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The hepatitis C virus (HCV) core protein is known to modulate apoptosis and contribute to viral replication
and pathogenesis. In this study, we have identified a Bcl-2 homology 3 (BH3) domain in the core protein that
is essential for its proapoptotic property. Coimmunoprecipitation experiments showed that the core protein
interacts specifically with the human myeloid cell factor 1 (Mcl-1), a prosurvival member of the Bcl-2 family,
but not with other prosurvival members (Bcl-X; and Bcl-w). Moreover, the overexpression of Mcl-1 protects
against core-induced apoptosis. By using peptide mimetics, core was found to release cytochrome ¢ from
isolated mitochondria when complemented with Bad. Thus, core is a bona fide BH3-only protein having
properties similar to those of Noxa, a BH3-only member of the Bcl-2 family that binds preferentially to Mcl-1.
There are three critical hydrophobic residues in the BH3 domain of the core protein, and they are essential for
the proapoptotic property of the core protein. Furthermore, the genotype 1b core protein is more effective than
the genofype 2a core protein in inducing apoptosis due to a single-amino-acid difference at one of these
hydrophobic residues (residue 119). Replacing this residue in the J6/JFH-1 infectious clone (genotype 2a) with
the corresponding amino acid in the genotype 1b core protein produced a mutant virus, J6/JFH-1(V119L),
which induced significantly higher levels of apoptosis in the infected cells than the parental J6/JFH-1 virus.
Furthermore, the core protein of J6/JFH-1(V119L), but not that of J6/JFH-1, interacted with Mecl-1 in
virus-infected cells. Taken together, the core protein is a novel BH3-only viral homologue that contributes to

the induction of apoptosis during HCV infection.

Hepatitis C virus (HCV), a positive-stranded RNA virus of
the family Flaviviridae, is the major cause of non-A, non-B
hepatitis worldwide. The HCV genome encodes a precursor
polyprotein of ~3,000 amino acids (aa) that is processed co-
translationally and posttranslationally to give rise to viral struc-
tural and nonstructural proteins (2). The core protein is
encoded by the N-terminal portion of the HCV precursor
polyprotein and cleaved from the polyprotein by cellular signal
peptidase to give the immature form of the core protein (aa 1
to 191). This then is further cleaved by membrane-associated
signal peptide peptidase to give the mature core protein, whose
C terminus is not precisely known but lies between residues
170 and 179 (see reviews in references 33, 42, and 52). The
mature core protein is thought to constitute the HCV capsid
and is the predominant form detected in virus particles puri-
fied from the sera of patients with chronic HCV infection (42,
74). A recent paper also reported that the maturation of the
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core protein is required for the production of HCV using the
JFH-1 infectious clone (65).

Besides its role in the encapsidation of viral RNA, the core
protein has been found to interfere with many cellular path-
ways, including cell signaling, transcriptional activation, lipid
metabolism, carcinogenesis, and apoptosis (see reviews in ref-
erences 33, 42, and 52). As the regulation of apoptosis during
viral infection is an important determinant in the struggle
between virus and host for survival, many viruses encode viral
proteins that can regulate apoptosis in the infected host cells
and manipulate this process to their advantage. In the case of
HCV, the mechanisms by which the virus maintains viral per-
sistence and promotes hepatocellular carcinoma are not well
understood, but several HCV proteins have the ability to mod-
ulate apoptosis (see recent reviews in references 20 and 28). In
particular, the core protein has been shown to modulate apop-
tosis, and it seems that the core protein can inhibit as well as
promote apoptosis, depending on the death stimuli and types
of cells used (3, 9, 13, 25, 36, 40, 49, 53, 54, 57, 60, 76).

In this study, we characterized one of the mechanisms by
which the mature form of the core protein from a genotype 1b
strain induces apoptosis in Huh7 cells. Following the experi-
mental designs used in previous studies (29, 38, 40, 55, 72), the
mature form of the core protein is assumed to be constituted
by residues 1 to 173 of the HCV precursor polyprotein, and
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this shall be referred to as the core protein in this study. Here,
we demonstrate that the core protein contains a functional
Bcl-2 homology 3 (BH3) domain that is essential for its pro-
apoptotic property and ability to interact with human myeloid
cell factor 1 (Mcl-1), a prosurvival member of the Bcl-2 family
(31). Detailed molecular analysis and infection studies using
the J6/JFH-1 infectious clone showed that the core protein is a
bona fide BH3-only protein that contributes to the induction of
apoptosis during HCV infection by mimicking Noxa and inter-
fering with the prosurvival function of Mcl-1.

