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ABSTRACT Hepatitis C virus (HCV) strain JFH-1, which belongs to genotype 2a, repli-
cates autonomously in cultured cells, whereas another genotype 2a strain, J6CF,
does not. Previously, we found that replacement of the NS3 helicase and NS5B-to-
3=X regions of J6CF with those of JFH-1 confers J6CF replication competence. In this
study, we aimed to identify the minimum modifications within these genomic re-
gions needed to establish replication-competent J6CF. We previously identified 4
mutations in the NS5B-to-3=X region that could be used instead of replacement of
this region to confer J6CF replication competence. Here, we induced cell culture-
adaptive mutations in J6CF by the long-term culture of J6CF/JFH-1 chimeras com-
posed of JFH-1 NS5B-to-3=X or individual parts of this but not the NS3 helicase
region. After 2 months of culture, efficient HCV replication and infectious virus pro-
duction in chimeric RNA-transfected cells were observed, and several amino acid
mutations in NS4A were identified in replicating HCV genomes. The introduction of
NS4A mutations into the J6CF/JFH-1 chimeras enhanced viral replication and infec-
tious virus production. Immunofluorescence microscopy demonstrated that some of
these mutations altered the subcellular localization of the coexpressed NS3 protein
and affected the interaction between NS3 and NS4A. Finally, introduction of the
most effective NS4A mutation, A1680E, into J6CF contributed to its replication com-
petence in cultured cells when introduced in conjunction with four previously iden-
tified adaptive mutations in the NS5B-to-3=X region. In conclusion, we identified an
adaptive mutation in NS4A that confers J6CF replication competence when intro-
duced in conjunction with 4 mutations in NS5B-to-3=X and established a replication-
competent J6CF strain with minimum essential modifications in cultured cells.

IMPORTANCE The HCV cell culture system using the JFH-1 strain and HuH-7 cells
can be used to assess the complete HCV life cycle in cultured cells. This cell culture
system has been used to develop direct-acting antivirals against HCV, and the ability
to use various HCV strains within this system is important for future studies. In this
study, we aimed to establish a novel HCV cell culture system using another HCV ge-
notype 2a strain, J6CF, which replicates in chimpanzees but not in cultured cells. We
identified an effective cell culture-adaptive mutation in NS4A and established a
replication-competent J6CF strain in cultured cells with minimum essential modifica-
tions. The described strategy can be used in establishing a novel HCV cell culture
system, and the replication-competent J6CF clone composed of the minimum essen-
tial modifications needed for cell culture adaptation will be valuable as another rep-
resentative of genotype 2a strains.
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Cell culture of viral pathogens is important for understanding viral characteristics
and for developing antiviral strategies. Hepatitis C virus (HCV) is a major cause of

chronic liver diseases affecting approximately 150 million people worldwide (1–4). After
the discovery of HCV in 1989 (1), HCV research was hindered by the lack of a cell culture
system. Several HCV clones were identified to be infectious in chimpanzees, but the
clones could not replicate in cultured cells (5–8). In 1999, the HCV subgenomic replicon
system was invented (9). This system allows HCV replication in cultured cells, but most
of the strains require adaptive mutations for efficient replication. In 2005, we estab-
lished an HCV cell culture system using the JFH-1 strain (10). This strain was isolated
from a fulminant hepatitis patient and belongs to genotype 2a (GT2a) (11). The JFH-1
strain can replicate efficiently in cultured cells without adaptive mutations and is also
infectious in chimpanzees (10, 12). This system can be used as a platform to study the
entire HCV life cycle, including infection, replication, assembly of infectious viruses, and
virus secretion. These systems are useful for the high-throughput screening of antiviral
reagents with activity against HCV and have been used to identify novel direct-acting
antivirals (DAAs) that efficiently inhibit HCV replication. Since only one amino acid
mutation reduces the effect of DAAs, HCV subgenomic replicon or cell culture systems
containing fewer or no adaptive mutations are desirable for the accurate characteriza-
tion of drug-resistant HCV strains. To date, several HCV strains have been reported to
be competent for infection and replication in cultured cells. However, all these clones,
aside from JFH-1, require many adaptive mutations (13–19). The molecular clone J6CF
was constructed from the consensus sequence of HCV isolated from a chimpanzee
inoculated with an HCV-infected patient’s plasma (20). This strain also belongs to
genotype 2a and is similar to the JFH-1 strain at the nucleotide (89% identity) and
amino acid (91% identity) levels. Propagation of J6CF in vivo can be observed in
chimpanzees after intrahepatic inoculation with in vitro-synthesized full-length HCV
RNA (7). However, J6CF does not replicate in cultured cells transfected with J6CF RNA
(21).

In a previous study, we described regions of the JFH-1 genome that promote the
efficient replication of a J6CF/JFH-1 chimera in cultured cells. We found that replace-
ment of regions of the J6CF NS3 helicase (N3H) and NS5B-to-3=X (N5BX) with those of
JFH-1 confers J6CF replication competence (21). Furthermore, we found that three
amino acid mutations, A2892S, R2959K, and Y3003F, and one nucleotide mutation,
C9458G, in the N5BX region of J6CF confer replication competence without requiring
the replacement of the entire N5BX region (22). In this study, we aimed to identify cell
culture-adaptive mutations that could be used instead of replacement of N3H of JFH-1
and to establish a replication-competent J6CF clone with minimum essential modifi-
cations in cultured cells.

RESULTS
Capacities of viral replication and infectious virus production among J6CF

chimeric genomes containing JFH-1 regions. We previously reported that the N3H
and N5BX regions of JFH-1 are essential to confer J6CF replication competence in an
otherwise replication-incompetent strain in cultured cells (21). Instead of replacing the
entire N5BX region, we clarified that three amino acid mutations (A2892S, R2959K, and
Y3003F) in the NS5B region and a nucleotide mutation (C9458G) in the variable region
(VR) conferred J6CF replication competence (22). In this study, we aimed to identify the
minimum essential modifications that confer J6CF replication competence without
having to replace the entire N3H region.

