and HCV; indeed, by Far-Western blot analysis
using thioredoxin-fused LF fragments expressed in
Escherichia -coli (E. coli) and the soluble E2 protein
expressed in Chinese hamster ovary cells, we demon-
strated that the 93 carboxyl aa of LF (human, bovine,
and horse), termed C-s3. specifically bound to the E2
protein (25). On the other hand. Yi et al. (34) indepen-
dently reported that the E] and E2 proteins could bind
to human and bovine'LFs, although the binding region
of LF was not identified. Furthermore, we identified
the 33 aa of human LF (termed C-s3-33; aa 600-632).
which was primarily responsible for the E2 protein-
binding activity, and demonstrated that maltose-binding
protein (MBP)-fused C-s3-33 prevented HCV infection

in PHSCHS hepatocyte cells (25). However, the E2
protein-binding activity and the anti-HCV activity of C-
$3-33 were obviously weaker than those of human LE
Therefore, we presumed that the increase of the E2 pro-
tein-binding activity would lead to the enhancement of
anti-HCV activity.

To evaluate this idea, we made tandem repeats of C-
$3-33, and compared their E2 protein-binding activities
and anti-HCV activities with those of the C-s3-33.
Here, we report our findings that the anti-HCV activity
of the tandem repeats were stronger than that of the
monomer when accompanied by the enhancement of
the E2 protein-binding activity, by analyses using not
only the HCV infection system but also the infection
system of a VSV pseudotype bearing the native forms
of HCV El and E2 proteins.

Materials and Methods

Cell cultures. Simian virus 40 large T antigen-
immortalized non-neoplastic human PH5CHS& hepato-
cytes were maintained as described previously (11, 24).
Human hepatoblastoma HepG2 cells were maintained
in Dulbecco’s modified Eagle’s medium (DMEM) sup-
plemented with 10% fetal bovine serum.

Construction of expression plasmids for E. coli. The
pMAL-c2X (hLF600-632) (25) expression plasmid for
the MBP-fused C-s3-33 LF fragment, was used as a
template for the PCR using a primer set of hLFB6 5'-
TGATAGGATCCGTGGTGTCTCGGATGATAAGG-3!
containing the BamHI recognition site (underlined) (25)
and 632R6A S-ATCCATCCGAGACACCA-
CAAACTTGTCCGGGCAGTCAGATCC-3' contain-
ing an extra |18 nts (underlined) encoding the amino-
terminal 6 aa of the C-s3-33 LF fragment. After PCR
(20 cycles) using KOD-plus DNA polymerase (Toyobo,
Osaka. Japan). the amplified PCR product was used as a
template for a second PCR using the primer set of
hLFB6 and 632R S-TAATAAAGCTTT-
TAAAACTTGTCCGGGCAGTCAGATCC-3' contain-
ing the Hindlll recognition site (underlined) (25). After
PCR (35 cycles) using KOD-plus DNA polymerase.
amplified PCR products (approximately 200 bp for the
two-repeat form and approximately 300 bp for the
three-repeat form) were subcloned into the BamHI and
Hindlll sites of pMAL-c2X. and were used as expres-
sion plasmids for the production of the MBP-fused (C-
$3-33); and (C-s3-33)..

To prepare an expression plasmid for the production
of the MBP-fused C-s3-33-relevant fragment (aa
587-619) of human TF, pCXbsr/huTF (29) encoding
full-length human TF was used as a template for the
PCR using a primer set of hTF587F 5-TGATAG-
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GATCCGTGGTCACACGG-3' containing the BamHI
recognition site (underlined) and hTF6I9R 5'-
TAATAAAGCTTTTAAAAGTTGCCCG-3' containing
the HindIll recognition site (underlined). After PCR
(35 cycles) using KOD-plus DNA polymerase, the
amplified PCR product was subcloned into the BamHI
and Hindlll sites of pMAL-c2X, and was used as the
expression plasmid.

Expression and purification of the MBP-fused pro-
tein. Expression and purification of the MBP-fused LF
fragment [C-s3-33, (C-s3-33),, or (C-s3-33);] or the
MBP-fused C-s3-33-relevant fragment of human TF
were carried out as described previously (25). Briefly,
the expression plasmid for MBP-fused protein was
transformed into the E. coli strain JM109. The transfor-
mants were cultured at 37 C for several hours, and the
harvested cells were sonicated. After removal of insol-
uble cellular debris by centrifugation, the supernatant
obtained as the soluble fraction was applied onto an
amylose resin affinity column (New England Biolabs) to
obtain the MBP-fused protein. The purity of the
obtained MBP-fused protein was evaluated to be more
than 95% by electrophoresis on 10% SDS-PAGE gels.
The concentration of the purified MBP-fused protein
was determined by using Coomassie protein assay
reagent (Pierce). The MBP2 (43 kDa) produced from
the pMAL-c2X with a stop codon inserted into the
Xmul site was used as a control protein.