MATERIALS AND METHODS

Construction of plasmids. Expression plasmids for the wild-type core protein
and mutants were generated by PCR using Titanium Tag DNA polymerase
(Clontech Laboratories Inc., Palo Alto, CA). Two plasmids containing full-length
HCV genomes were used as templates. The first one is a 1b strain cloned in
Singapore (59), and the second is the JFH-1 clone, which is a 2a strain (68). All
sequences were confirmed by sequencing performed by the core facilities at the
Institute of Molecular and Cell Biology, Singapore. The pXJ40flag vector is used
so that a flag epitope is fused to the N terminus of the core protein, and this
allows the comparison of protein expression levels with an anti-flag antibody.

Transient transfections, CaspACE fluorometric assay, and Western blet anal-
ysis. Transient transfections of Huh7 cells were performed using Lipofectamine
reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s protocol. Ap-
proximately 16 h after transfection, the activation of caspase-3 was quantified by
using a CaspACE fluorometric assay system from Promega Corporation (Mad-
ison, WI) as previously described (63).

Western blot analysis was performed as previously described (64). The primary
antibodies (anti-myc monoclonal and anti-myc and anti-Mcl-1 polyclonal [Santa
Cruz Biotechnology, Santa Cruz, CA}, anti-Mcl-1 monoclonal [Calbiochem, La
Jolla, CA], anti-actin monoclonal, anti-Hsp-60 monoclonal, anti-flag monoclonal
and polyclonal [Sigma, St. Louis, MO}, anti-poly[ADP-ribose] polymerase
[PARP] polyclonal [Cell Signaling Technology Inc., Beverly, MA], anti-cyto-
chrome ¢ monoclonal {BD PharMingen, BD Biosciences, San Jose, CA}, and
anti-Noxa [Imgenex, San Diego, CA]) were purchased. Anti-core protein mono-
clonal antibody (clone 2H9; a kind gift from T. Wakita, Department of Virology
11, National Institute of Infectious Diseases, Tokyo, Japan) was used to detect
the core protein of HCV (68).

Coimmunoprecipitation experiments. For the coimmunoprecipitation experi-
ments, each 6-cm dish of cells was resuspended in 200 ul of immunoprecipitation
(IP) buffer (50 mM Tris-HC, pH 8, 150 mM NaCl, 0.5% NP-40, 0.5% deoxy-
cholic acid, 0.005% sodium dodecyl sulfate {SDS], and 1 mM phenylmethylsul-
fonyl fluoride) and subjected to freeze-thawing six times. Anti-flag monoclonal
antibody conjugated to Sepharose beads (Sigma) were added to 150 wl of the
lysates, and the mixture was subjected to end-over-end mixing at 4°C for 6 h.
Beads were washed four times with cold IP buffer, and then 15 ul of Laemmli’s
SDS buffer was added and the samples were boiled at 100°C for 5 min to release
the immunocomplexes. Samples were separated by SDS-polyacrylamide gel elec-
trophoresis and subjected to Western blot analysis.

Alternatively, rabbit anti-Mcl-1 polyclonal antibody was used to immunopre-
cipitate endogenous Mcl-1 protein. In this case, 7 ug of antibody (either anti-
Mcl-1 or anti-hemagglutinin {HA] polyclonal antibody {Santa Cruz Biotechnol-
ogy]) was added to the lysates obtained from two dishes of cells and allowed to
mix for 1 h at room temperature. Protein A agarose beads (Roche, Indianapolis,
IN) were added, and the mixture was subjected to end-over-end mixing at 4°C
overnight. The coimmunoprecipitated proteins then were detected as described
above.

Quantification of antoradiographs. An imaging densitometer (Bio-Rad, Her-
cules, CA) was used for the quantification of the intensities of specific bands on
autoradiographs.