To confirm the replication capacity of J6CF chimeras that did not contain JFH-1 N3H,
we constructed a series of J6CF chimeric replicons with JFH-1-derived regions of N5BX,
the latter part of the region from NS5B to 3=X (SRX), the region from 5BSL to 3=X
(5BSLX), the region from NS5B to VR (5BVR), or NS5B only (N5B) with or without JFH-1
N3H (Fig. 1A). In the reporter replicon assay, efficient replication was observed in all of
the J6CF constructs harboring JFH-1 N3H (6.J6/N3H�N5BX-JFH1, 8.J6/N3H�SRX-JFH1,
10.J6/N3H�5BSLX-JFH1, 12.J6/N3H�5BVR-JFH1, and 14.J6/N3H�N5B-JFH1), although
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replacement of JFH-1 N3H alone (4.J6/N3H-JFH1) did not confer J6CF replication
competence (Fig. 1B). Among J6CF chimeric replicon constructs without JFH-1 N3H, the
replication capacities of 5.J6/N5BX-JFH1, 7.J6/SRX-JFH1, and 11.J6/5BVR-JFH1 differed.
However, other chimeric replicons, 9.J6/5BSLX-JFH1 and 13.J6/N5B-JFH1, did not un-
dergo detectable replication in the reporter replicon assay (Fig. 1B).

In assays of full-length HCV RNA transfection, time-dependent increases in the level
of the HCV core antigen (Ag) in the cells were observed in all of the J6CF chimeric
constructs containing JFH-1 N3H (6.J6/N3H�N5BX-JFH1, 8.J6/N3H�SRX-JFH1, 10.J6/
N3H�5BSLX-JFH1, 12.J6/N3H�5BVR-JFH1, and 14.J6/N3H�N5B-JFH1), indicating effi-
cient HCV replication (Fig. 2A and B). Among the J6CF chimeric constructs without
JFH-1 N3H, lower levels of replication were observed only in cells transfected with
J6/N5BX-JFH1, whereas other transfections did not result in detectable replication.
Similar trends in the level of HCV core Ag secreted into the culture media were
observed (Fig. 2C). Taken together, among the J6CF chimeric constructs without JFH-1
N3H, we found that 5.J6/N5BX-JFH1 could replicate at low levels when in the form of

FIG 1 Replication capacity of J6CF chimeric subgenomic replicons containing JFH-1 regions. (A) Sche-
matic structures of chimeric J6CF replicons containing JFH-1 regions. The restriction enzyme recognition
sites used for the construction of plasmids are indicated. luc, firefly luciferase gene. (B) Replication
capacities of J6CF chimeric subgenomic replicons. In vitro-synthesized RNA was transfected into Huh-
7.5.1 cells, and the cells were harvested at 4, 24, and 48 h posttransfection. The luciferase activity in the
cell lysates was measured and expressed as the fold increase from the values at 4 h posttransfection to
correct for transfection efficiency. Independent assays were performed in triplicate, and the data are
presented as the mean number of relative light units (RLU) � standard deviation at 24 h and 48 h
posttransfection.
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FIG 2 Capacities of viral replication and infectious virus production of full-length J6CF chimeric genomes
containing JFH-1 regions. (A) Schematic structures of full-length chimeric J6CF genomes containing
JFH-1 regions. The restriction enzyme recognition sites used for the construction of plasmids are
indicated. (B, C) HCV core Ag levels in cells (B) and culture media (C) of RNA-transfected cells. In
vitro-synthesized RNA was transfected into Huh-7.5.1 cells. Cells and culture media were harvested at 1,
2, and 3 days posttransfection. The amounts of HCV core Ag in cells and culture media were measured.
Independent assays were performed in triplicate, and the data are presented as the mean � standard
deviation.
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a subgenomic replicon or full-length construct. The J6CF chimeric constructs 7.J6/SRX-
JFH1 and 11.J6/5BVR-JFH1 exhibited detectable replication when they were in the
subgenomic replicon form but not in the full-length-construct form. Strains of other
chimeric constructs, 9.J6/5BSLX-JFH1 and 13.J6/N5B-JFH1, did not undergo detectable
replication when they were in either form.

Long-term culture of cells transfected with full-length J6CF chimeric RNA. To
induce cell culture-adaptive mutations in the J6CF chimeras that undergo low or
undetectable levels of replication, we performed the long-term culture of cells trans-
fected with full-length J6CF chimeric RNAs of the constructs 5.J6/N5BX-JFH1, 7.J6/SRX-
JFH1, 9.J6/5BSLX-JFH1, 11.J6/5BVR-JFH1, and 13.J6/N5B-JFH1 (Fig. 3A). The HCV core Ag
levels in the culture media of cells transfected with 5.J6/N5BX-JFH1 or 11.J6/5BVR-JFH1
RNA started to increase at day 15 and peaked at day 38. The HCV core Ag levels in the
culture media of cells transfected with 9.J6/5BSLX-JFH1 or 7.J6/SRX-JFH1 RNA started to
increase at day 28 and peaked at days 49 and 59, respectively. The peak levels of HCV
core Ag ranged from 5.8 � 104 fmol/liter to 9.2 � 104 fmol/liter, and the infectivity titers
ranged from 1.1 � 104 focus-forming units (FFU)/ml to 8.6 � 104 FFU/ml (Fig. 3B). At

FIG 3 Long-term cultures of full-length J6CF chimeric RNA-transfected cells. (A) HCV core Ag levels in the culture media of full-length J6CF chimeric
RNA-transfected cells. In vitro-synthesized RNA was transfected into Huh-7.5.1 cells, and the cells were passaged every 2 to 5 days, depending on the conditions
of the cells. Culture medium was collected at every passage, and HCV core Ag levels were measured. (B) HCV core Ag levels and infectivity in media at the time
of peak HCV core Ag levels (days 38 to 59). (C) Ratios of HCV-positive cells at 3 days posttransfection and at the time of peak HCV core Ag levels. HCV-positive
cells were visualized by staining with anti-core Ag antibody (green), and nuclei were visualized with DAPI (4=,6-diamidino-2-phenylindole; blue). (D) Inoculation
of culture media at the time of peak HCV core Ag levels into naive Huh-7.5.1 cells at an MOI of 0.001. (E) Amino acid mutations detected in the viral genome
after long-term culture.
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the times of peak levels of HCV core Ag, most of the cells were HCV positive (Fig. 3C).
The increase in the level of HCV core Ag in cells transfected with 13.J6/N5B-JFH1 RNA
was not observed until the end of the culture period (day 85).

