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We report for the first time a new RNA replication system with a hepatitis C virus (HCV) strain (AH1)
derived from a patient with acute hepatitis C. Using an HCV replicon RNA library constructed with the
AH1 strain (genotype 1b), we first established a cloned cell line, sAH1, harboring the HCV replicon. Cured
cells obtained with interferon treatment of sAH1 cells were used for transfection with genome-length
HCV RNA possessing four mutations found in sAH1 replicon. Consequently, one cloned cell line, AH1, sup-
porting efficient replication of genome-length HCV RNA was obtained. By the comparison of AH1 cells
with the O cells supporting genome-length HCV RNA (HCV-O strain) replication, we found different
anti-HCV profiles of interferon-y and cyclosporine A between AH1 and O cells. Reporter assay analysis
suggests that the diverse effects of interferon-y are due to the difference in HCV strains, but not the cel-
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Hepatitis C virus (HCV) infection frequently causes chronic hep-
atitis, which progresses to liver cirrhosis and hepatocellular carci-
noma. HCV infection has now become a serious health problem
because at least 170 million people worldwide are currently in-
fected with HCV [1]. HCV is an enveloped virus with a positive
single-stranded 9.6 kilobase (kb) RNA genome, which encodes a
large polyprotein precursor of approximately 3000 amino acid
(aa) residues [2,3]. This polyprotein is cleaved by a combination
of the host and viral proteases into at least 10 proteins in the fol-
lowing order: core, envelope 1 (E1), E2, p7, non-structural 2
(NS2), NS3, NS4A, NS4B, NS5A, and NS5B [3].

As a striking breakthrough in HCV research, in 1999, an HCV
replicon system enabling robust HCV subgenomic RNA (Con-1
strain of genotype 1b) replication in specific human HuH-7 hepa-
toma cells has been developed [4]. After the first Con-1 replicon,
several HCV replicon (genotypes 1a, 1b, and 2a) systems using
HuH-7-derived cells have been developed. These replicon systems
have become powerful tools for basic studies of HCV replication,
HCV-host cell interactions, and screening of anti-HCV reagents,
[5,6]. Furthermore, genome-length HCV RNA replication systems
have been developed [7-9], since HCV replicons lacking HCV struc-
tural proteins are insufficient for further HCV research. We also
established a genome-length HCV RNA-replicating cell line (HCV-
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O strain of genotype 1b; called O cell line) [10] using cured cells de-
rived from sO cells [11], in which HCV replicon RNA (HCV-O strain)
with an adaptive mutation (S2200R) is replicating. However, to
date, established genome-length HCV RNA-replicating stable cell
lines are limited to five HCV strains, H77 (1a), HCV-N (1b), Con-1
(1b), HCV-O (1b), and JFH1 (2a) [7-10,12], and there is no RNA
replication system with an HCV strain derived from a patient with
acute hepatitis C. Furthermore, there have been few reports com-
paring these HCV strains.

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

Materials and methods

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

Reverse transcription (RT)-nested PCR. RNA from a serum of patient AH1 [13]
with acute hepatitis C was prepared using the ISOGEN-LS extraction kit (Nippon
Gene Co., Japan). This RNA sample was used as a template for RT-nested PCR to am-
plify the HCV RNA. RT-nested PCR was performed separately in two parts; one part
(3.5 kb) covered from HCV 5'UTR to NS3, and the other part (6 kb) covered from NS2
to NS5B. For the first part, the antisense primer AH3553R, 5'-CACACGCCGTTGATGC
AGGTCG-3' was used for RT. Primers 21 [11] and AH3519R, 5-TGCGTGGCGG
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TGGAAACCACCTG-3" were employed in the first round of PCR (35 cycles). An inter-
nal primer pair (21X [11] and AH3466RX: 5'-ATTATICTAGAGGCCTGTGAGACTG
GTGATGATGC-3’; containing a Xbal site (underlined)) was used for the second
round of PCR (35 cycles). For the second part, the antisense primer 386R [11] was
used for RT. Primers 542 and 9388R [11] were employed in the first round of PCR
(35 cycles). An internal primer pair (3295X: 5-ATTATICTAGACTGACATGGA
GACCAAGATCATCAC-3'; containing a Xbal site (underlined) and 9357RX: 5'-ATTATT
CTAGACCCGTTCACCGGTTGGGGAGCAG-3'; containing a Xbal site (underlined)) was
used for the second round of PCR (35 cycles). These fragments overlapped at the
NS2 and NS3 regions and were used for sequence analysis for HCV RNA after cloning
into the Xbal site of pBR322MC [11]. Superscript II (Invitrogen) and KOD-plus DNA
polymerase (Toyobo, Osaka, Japan) were used for RT and PCR, respectively.