In vitro cytochrome ¢ release assay. For the in vitro cytochrome ¢ release
assays, mitochondria were isolated from 293T cells as previously described (22).
Briefly, 293T cells were suspended in isolation buffer (320 mM sucrose, 1 mM
EDTA, 50 mM HEPES [pH 7.5)) and disrupted by 25 expulsions through a
27-gauge needle. The disrupted cells were spun at 1,000 X g for 10 min to remove
cell debris and nuclei. The supernatant was centrifuged at 7,000 X g for 10 min,
and the pellet was retained as the heavy membrane fraction containing the
mitochondria, The mitochondrion-containing pellets then were resuspended in
assay buffer (250 mM sucrose, 2 mM KH,POy,, 5 mM sodium succinate, 25 mM
EGTA, and 10 mM HEPES [pH 7.5]) at 0.5 mg/ml. Equal amounts of mito-
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chondria were treated with the indicated peptides for 30 min at room tempera-
ture, followed by centrifugation. Both the supernatant and pellet then were
subjected to SDS-polyacrylamide gel electrophoresis, followed by Western blot
analysis to determine the amount of cytochrome c released from the mitochon-
dria. Hsp-60 was used as a loading control for the pellet.

Synthesis of peptides. A peptide that corresponds to residues 118 to 149 of the
genotype 1b core protein (NLGKVIDTLTCGFADLMGYIPLVGAPLGG
AAR) was synthesized and purified to 95% purity (Sigma Genosys, Japan).
Peptides containing the BH3 domain of Bad (NLWAAQRYGRELRRMSDEF
VDSFKK) or Noxa (VPADLKDECAQLRRIGDKVNLRQKL) also were syn-
thesized and purified to 95% purity (Mimotopes, Clayton, Victoria, Australia).

Generation of recombinant HCV. The pFL-J6/JFH-1 plasmid encoding the
entire viral genome of a chimeric strain of HCV genotype 2a, J6/JFH-1 (37), was
kindly provided by C. M. Rice, Center for the Study of Hepatitis C, The Rocke-
feller University. To generate mutant virus possessing a core protein mutation, a
nucleotide substitution was introduced into pFL-J6/JFH-1 by site-directed mu-
tagenesis using a QuikChange site-directed mutagenesis kit (Stratagene, La
Jolla, CA). All PCR-amplified DNA fragments were verified extensively using an
ABI PRISM 3100-Avant Genetic Analyzer (Applied Biosystems, Foster City,
CA). Each of the plasmids was linearized by Xbal digestion and in vitro tran-
scribed by using T7 RiboMAX (Promega) to generate the full-length viral
genomic RNA. The in vitro-transcribed RNA (10 pg) was transfected into
Huh7.5 cells by means of electroporation (975 uF, 270 V) using a Gene Pulser
(Bio-Rad). The cells then were cultured in complete medium, and the superna-
tant was propagated as a virus stock. Culture supernatants of uninfected cells
served as a control (mock preparation). Virus infectivity was measured by indi-
rect immunofluorescence as previously described (17) and expressed as cell-
infecting units (CIU) per milliliter.

Proliferation, caspase-3, and DNA fragmentation assays. Huh7.5 cells were
seeded in 96-well plates at a density of 1.0 X 10* cells per well and cultured
overnight. The cells then were infected with recombinant HCV at a multiplicity
of infection of 0.1 CIU/cell or with a mock preparation. At different time points
postinfection (p.i.), cell viabilities were determined by WST-1 proliferation as-
says (Roche, Mannheim, Germany) as described previously (17, 48).

Caspase-3 and DNA fragmentation assays also were performed on the infected
cells as previously described (17).

HCV RNA quantitation. To measure intracellular HCV RNA replication lev-
els, total RNA was extracted from the cells using an RNeasy Mini kit (Qiagen,
Valencia, CA) according to the manufacturer’s instructions. One microgram of
total RNA was reverse transcribed using a QuantiTect reverse transcription kit
(Qiagen) with random primers and was subjected to quantitative real-time PCR
analysis using SYBR premix Ex Tag (Takara Bio, Kyoto, Japan) in a MicroAmp
96-well reaction plate and an ABI PRISM 7000 (Applied Biosystems, Foster,
CA). The primers used to amplify an NS5A region of the HCV genome were
5'-AGACGTATTGAGGTCCATGC-3’ (sense) and 5'-CCGCAGCGACGGTG
CTGATAG-3' (antisense). As an internal control, human glyceraldehyde-3-
phosphate dehydrogenase expression levels were measured using primers 5'-G
CCATCAATGACCCCTITCATT-3' (sense) and 5'-TCTCGCTCCTGGAAGA
TGG-3’ (antisense).