To assess the replication capacity of the viruses obtained at the times of peak HCV
core Ag levels, the culture medium was used to infect naive Huh-7.5.1 cells at a
multiplicity of infection (MOI) of 0.001. Immediate increases in HCV core Ag levels were
observed after infection at a low MOI compared with the time to the increase in HCV
core Ag levels with full-length RNA transfection (compare Fig. 3A and D). The HCV core
Ag levels in the media of cells infected with these virus populations peaked at day 13
and ranged from 7.8 � 104 fmol/liter to 2.4 � 105 fmol/liter. These results indicate that
the culture media obtained after long-term culture contained cell culture-adapted
viruses and these viruses could replicate efficiently even after inoculation at a low MOI.
To identify mutations responsible for cell culture adaptation, we determined the
sequences of the entire open reading frame of the viral genome and found one or two
nonsynonymous mutations in each genome (Fig. 3E). Interestingly, all of these viral
genomes contained amino acid mutations in the NS4A region: W1664S in 5.J6/N5BX-
JFH1, A1676T in 7.J6/SRX-JFH1, A1680E in 9.J6/5BSLX-JFH1, and T1681S in 11.J6/5BVR-
JFH1. These data suggest the possible contribution of the NS4A mutations to the
efficient replication of these clones in cultured cells.

Effects of NS4A mutations on the capacity for viral replication and infectious
virus production. To assess the capacity of replication enhancement due to the
mutations identified in NS4A, each mutation, W1664S, A1676T, A1680E, or T1681S, was
introduced into the subgenomic replicon and the full-length construct of 9.J6/5BSLX-
JFH1 that exhibited no detectable replication in either form. In the replicon assay, all
four NS4A mutations enhanced the replication of 9.J6/5BSLX-JFH1 but did so with
various efficiencies (Fig. 4A). Among the mutations, W1664S and A1680E enhanced the
replication of the 9.J6/5BSLX-JFH1 replicon more efficiently than the other mutations.
In the full-length-construct assay, the HCV core Ag and infectivity levels of J6/5BSLX-
JFH1�A1680E were the highest at 3 days posttransfection at 2.0 � 104 fmol/liter and
1.8 � 104 FFU/ml, respectively. These levels did not equal those obtained with
10.J6/N3H�5BSLX-JFH1, but the levels were comparable (Fig. 4B and C). From these
data, we found that the A1680E mutation is the most effective among all identified
NS4A mutations.

Effects of NS4A mutations on subcellular localization of NS3 and NS4A pro-
teins. To investigate the mechanisms of replication enhancement from introduction of
the identified mutations, we examined the effects of the mutations on the subcellular
localization of the NS3 and NS4A proteins in cultured cells. When NS3 was expressed
alone, NS3 of JFH-1 (NS3-JFH1), NS3 of J6CF (NS3-J6), and NS3 of J6CF containing JFH-1
N3H (NS3-J6/N3H-JFH1) had similar protein distributions: a diffuse distribution with
concentration in the nucleus (Fig. 5A, top). When NS4A was expressed alone, NS4A of
JFH-1 (4A-JFH1), NS4A of J6CF (4A-J6), and NS4A with mutations (4A-J6/W1664S,
4A-J6/A1676T, 4A-J6/A1680E, or 4A-J6/T1681S) showed a punctate distribution of
protein in the cytoplasm. These observations indicate that the HCV strain (JFH-1 or
J6CF) or the NS4A mutations did not affect the distribution of the NS3 or NS4A protein
(Fig. 5A, bottom).

When NS3-JFH1 was coexpressed with 4A-JFH1, the distribution of NS3-JFH1 was in
the cytoplasm, although the distribution of 4A-JFH1 was not changed (Fig. 5B). When
NS3-J6 was coexpressed with 4A-J6, the distributions of NS3-J6 and 4A-J6 were not
altered and were similar to those when these proteins were individually expressed.
When NS3-J6/N3H-JFH1 was coexpressed with 4A-J6, the distribution of NS3-J6/N3H-
JFH1 was in the cytoplasm, as was the case with the coexpression of NS3-JFH1 and
4A-JFH1. When NS3-J6 was coexpressed with 4A-J6 containing mutations, the distri-
bution of NS3 was altered at different levels. When it was coexpressed with 4A-J6/
W1664S or 4A-J6/A1680E, NS3-J6 was mainly distributed in the cytoplasm, as was the
case with the coexpression of NS3-JFH1 and 4A-JFH1. However, when it was coex-
pressed with 4A-J6/A1676T or 4A-J6/T1681S, NS3-J6 exhibited a diffuse distribution
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FIG 4 Effects of mutations in NS4A on replication and virus production capacity. (A) Replication capacity
of J6/5BSLX-JFH1 subgenomic replicons with NS4A mutations. In vitro-synthesized HCV RNA was trans-
fected into Huh-7.5.1 cells, and the cells were harvested at 4, 24, and 48 h posttransfection. The luciferase
activity in the cell lysates was measured and expressed as the fold increase from the values at 4 h
posttransfection to correct for transfection efficiency. Independent assays were performed in triplicate,
and the data are presented as the mean number of relative light units (RLU) � standard deviation at 24
h and 48 h posttransfection. (B) HCV core Ag levels in the culture media of full-length HCV RNA-
transfected cells. In vitro-synthesized RNA was transfected into Huh-7.5.1 cells. The culture media were
harvested at 1, 2, and 3 days posttransfection. The amounts of HCV core Ag in the culture media were