Far-Western blot analysis. Far-Western blot analysis
was carried out as described previously (25). Briefly,
0.5 ug of human LF, MBP2, and MBP-fused LF frag-
ments were resolved by 10% SDS-PAGE and trans-
ferred to polyvinylidene difluoride membranes. After
blocking with N-buffer (25), a binding reaction was
carried out using the secreted form of the E2 protein
(E2-681) consisting of aa 384-681 expressed in Chi-
nese hamster ovary cells as a probe (14). and then rat
monoclonal antibody, MO-12 (13), against E2 protein
was used for the detection of E2 protein-bound MBP-
fused LF fragments.

Assay for anti-HCV activitv of MBP-fused protein.
An assay for anti-HCV activity of the MBP-fused LF
fragment was carried out by the method described pre-
viously (25). Briefly, 2 ul (2X 10" HCV) of the HCV-
positive serum HCV-O (previously described as 1B-2
(19)) (genotype 1b) and the MBP-fused LF fragment
(final concentration, 0.5, 1.0, and 2.0 mg/ml) were pre-
incubated for 60 min at 4 C and then inoculated onto to
the PH5CHS cells (1.5X 10" cells were cultured for 2
days before viral inoculation on a 96-well plate). After
incubation of the cells for 90 min at 37 C. the cells
were washed three times with PBS and further cultured
for 1 day at 32 C. Cellular RNA (0.5 pg) prepared by

ISOGEN extraction kit (Nippon Gene Co., Toyama,
Japan) was used for the quantitative analysis of HCV
RNA using LightCycler PCR as described previously
(26). As the positive and negative controls for anti-
HCV activity, human LF and MBP2, respectively, were
used.

Assay for anti-VSV pseudotype activity of MBP-fused
protein. For this assay, the VSV pseudotype
VSVAG*(HCV), bearing the native forms of HCV El
and E2 proteins from the O strain (19), was used.
VSVAG*(HCV) was prepared by introducing the
native form of El and E2 proteins into recombinant
VSV, VSVAG*, which harbors the green fluorescent
protein (GFP) gene instead of the VSV G envelope pro-
tein gene (30). An assay for the anti-VSV pseudotype
activity of the MBP-fused LF fragment was carried out
by a method described previously (30). Briefly,
VSVAG*(HCV) (Approximately 100 1U/assay) was
pre-incubated with the MBP-fused LF fragment (final
concentration, 0.1-1.0 mg/ml) at 37 C for 60 min and
inoculated onto PH5CHS8 or HepG2 cells (1.5%X10°
cells were cuitured for 2 days before viral inoculation on
a 96-well plate). After incubation of the cells for 90
min at 37 C, the cells were washed with DMEM three
times and incubated with fresh culture medium.
VSVAG*G was used as a control in this assay. After 24
hr of incubation, each infectious titer was determined
by counting the number of GFP-expressing cells under a
fluorescence microscope. As the positive and negative
controls for the assay, human LF and MBP2 were used,
respectively. Human TF and an MBP-fused C-s3-33-
relevant fragment of human TF were also used for the
assay.

Results

Two and Three Repeats of the Human LF Fragment (C-
$3-33) Strengthened the E2 Protein-Binding Activity
Previously we found that bovine and human LFs pre-
vented HCV infection in PHSCHS cells via direct inter-
action between LF and HCV (10, 12), and we further
identified 33 aa residues (C-s3-33; aa 600-632 of
human LF) as an essential and minimum domain pos-
sessing binding activity for the HCV E2 protein (secret-
ed form consisting of aa 384-681) and inhibiting activi-
ty against HCV infection (25). This result suggested
that the E2 protein-binding activity contributes to the
anti-HCV activity. However, the E2 protein-binding
activity of C-s3-33 was somewhat weaker than that of
human LF (25). and the anti-HCV activity of C-s3-33
(1C=20 um) in the infection system using PH5CHS
cells was also weaker than that of human LF (IC4=5
um) (25). To improve these points, we first tried 1o