Plasmid construction. PCR product (NS3 to NS5B of AH1 strain) with primers 542
and 9388R was further amplified with primers 3501S: 5'-ATTATACTAGTCTCACAGG
CCGGGACAAGAACC-3'; containing a Spel site (underlined) and 9162RB: 5'-ATTATC
GTACGGCCCAGTTGAAGAGGTACTTGCC-3’; containing a BsiWI site (underlined).
The amplified fragment was digested with Spel and BsiWI, and ligated into the
replicon cassette plasmid pNSS1RZ2RU [11], which was predigested with Spel and
BsiWI. Using this ligation reaction mixture, a replicon RNA library (AH1N/3-5B in
Supplementary Fig. 1) was prepared by a previously described method [11]. To make
the plasmid pAH1N/C-5B/PL, LS, (VA), containing full-length HCV polyprotein of AH1
strain, pON/C-5B containing full-length HCV polyprotein of HCV-O strain [10] was
utilized. First, to make a fragment for pAH1N/C-5B (Supplementary Fig. 1), overlap-
ping PCR was used to fuse EMCV IRES to the core protein-coding sequence of the AH1
strain, as described previously [10]. The resulting DNA was digested with Pmel and
Clal, and then replaced with the Pmel-Clal fragment of pON/C-5B (pON/C-5B/CoreAH
was obtained). Second, the Clal-Agel fragment of pHCV-AH1 containing full-length
HCV polyprotein of AH1 strain was replaced with the Clal-Agel fragment of pON/
C-5B/CoreAH (pAH1N/C-5B was obtained). Finally, the Spel-BsiWI fragment of
PAH1N/3-5B clone 2 (see Fig. 1C) was replaced with the Spel-BsiWI fragment of
PAH1N/C-5B (pAH1N/C-5B/PL, LS, (VA), was obtained).

RNA synthesis. Plasmid DNAs were linearized by Xbal and were used for RNA
synthesis with T7 MEGAscript (Ambion) as previously described [11].
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RNA transfection and selection of G418-resistant cells. The transfection of HCV
replicon RNA or genome-length HCV RNA synthesized in vitro into HuH-7-de-
rived cells was performed by electroporation, and the cells were selected in
the presence of G418 (0.3 mg/ml; Promega) for 3 weeks as described previously
[11].

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

Integration analysis. Genomic DNA was extracted from the cultured cells
using the DNeasy Blood & Tissue Kit (QIAGEN). The HCV 5'UTR and the
IFN-B gene were detected according to a PCR method described previously
[11].

Western blot analysis. The preparation of cell lysates, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and immunoblotting analysis were performed
as previously described [11]. The antibodies used in this study were those against
Core, E2, NS3, NS4A, NS5A, and NS5B [10]. B-Actin antibody (AC-15, Sigma) was
used as the control for the amount of protein loaded per lane. Immunocomplexes
were detected with the Renaissance enhanced chemiluminescence assay (Perkin-
Elmer Life Sciences, Boston, MA).

Sequence analysis of HCV RNA. To amplify replicon RNA and genome-length HCV
RNA, RT-PCR was performed as described previously [10,11]. The PCR products
were subcloned into the Xbal site of pBR322MC, and sequence analysis was per-
formed as described previously [11].