(Continued on next page)
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with a concentration in the nucleus, as was the case with the coexpression of NS3-J6
and 4A-J6 without mutations. The distributions of NS4A with mutations were similar to
those of these molecules expressed individually. Quantitative analysis of the NS3
distribution clearly indicated that NS3-J6 is predominantly distributed in the cytoplasm
when it is coexpressed with 4A-J6/W1664S and 4A-J6/A1680E, and these ratios were
comparable to or beyond those achieved by coexpression with NS3-JFH1 and 4A-JFH1
or NS3-J6/N3H-JFH1 and 4A-J6 (Fig. 5C). The NS3 distribution ratios of coexpressed
NS3-J6 and 4A-J6/A1676T or 4A-J6/T1681S were similar to the ratio of the coexpression
of NS3-J6 and 4A-J6 without mutations. These results indicate that the expression of
4A-JFH1 altered the subcellular localization of NS3-JFH1 but the expression of 4A-J6 did
not alter the subcellular localization of NS3-J6. Among the adaptive mutations in NS4A,
W1664S and A1680E could alter the NS3-J6 distribution from being within the nucleus
to being in the cell cytoplasm.

To test if these altered distributions of NS3 were associated with the interaction
between NS3 and NS4A, we performed the bimolecular fluorescence complementation
(BiFC) assay using NS3 fused to the monomeric Kusabira green (mKG)-N fragment and
NS4A fused to the mKG-C fragment. The BiFC assay allows the direct visualization of
protein interactions. When NS3-JFH1 was coexpressed with 4A-JFH1, an mKG fluores-
cent signal was observed (Fig. 5D). When NS3-J6 was coexpressed with 4A-J6, an mKG
fluorescent signal was not observed. When NS3-J6/N3H-JFH1 was coexpressed with
4A-J6, an mKG fluorescent signal was also observed. When NS3-J6 was coexpressed
with 4A-J6/W1664S and 4A-J6/A1680E, intermediate and strong mKG fluorescent sig-
nals were observed, respectively. When NS3-J6 was coexpressed with 4A-J6/A1676T, a
faint mKG fluorescent signal was detected. When NS3-J6 was coexpressed with 4A-J6/
T1681S, no mKG fluorescent signal was detected. These observations indicate that the
A1680E mutation is the most effective for promoting the interaction between NS3-J6
and 4A-J6.

Combined effects of the most effective NS4A mutation and mutations in the
N5BX region on J6CF replication. Finally, we tried to establish replication-competent
J6CF by introducing the minimum modifications. We previously found that three amino
acid mutations, A2892S, R2959K, and Y3003F (SKF), in the NS5B region and a nucleotide
mutation, C9458G, in VR are essential modifications for the sufficient replication of J6CF
containing N3H of JFH-1 (22). The amino acid mutations of SKF enhance HCV polymer-
ase activity, and the A9348U (in the Y3003F codon) and C9458G mutations are
important for optimal RNA structures essential for RNA replication. As a next step,
instead of replacing N3H of JFH-1, we introduced the most effective NS4A mutation,
A1680E, into the J6CF subgenomic replicon and full-length constructs harboring SKF
and C9458G, and we named the construct J6-mem (J6 with minimum essential mod-
ifications). In the subgenomic replicon assay, J6-mem replication was observed, but its
replication level did not reach the levels of 10.J6/N3H�5BSLX-JFH1 and J6/5BSLX-
JFH1�A1680E (Fig. 6A). In the full-length HCV RNA transfection assay, the HCV core Ag
levels in the culture media of cells transfected with J6-mem RNA increased in a
time-dependent manner (Fig. 6B), and infectivity in the culture medium was also
detected (Fig. 6C). However, these titers were lower than those in cells transfected with
10.J6/N3H�5BSLX-JFH1 and J6/5BSLX-JFH1�A1680E RNA. To assess the minimum
essential mutations, we tried to detect replication of the J6CF replicon carrying the
A1680E, SKF, and C9458G mutations either individually or in combination. However, the
J6CF replicon carrying one or two of these mutations failed to replicate (Fig. 6D),