Statistical analysis. Either the two-tailed Student’s ¢ test or one-way analysis
of variance (using SPSS version 16.0) was applied to evaluate the statistical
significance of differences measured from the data sets. P < 0.05 was considered
statistically significant.

RESULTS

A BH3-like domain is present in the core protein. The family
of Bcl-2 proteins constitutes one of the biologically important
gene products in the regulation of apoptosis (see recent re-
views in references 1, 16, 67, and 75). The Bcl-2 proteins may
be classified broadly into three classes: prosurvival members
containing multiple Bcl-2 homology domains, proapoptotic
members containing multiple Bcl-2 homology domains, and
proapoptotic members containing the BH3 domain only. The
examination of the amino acid sequence of the core protein
revealed that there is a BH3-like domain near the C terminus.
An alignment of this domain with BH3 domains of the Bcl-2
family of proteins is shown in Fig. 1A. The BH3-like domain of
the core protein contains L (residue 119) and D (residue 124)
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HCV 1bcore (109-132) P | D P R R S R
hBim (82-105) MR PEI W A Q
hPuma (131-154) EQWARE G A
hBad {104-127) L WA AQR G R
hHrk (27-50 S SAAQL A A
hBik151—74 MEGSDA AL
hBid (80-103) EDI I RN AR
hNoxa (19-42) AELEVE AT
mNoxaA (17-40) A ELPPE A A
mNoxaB (68-91) P ADLKD C A
hBcl-2 (87-110) SPVPPYV H L
hBcl-xL (81-103) I P MAA - K Q
hBcl-w (36-59) GPAADP H Q
hMcl-1(203-226) G A T S R KA L E
hBax (53-76) DASTKK S E
hBak (68-91) S ST MGQ G R
hBok (60-83) PGRL AE C A

B Genotype
1a PTDPRRBRSR BN
1b PTDPRRRBSR RN
1c PSDPRBRRRSRBRN
2a PTDPRHRBRSR RN
2b PTDPBRHRSARN
2¢ P TDPRHKSR RN
2k PTDPRHRBSRN
3a P NDPRRRSRBRN
3b PNDPRRRSRBN
3k P NDPRRRBRSR RN
4a PNDPRRBRBRSRBRN
5a PNDPRRIEKSRN
6a PNDPRRRSR RN
&b PNDPRRBRRSR RN
6g PNDPRBBSARN
6h P NDPHBRRSRBN
6k P NDPRRRSRN
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FIG. 1. Identification of a BH3-like domain in the core protein. (A) Alignment of the BH3 domain of the genotype 1b core protein with the
BH3 domains of members of the Bcl-2 family. Numbers in parentheses represent the positions of amino acid residues of the respective proteins.
The four hydrophobic amino acids that make critical contacts with residues in the BH3 recognition grooves present on the surfaces of the
prosurvival Bcl-2 family proteins are indicated as hl to h4. (B) Alignment of the core protein (residues 109 to 132) of different genotypes. The
consensus sequences for these genotypes were obtained from http:/hcv.lanl.gov/content/hev-index. The highly conserved L and D residues, at
positions 119 and 124 of the genotype 1b core protein, respectively, in BH3 domains are boxed.

separated by four residues, as in other known BH3 domains.
This domain is highly conserved among the major HCV geno-
types, with the exception of genotypes 2a and 6k, which have V
and M residues at position 119, respectively (Fig. 1B).

The BH3 domain of the core protein is essential for the
induction of apoptosis and its interaction with human Mcl-1.
The overexpression of the core protein (with a flag epitope at
the N terminus) in Huh7 cells, via the transient transfection of
a cDNA expression plasmid containing the genotype 1b core
protein gene, induced significant levels of apoptosis as deter-
mined by the activation of caspase-3, which is a hallmark of
apoptosis (Fig. 2A). The deletion of the BH3 domain in the
core protein (designated coreA115-128aa) abolished its pro-
apoptotic property, indicating that this domain is essential for
the induction of apoptosis. Consistently, the cleavage of en-

dogenous PARP, a substrate of activated caspase-3, was clearly
observed in Huh7 cells expressing the wild-type core protein
but not in those expressing coreA115-128aa (Fig. 2B).