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

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

Statistical analysis. Differences between AH1 and O cell lines were tested using
the Student’s t-test. P values <.05 were considered statistically significant.
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Fig. 1. Characterization of sAH1 cells harboring HCV replicon. (A) No integration of the HCV sequence in the genomic DNA. Genomic DNA from sAH1cells was subjected to
PCR for the detection of the HCV 5'UTR and the IFN-B gene. O cells were used as a negative control. Lane PC, HCV sequence-integrated cells; lane NC, no genomic DNA; lane M,
100 bp DNA ladder. PCR products were detected by staining with ethidium bromide after 3% agarose gel electrophoresis. (B) Quantitative analysis of intracellular replicon
RNA. The levels of replicon RNA were quantified by LightCycler PCR. sO cells harboring HCV-O replicon [11] were used for the comparison. (C) Amino acid substitutions
detected in intracellular AH1 replicon RNA. NS3 to NS5B regions of three independent clones sequenced were presented. L1262S and V1897A conserved substitutions are
indicated by asterisks. Clone-specific aa substitutions (indicated by the numbers with dots) are as follows: 1, K1691R; 2, M2105I; 3, P1115L; 4, V2360A; 5, K1368R; 6,
A1533T; 7,12285V; 8, D2377H. (D) IFN sensitivity of AH1 replicon. sAH1 cells were treated with IFN-o (Sigma), IFN-B (a gift from Toray Industries), and IFN-y (Sigma) (20 IU/
ml each) for 5 days. For the comparison, sO cells were treated as well as sAH1 cells. NS5B was detected by Western blot analysis.
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Results

Establishment of a G418-resistant cell line (SAH1) harboring HCV
replicon RNA

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

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

To exclude the possibility that sAH1 cells were derived from a
small number of OR6 cells remaining after IFN treatment, and to
determine whether replicon RNA in sAH1 cells possesses cell cul-
ture-adaptive mutations [5], which enhance the efficiency of RNA
replication, we performed genetic analysis of the intracellular

AH1 replicon. The sequences of three independent clones were
determined and compared with each other to avoid PCR error.
The obtained consensus nucleotide and aa sequences of NS3-
NS5B regions of the AH1 replicon showed 7.3% and 3.7%
differences, respectively, from those of the HCV-O replicon [11],
indicating that sAH1 cells were not contaminated by the ORG6 cells.
In contrast, to find conserved mutations in the AH1 replicon, we
determined the consensus nucleotide sequences of AH1 serum-de-
rived HCV RNA by comparison of the nucleotide sequences of three
independently isolated cDNA clones (Accession No. AB429050).
The K1609E (NS3) and S2200R (NS5A) adaptive mutations found
in O and ORG cells were not detected in the AH1 replicon. However,
instead of these mutations, L1262S (NS3) and V1897A (NS4B) con-
served mutations were detected (Fig. 1C). Although V1897A has
been detected as an adaptive mutation in Con-1 replicon [15],
L1262S has until now remained undetected. In clone 2, the
P1115L mutation (number 3 in Fig. 1C), which has been reported
as an adaptive mutation [15,16], was detected.

To further characterize the sAH1 replicon, we compared the
sensitivities of sSAH1 and sO replicons against anti-HCV reagents
(IFN-o, IFN-B, and IFN-y) [5,6,11]. Western blot analysis of NS5B re-
vealed that the IFN sensitivity of the SAH1 replicon was equivalent
to that of the sO replicon (Fig. 1D).