FIG 4 Legend (Continued)
measured. Independent assays were performed in triplicate, and the data are presented as the mean �
standard deviation. (C) Infectivity of the culture media of HCV RNA-transfected cells. Culture medium was
collected at 72 h posttransfection and serially diluted to infect naive Huh-7.5.1 cells. At 3 days after
infection, the cells were fixed, and the infected foci were visualized by staining with anti-core Ag
antibody. Infectivity was quantified by counting the infected foci, and the results are expressed as the
number of focus-forming units per milliliter. nd, not detected.
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FIG 5 Effects of mutations in NS4A on the subcellular localization of the NS3 and NS4A proteins. (A, B) V5-tagged NS3
and/or HA-tagged NS4A expression plasmids were transfected into Huh-7.5.1 cells. On the following day, the cells were
fixed and permeabilized. V5-tagged proteins were visualized by staining with anti-V5 antibody, and HA-tagged proteins
were visualized by staining with anti-HA antibody. (C) Ratios of the NS3 distribution (cytoplasmic/nuclear). The average
intensities of the NS3 protein in the cytoplasmic and nuclear areas were quantified with ImageJ software, and the ratios
were calculated. (D) BiFC assay of NS3 and NS4A. The NS3 expression plasmid with the mKG-N fragment (phmKGN/NS3-
JFH1, phmKGN/NS3-J6, or phmKGN/NS3-J6/N3H-JFH1) and the NS4A expression plasmid with the mKG-C fragment
(phmKGC/4A-JFH1, phmKGC/4A-J6, phmKGC/4A-J6/W1664S, phmKGC/4A-J6/A1676T, phmKGC/4A-J6/A1680E, or phm-
KGC/4A-J6/T1681S) were cotransfected into Huh-7.5.1 cells. On the following day, the cells were fixed and examined using
a fluorescence microscope. Positive control, mKG-fused p50 and p65 partial domains from NF-�B complex; negative
control, empty vectors.
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FIG 6 Combined effects of the most effective NS4A mutation and mutations in the N5BX region on J6CF replication. (A) Replication
capacity of J6/5BSLX-JFH1 subgenomic replicons with mutations. In vitro-synthesized RNA was transfected into Huh-7.5.1 cells, and
the cells were harvested at 4, 24, and 48 h posttransfection. The luciferase activity in the cell lysates was measured and expressed
as the fold increase from the values at 4 h posttransfection to correct for transfection efficiency. Independent assays were
performed in triplicate, and the data are presented as the mean number of relative light units (RLU) � standard deviation at 24
h and 48 h after transfection. (B) HCV core Ag levels in the culture media of full-length HCV RNA-transfected cells. In vitro-
synthesized RNA was transfected into Huh-7.5.1 cells, and the culture media were harvested at 1, 2, and 3 days posttransfection.
The amounts of HCV core Ag in the culture media were measured. Independent assays were performed in triplicate, and the data
are presented as the mean � standard deviation. (C) Infectivity of the culture media of HCV RNA-transfected cells. Culture media
of HCV RNA-transfected cells were collected at 72 h posttransfection and were serially diluted to infect naive Huh-7.5.1 cells. Three
days after infection, the cells were fixed, and the infected foci were visualized by staining with anti-core Ag antibody. Infectivity
was quantified by counting the infected foci, and the results are expressed as the number of focus-forming units per milliliter. nd,
not detected. (D) Replication capacity of J6CF subgenomic replicons with modifications introduced individually or in combination.
Luciferase activity was measured as described in the legend to panel A. (E, F) Comparisons of HCV core Ag levels (E) and infectivity
(F) in the media of J6-mem, J6cc, and JFH-1 RNA-transfected cells. (G) HCV core Ag levels in the culture media of HCV
RNA-transfected cells. HCV RNA was transfected into Huh-7.5.1 cells, and the cells were passaged every 2 to 5 days, depending on
the conditions of the cells. The culture medium was collected at every passage, and HCV core Ag levels were measured. (H) Ratios
of HCV-positive cells at 3 days and 24 days posttransfection. Infected cells were visualized by staining with anti-core Ag antibody
(green), and nuclei were visualized with DAPI (4=,6-diamidino-2-phenylindole; blue).
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indicating that A1680E, SKF, and C9458G were minimum essential modifications for
J6CF replication competence in cultured cells. Next, we compared the replication level
of J6-mem with that of J6cc, which is a previously reported J6CF variant containing
seven modifications, including six amino acid substitutions (F776S, P1100L, F1468L,
A1676S, N1931T, and D3001G) and 33 deletions in the poly(U/UC) tract (16). HCV core
Ag levels in the culture media of J6-mem-transfected cells were comparable to those
in the culture media of JFH-1-transfected cells but lower than those in the culture
media of J6cc-transfected cells (Fig. 6E). The infectivity in the culture media of J6-mem-
transfected cells was lower than that in the culture media of JFH-1- and J6cc-
transfected cells (Fig. 6F). Then, we tested if J6-mem could maintain autonomous
replication in cultured cells without a decrease in infectious virus production. J6-mem
RNA-transfected cells could continue to secrete HCV core Ag into the culture medium
for up to 24 days (Fig. 6G). At 24 days after RNA transfection, most of the cells were HCV
positive both for cells transfected with 10.J6/N3H�5BSLX-JFH1 and for cells transfected
with J6-mem (Fig. 6H). These results indicate that J6-mem, which contained the J6CF
genome containing the minimum essential modifications of A1680E, A2892S, R2959K,
Y3003F, and C9458G, could replicate and produce infectious viruses continuously in
cultured cells.

DISCUSSION

The HCV genotype 2a strain JFH-1 is the only HCV strain that replicates efficiently in
cultured cells without adaptive mutations. Thus, we aimed to establish replication-
competent, genotype 2a J6CF strains by introducing minimum modifications. For this
purpose, we constructed a series of J6CF chimeric genomes containing various parts of
the JFH-1 genome and obtained J6CF/JFH-1 chimeric constructs with various levels of
replication capacity. By using the subgenomic reporter replicon assay, we identified
several chimeric constructs that could replicate in cultured cells, but some of the
constructs in the full-length-construct form could not replicate following transfection,
depending on the region of JFH-1 replaced. We considered that the sensitivity of
replication detection might be enhanced in the subgenomic reporter replicon assay
compared with the full-length-construct transfection assay because of the length of the
constructs (21). Therefore, we used the long-term culture of cells transfected with
J6CF/JFH-1 chimeric RNAs and obtained replication-competent cell culture-adapted
viruses. This strategy of inducing adaptive mutations has been broadly used, and the
established replication-competent HCV strains containing cell culture-adaptive muta-
tions were as follows: TNcc (GT1a) (13), HCV-1cc (GT1a) (14), H77Ccc (GT1a) (14), a NC1
mutant (GT1b) (15), J6cc (GT2a) (16), a JFH-2 mutant (GT2a) (17), J8cc (GT2b) (16), DH8cc
(GT2b) (18), DH10cc (GT2b) (18), and an S310 mutant (GT3a) (19).

We previously reported that N3H of JFH-1 is important for the efficient replication
of J6CF and that three amino acid mutations, A2892S, R2959K, and Y3003F, and a
nucleotide mutation, C9458G, in the N5BX region in lieu of replacement of the entire
N5BX region are also important for J6CF replication. The aim of this study was to
identify the minimum modifications required for replication in cultured cells. Since the
N3H proteins of JFH-1 and J6CF differ by 30 amino acids, we could not narrow down
the region or identify the responsible mutations in this area (data not shown). Instead
of modifying the N3H region, we successfully identified the adaptive mutations of
W1664S, A1676T, A1680E, and T1681S in the NS4A region. Among them, A1680E was
the most effective adaptive mutation for efficient replication and infectious virus
production of the J6CF/JFH-1 chimera. This mutation emerged individually in the
J6/5BSLX-JFH1 genome after long-term culture. The other mutations emerged in
combination with mutations in other genomic regions (M324I in E1, S981G in NS2, and
N2156D in NS5A). Therefore, A1680E alone may be sufficient to confer replication
enhancement, but other mutations, W1664S, A1676T, and T1681S, may require addi-
tional adaptive mutations for efficient replication of the J6CF/JFH-1 chimera. We have
to note that the W1664S and A1680E mutations enhanced the replication of replicons
at similar levels; however, the enhanced levels of infectious virus production obtained
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by viruses with the W1664S and A1680E mutations were different. Thus, A1680E may
be associated with enhancement of both replication and virus production steps. Until
now, several cell culture-adapted mutations (W1664C/S and A1676S) in NS4A of
genotype 2a strains were reported (16); however, an adaptive mutation at amino acid
(aa) 1680 (aa 1676 in the H77 reference strain [GenBank accession number AF009606])
has not yet been described. The residues at aa 1664, aa 1676, aa 1680, and aa 1681 are
conserved in J6CF, JFH-1, and the GT2 consensus, and the identified adaptive mutations
were not detected in searches of the Hepatitis Virus Database (Table 1). We reasoned
that the amino acid change from Ala (hydrophobic) to Glu (acidic) at aa 1680 may affect
the characteristics of the NS4A protein or the interaction with other viral proteins.

To clarify the molecular mechanisms of the identified adaptive mutations, we
assessed the subcellular localization of the NS3 and NS4A proteins. NS4A consists of 54
amino acids, and the hydrophobic N-terminal region anchors the NS3-4A complex to
the endoplasmic reticulum and mitochondrial outer membrane (23–26). The central
region of NS4A is the viral serine protease cofactor (27), and the C-terminal acidic
domain regulates HCV replication (28). A total of 21 amino acids of the NS4A N terminus
form a transmembrane �-helix structure that is important for the assembly of the
replication complex (29). Several amino acid mutations that deteriorate the replication
of subgenomic replicons have been reported in the N-terminal region of NS4A, and
some of them were reported to alter the subcellular localization of NS4A itself (29). The
NS4A mutations identified in this study are located in the N-terminal region of NS4A;
however, the subcellular localization of NS4A itself was not affected by these mutations.
Instead, two of these mutations altered the subcellular localization of NS3 protein.
NS3-J6 exhibited a diffuse distribution with concentration in the nucleus even when
4A-J6 was coexpressed. However, the expression of 4A-J6/A1680E moved the NS3-J6
distribution to the cytoplasm. This cytoplasmic distribution of NS3-J6 is similar to that
of NS3-JFH1 when it is expressed with 4A-JFH1. This altered NS3-J6 distribution was
also observed when it was expressed with 4A-J6/W1664S, although not when it was
expressed with 4A-J6 containing other mutations. These altered distributions were
consistent with the replication enhancement capacity of each adaptive mutation.

Since these identified mutations are located close to the central region of NS4A,
which acts as a cofactor, we also assessed the effects of these mutations on the
interaction between NS3 and NS4A using a BiFC assay. Although a strong BiFC signal
between NS3-JFH1 and NS4A-JFH1 was detected, no BiFC signal between NS3-J6 and
NS4A-J6 was detected, indicating that NS4A-J6 could not anchor NS3-J6 to the repli-
cation complex. The BiFC signal was detected when NS3-J6 was expressed with
NS4A-J6/A1680E, NS4A-J6/A1664S, or NS4A-J6/A1676T. The observed BiFC signal levels
were also consistent with the replication enhancement capacity of each adaptive
mutation. Thus, the interaction of NS3 and NS4A and the subcellular localization of the
NS3 and NS4A complex are essential for replication competence in the cell culture-
adapted J6CF strain.

In this study, we constructed a replication-competent J6CF variant, J6-mem, by
introducing 5 adaptive mutations, A1680E, A2892S, R2959K, Y3003F, and C9458G (Fig.
7). Among these adaptive mutations, we previously reported that the amino acid
mutations A2892S, R2959K, and Y3003F are important for efficient JFH-1 polymerase

TABLE 1 Prevalence of amino acid residues at the positions of mutations identified
in NS4A

J6CF position
(aa)

H77 position
(aa)

Amino acid

GT2
consensusa J6CF JFH-1

Adaptive
mutation

1664 1660 W W W S
1676 1672 A A A T
1680 1676 A A A E
1681 1677 T T T S
aObtained from a search of the Hepatitis Virus Database (http://s2as02.genes.nig.ac.jp/).
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activity and nucleotide mutations of U9348A in the Y3003F codon and C9458G are
responsible for the optimal RNA structure. In this study, we also showed that A1680E
contributes to the cytoplasmic localization of NS3. We tested whether each of these
three modifications (high polymerase activity, optimal RNA structure, and cytoplasmic
localization of NS3) were necessary for J6CF replication in cultured cells and demon-
strated that all of them are essential for J6CF replication competence. Using mutational
analyses, we could identify the minimum mutations essential for the replication com-
petence of J6CF and uncover molecular mechanisms involved in each mutation. When
the replication of J6-mem was compared with that of another replication-competent
J6CF variant, J6cc, which has 6 amino acid substitutions (F776S, P1100L, F1468L,
A1676S, N1931T and D3001G) and 33 deletions in the poly(U/UC) tract (Fig. 7) and
replicates efficiently in cultured cells (16), we found that the replication level of J6-mem
was far reduced from that of J6cc. However, the molecular mechanisms involved in
each adaptive mutation in J6cc have not yet been determined since J6cc contains 33
deletions in the poly(U/UC) tract, in addition to the other mutations. As we previously
reported, a longer (J6CF-type) poly(U/UC) region was advantageous to HCV replication,
whereas a shorter J6CF poly(U/UC) region was not (22). Thus, the introduction of a
shorter poly(U/UC) region may enhance the replication efficiency of J6-mem. The
mutations introduced in J6-mem were minimum and essential for J6CF replication
competence in cultured cells because the deletion of any of these mutations deterio-
rated replication.