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

To develop a genome-length HCV RNA replication system, we
first constructed a pAH1N/C-5B/PL, LS, (VA), by the replacement
with sAH1 replicon clone 2 (Fig. 1C) into pAH1N/C-5B. AH1N/C-
5B/PL, LS, (VA), RNA was transfected into sAH1c cells, cured
sAH1 cells. Following 3 weeks of culturing in the presence of
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Fig. 2. Characterization of AH1 cells harboring genome-length HCV RNA. (A) Selection of G418-resistant cell lines. The levels of HCV RNA in G418-resistant cells were
quantified by LightCycler PCR (upper panel). Core and NS4A were detected by Western blot analysis (lower panel). (B) Western blot analysis. AH1, O, sAH1, and sAH1c cells
were used for the comparison. Core, E2, NS3, NS4A, NS5A, and NS5B were detected by Western blot analysis. (C) Northern blot analysis. AH1, O, sAH1, sAH1c, and HuH-7 cells
were used for the comparison. In vitro-synthesized AH1N/3-5B and AH1N/C-5B RNAs were also used for the comparison.
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G418, several colonies were obtained, and 4 colonies (2-1, 2-2, 2-3,
and 2-5) then successfully proliferated. We selected colony 2-2
among them because it showed high levels of HCV RNA and pro-
teins (core and NS4A) (Fig. 2A); this cell line was referred to as
AH1. To compare the expression levels of HCV proteins in AH1 cells
with those in O cells, Western blot analysis was further performed.
Although the levels of HCV proteins in AH1 cells were slightly low-
er than those in O cells, the expression levels of NS proteins in AH1
cells were equivalent to those in sAH1 cells (Fig. 2B). In this anal-
ysis, we noticed that the size of the E2 protein in AH1 cells was
7 kDa larger than that in O cells (Fig. 2B). This difference may be
due to the different numbers of N-glycosylation sites in E2 protein,
since 11 and 9 N-glycosylation sites in E2 proteins are estimated in
AH1 and HCV-O strains, respectively. Northern blot analysis also
showed the presence of HCV-specific RNA with a length of approx-
imately 11 kb in the extracts of total RNA prepared from AH1 cells,
similar to that in the O cells (Fig. 2C). We confirmed the presence of
replicon RNA (approximately 8 kb) in sAH1 cells (Fig. 2C). To check
the additional adaptive mutations in the genome-length AH1 RNA,
we performed sequence analysis of HCV RNA in AH1 cells. The
results (Supplementary Fig. 2) revealed no additional mutations de-
tected commonly among the three independent clones sequenced,
suggesting that additional adaptive mutations are not required for
genome-length HCV RNA replication. We therefore conclude that
the AHT1 cell line can be used as a genome-length HCV RNA replica-
tion system with acute hepatitis C-derived HCV strain.

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

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

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

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

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

Discussion

In the present study, we established for the first time an HCV
RNA replication system with AH1 strain derived from a patient
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Fig. 3. The diverse effects of anti-HCV reagents on AH1 and HCV-O RNA replications. AH1 and O cells were treated with anti-HCV reagents for 72 h, and then extracted total
RNAs and cell lysates were subjected to RT-qPCR for HCV 5’ UTR (each upper panel) and Western blot analysis for the core protein (each lower panel), respectively. (A) Effect

of IFN-a. (B) Effect of IFN-y. (C) Effect of CsA (Sigma).
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with acute hepatitis C, and found diverse anti-HCV effects of IFN-y
and CsA between AH1 and HCV-O strains.

The levels of HCV replicon RNA and genome-length HCV RNA in
sAH1 and AH1 cells were assigned to 3 x 107 and 2 x 107 copies/ug
total RNA, respectively. These values are similar to those obtained
from previously established HCV RNA replication systems [5].
Since known adaptive mutations (P1115L and V1897A) and addi-
tional conserved mutations (L1262S) were detected in the devel-
oped sAH1 replicon, these mutations may contribute to enhanced
levels of RNA replication. The expression levels of genome-length
HCV RNA and proteins observed in the present study suggest that
genome-length HCV RNA replication efficiently occurs in AH1 cells,
and that this RNA replication system is useful for comparison with
already developed genome-length HCV RNA replication systems
with HCV-N [7], Con-1 [8,9], or HCV-O [10] strains.

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

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

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

In conclusion, an HCV RNA replication system with the AH1
strain would be useful for comparison with other strain-derived
systems in various HCV studies, including analysis of the effects
of anti-HCV reagents.
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