JFH-1 can replicate efficiently and produce infectious viruses in cultured cells.
However, in our previous study, the inoculation of a chimpanzee with cell culture-
generated JFH-1 virus induced only transient and mild infection, even though JFH-1
was isolated from a patient with fulminant hepatitis (10). In contrast, J6CF and H77C
(GT1a) could replicate efficiently in chimpanzees and persistently infected the animals
after intrahepatic transfections with each of the viral genomes (5, 7), yet J6CF and H77C
could not replicate in cultured cells (21). The inverse relationship between the in vivo
and in vitro properties of cell culture-adaptive mutations has also been reported for the
Con1 strain (genotype 1b) (8). Because most of the HCV strains infectious in vivo could
not replicate in cultured cells without modification, efficient HCV replication in HuH-7
cells may be specific for JFH-1, and the HCV life cycle observed for the JFH-1 strain in
HuH-7 cells may be different from that in vivo. HuH-7 cells may lack some factors
essential for HCV replication, and JFH-1 or other cell culture-adaptive strains may be
able to replicate under such deficient conditions. SEC14L2 has been reported to be an
example of such host factors (30). The expression level of SEC14L2 is high in human
adult hepatocytes but low in HuH-7 and its derived cells. Ectopic expression of SEC14L2
enhances the replication of HCV strains with a low replication efficiency but does not
enhance the replication of JFH-1 in cultured cells. Still, the HCV subgenomic replicon
and cell culture system could contribute to developing direct-acting antiviral agents
with activity against HCV (31–33). This HCV cell culture system involving various HCV

FIG 7 Summary of mutations in J6-mem and J6cc. J6-mem contains A1680E (NS4A), A2892S (NS5B),
R2959K (NS5B), Y3003F (NS5B), and C9458G (3= UTR). J6cc contains F776S (p7), P1100L (NS3), F1468L
(NS3), A1676S (NS4A), N1931T (NS4B), and D3001G (NS5B) and 33 U deletions (3= UTR).
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strains of different genotypes can be used to further elucidate the mechanisms of
HCV-host interactions or to accurately evaluate the genotype- or strain-specific anti-
HCV effects of existing and newly developed drugs. We are confident that our clone,
J6-mem, will contribute to these types of studies as another representative of genotype
2a strains.

In conclusion, we identified effective adaptive mutations in the NS4A region that
contribute to J6CF replication competence and established a replication-competent
J6CF strain with minimum essential modifications in cultured cells.

MATERIALS AND METHODS
Cell culture. Cells of the Huh-7.5.1 cell line, derived from HuH-7 hepatoma cells and cured of HCV

infection, were a kind gift from Francis V. Chisari (Scripps Research Institute, La Jolla, CA) (34). The cells
were cultured at 37°C in a 5% CO2 environment using Dulbecco’s modified Eagle’s medium containing
10% fetal bovine serum.

Plasmid construction. Schematic structures of the subgenomic replicons and full-length constructs
are illustrated in Fig. 1A and 2A, respectively. The HCV full-length constructs of pJ6CF and pJ6cc were
kindly provided by Jens Bukh (Copenhagen University Hospital, Hvidovre, Denmark). The reporter
subgenomic replicon constructs containing firefly luciferase, pSGR-JFH1, and pSGR-J6CF were previously
described (21). The J6CF replicon constructs with JFH-1 N5BX (5.pSGR-J6/N5BX-JFH1), with JFH-1 N3H
(4.pSGR-J6/N3H-JFH1), and with both JFH-1 N5BX and N3H (6.pSGR-J6/N3H�N5BX-JFH1), as well as the
corresponding full-length constructs (5.pJ6/N5BX-JFH1, 4.pJ6/N3H-JFH1, and 6.pJ6/N3H�N5BX-JFH1),
were previously reported (21). Briefly, several sites recognizing the restriction enzymes ClaI (nucleotide
[nt] 3929), EcoT22I (nt 5293), and BsrGI (nt 7781) were introduced into the J6CF sequence via nucleotide
substitution. The J6CF replicon constructs containing the latter part of JFH-1 N5BX with or without JFH-1
N3H (7.pSGR-J6/SRX-JFH1 and 8.pSGR-J6/N3H�SRX-JFH1) and the corresponding full-length constructs
(7.pJ6/SRX-JFH1 and 8.pJ6/N3H�SRX-JFH1) were produced by fragment swapping by digestion with SrfI
(nt 8843) and XbaI (nt 9711). This fragment contains previously identified JFH-1-type amino acids that are
important for replication (A2892S, R2959K, and Y3003F) and the entire 3= untranslated region (UTR) of
JFH-1. The J6CF replicon constructs containing the JFH-1 region of predicted stem-loop structures in
NS5B (5BSL)-to-3=X with or without N3H (9.pSGR-J6/5BSLX-JFH1 and 10.pSGR-J6/N3H�5BSLX-JFH1) and
the corresponding full-length constructs (9.pJ6/5BSLX-JFH1 and 10.pJ6/N3H�5BSLX-JFH1) were pro-
duced by fusion PCR and fragment swapping (22). This fragment contains the stem-loop structure in the
NS5B region and the entire 3= UTR of JFH-1. The J6CF replicon constructs containing JFH-1 NS5B and the
variable region (VR) in the 3= UTR with or without JFH-1 N3H (11.pSGR-J6/5BVR-JFH1 and 12.pSGR-J6/
N3H�5BVR-JFH1) and the corresponding full-length constructs (11.pJ6/5BVR-JFH1 and 12.pJ6/
N3H�5BVR-JFH1) were also produced by fusion PCR and fragment swapping. This fragment contains
the entire NS5B region and VR of JFH-1. The J6CF replicon constructs containing JFH-1 NS5B with or
without JFH-1 N3H (13.pSGR-J6/N5B-JFH1 and 14.pSGR-J6/N3H�N5B-JFH1) and the corresponding
full-length constructs (13.pJ6/N5B-JFH1 and 14.pJ6/N3H�N5B-JFH1) were constructed by fragment
swapping by digestion with BsrGI (nt 7781) and StuI (nt 9415). This fragment contains the entire NS5B
region of JFH-1. The nucleotide positions of the replaced regions in each chimeric construct are listed
in Table 2. The W1664S, A1676T, A1680E, and T1681S point mutations were introduced by site-
directed mutagenesis PCR.

To construct expression vectors for the localization assay, we cloned a V5-tagged NS3 fragment and
a hemagglutinin (HA)-tagged NS4A fragment of JFH-1 into the pEF1/Myc-His A vector (Invitrogen,
Carlsbad, CA) to generate pEF/V5-NS3-JFH1 and pEF/4A-JFH1-HA, respectively. Likewise, we also gener-
ated the expression vectors pEF/V5-NS3-J6, pEF/4A-J6-HA, and pEF/4A-J6-HA containing the W1664S,
A1676T, A1680E, or T1681S mutation. To construct expression vectors for the BiFC assay, the cDNA
fragments of NS3 and NS4A were fused to the N or C terminus of the divided monomeric Kusabira green
(mKG) fragments of the phmKGN-MC and phmKGC-MN vectors, respectively (CoralHue Fluo-chase kit;
Medical & Biological Laboratories, Nagoya, Japan) (35), and phmKGN/NS3-JFH1, phmKGN/NS3-J6,
phmKGN/NS3-J6/N3H-JFH1, phmKGC/4A-JFH1, phmKGC/4A-J6, and phmKGC/4A-J6 with the W1664S,
A1676T, A1680E, or T1681S mutation were generated.

TABLE 2 Nucleotide positions of replaced regions in J6CF chimeric constructs

Construct Position

N3H region nt 3863–nt 5323
4.J6/N3H-JFH1 ClaIa (nt 3929)–EcoT22Ia (nt 5293)

N5BX region nt 7667–nt 9711
5.J6/N5BX-JFH1 BsrGIa (nt 7781)–XbaI (3= end)
7.J6/SRX-JFH1 SrfI (nt 8843)–XbaI (3= end)
9.J6/5BSLX-JFH1 nt 9211–XbaI (3= end)
11.J6/5BVR-JFH1 BsrGIa (nt 7781)–nt 9481
13.J6/N5B-JFH1 BsrGIa (nt 7781)–StuI (nt 9415)
aArtificially introduced into the J6CF sequence.
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RNA synthesis and transfection and determination of infectivity. RNA synthesis and transfection
were performed as previously described (22, 36). The determination of infectivity was also performed as
previously described, with infectivity being expressed as the number of focus-forming units (FFU) per
milliliter.

Luciferase reporter assay. Luciferase activity in the lysates of cells transfected with subgenomic
reporter replicon RNA was measured as previously described (22, 36).

Quantification of HCV core Ag. The concentration of HCV core antigen (Ag) in the culture media
and in the cell lysate was measured using a chemiluminescent enzyme immunoassay (CLEIA; Lumipulse
Ortho HCV antigen; Fujirebio, Tokyo, Japan) in accordance with the manufacturer’s instructions (37).

HCV sequencing. Total RNA in the culture supernatant was extracted using an RNeasy RNA minikit
(Qiagen, Valencia, CA). cDNA was synthesized with random primers (TaKaRa Bio, Shiga, Japan) using
SuperScript III reverse transcriptase (Invitrogen). cDNA was subsequently amplified with LA Taq DNA
polymerase (TaKaRa Bio). Four separate PCR primer sets were used to amplify the fragments from nt 130
to 2445, nt 2285 to 4717, nt 4607 to 7220, and nt 6881 to 9634, covering the entire open reading frame
and parts of the 5= UTR and 3= UTR of the HCV genome. The sequences of the amplified fragments were
determined directly.

Immunostaining. Immunostaining of infected cells was performed as previously described (38). For
the subcellular localization analysis, 1 �g of the V5-tagged NS3 and/or HA-tagged NS4A expression
plasmid was transfected into 3 � 105 Huh-7.5.1 cells using the Lipofectamine 2000 reagent (Invitrogen)
according to the manufacturer’s instructions. On the following day, the cells were fixed with 4%
paraformaldehyde and then permeabilized. After blocking, the V5-tagged proteins were visualized by
staining with anti-V5 antibody (Invitrogen) and Alexa Fluor 488-conjugated goat anti-mouse IgG (Invit-
rogen), and the HA-tagged proteins were also visualized by staining with anti-HA antibody (Roche,
Mannheim, Germany) and Alexa Fluor 555-conjugated goat anti-rat IgG (Invitrogen). We measured the
mean fluorescence intensity represented by the mean gray value within randomly selected areas in the
nucleus and cytoplasm using ImageJ software (https://imagej.nih.gov), and the NS3 distribution ratio was
calculated by dividing the mean intensity of the cytoplasm by that of the nucleus.

BiFC assay. Huh-7.5.1 cells were cultured on glass coverslips in a 12-well plate at a concentration of
2 � 105 cells/well. One microgram of NS3 expression plasmid (phmKGN/NS3-JFH1, phmKGN/NS3-J6, or
phmKGN/NS3-J6/N3H-JFH1) and 1 �g of NS4A expression plasmid (phmKGC/4A-JFH1, phmKGC/4A-J6, or
phmKGC/4A-J6 with the W1664S, A1676T, A1680E, or T1681S mutation) were cotransfected into the cells
using the Lipofectamine 2000 reagent (Invitrogen). On the following day, the cells were fixed with 4%
paraformaldehyde and examined using a fluorescence microscope.

Statistical analysis. Significant differences were evaluated using Student’s t test. A P value of �0.05
were considered significant.
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