To understand how the core protein modulates the function
of the Bcl-2 family of proteins, coimmunoprecipitation exper-
iments were performed to determine if the core protein can
interact with representative prosurvival members of the Bcl-2
family. As shown in the top panel of Fig. 3A, Mcl-1 was spe-
cifically coimmunoprecipitated by the core protein (lane 8) but
not by an irrelevant protein, glutathione S-transferase (GST)
(lane 7). The BH3 domain of the core protein is essential for
its interaction with Mcl-1, as coreA115-128aa failed to coim-
munoprecipitate Mcl-1 (lane 9). These results indicate that the
core protein induces apoptosis by interfering directly with the
prosurvival function of Mcl-1. In contrast, no significant inter-
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FIG. 2. Induction of apoptosis by the overexpression of the core
protein in Huh7 cells. (A) A CaspACE fluorometric assay system from
Promega Corporation (Madison, WI) was used to measure the activa-
tion of caspase-3, which is a hallmark of apoptosis, in Huh7 cells that
were transfected with vector only, a classical apoptosis inducer (Bax),
the wild-type core protein, and a core protein mutant lacking the
putative BH3 domain (coreA115-128aa). All experiments were per-
formed in triplicate, and the average values with standard deviations
are plotted. (B) Western blot analysis also was performed to determine
the cleavage of endogenous PARP, which is a substrate of activated
caspase-3, from 116 to 83 kDa (top). Similarly, the expression levels of
the different proteins were determined using anti-flag antibody (mid-
dle). The amounts of total cell lysates loaded were verified by mea-
suring the levels of endogenous actin (bottom).

action was observed between the core protein and two other
prosurvival proteins, Bcl-X; and Bel-w (lanes 1 to 6).

The interaction between the core protein and endogenous
Mcl-1 was determined by overexpressing the core protein in
Huh7 cells. As shown in Fig. 3B, the core protein was coim-
munoprecipitated with endogenous Mcl-1 (lane 3). On the
other hand, the core protein was not coimmunoprecipitated
when an irrelevant antibody (anti-HA) (lane 4) was used for
IP. Consistently with the results in Fig. 3A, only a small
amount of coreA115-128aa was coimmunoprecipitated with
endogenous Mcl-1 (lane 5). To estimate the degree of reduc-
tion in the binding of coreA115-128aa to endogenous Mcl-1, an
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imaging densitometer was used to quantify the intensities of
specific bands on the autoradiographs obtained in three inde-
pendent coimmunoprecipitation experiments (see Fig. S1 in
the supplemental material). The ratios of signals for the ex-
pression of flag-tagged core protein, endogenous Mcl-1, and
actin (internal control) all are close to 1 (0.94 to 1.14), indi-
cating that the expression levels of these proteins in the two
sets of cells (either transfected with cDNA construct for ex-
pressing flag-core or flag-coreA115-128aa) were similar. From
the three independent experiments, the average amount of
coreA115-128aa coimmunoprecipitated specifically by the
Mcl-1 antibody is 14.2% (* 10.7%) of the amount of wild-type
core protein coimmunoprecipitated. This implies that the de-
letion of the BH3 domain does not completely abolish the
interaction between the core protein and endogenous Mcl-1
but reduces the interaction greatly.

Overexpression of Mcl-1 or Bcl-X, prevents core protein-
induced apoptosis. To examine the protective effects of the
prosurvival Bcl-2 proteins in Huh7 cells, transfections were
performed with plasmids expressing myc-tagged Bcl-2, Bel-X; ,
Bel-w, or Mcl-1 (Fig. 4A and B). Consistent with studies of
other cell lines (12, 66), the transient high-level expression of
Bel-2 also caused apoptosis in Huh7 cells (lane 1). Interest-
ingly, the overexpression of Bcl-w also induced a significant
level of apoptosis in Huh7 cells (lane 3), and this phenomenon
has not been reported previously. Cells overexpressing Bel-X ,
but not Mcl-1, also had a slightly higher level of apoptosis than
that of the vector control cells (lanes 2 and 4).

Huh?7 cells were cotransfected with plasmids for expressing
myc-Mcl-1 and flag-core or myc-Bcl-X; and flag-core. As
shown in Fig. 4C and D, the level of apoptosis was significantly
reduced in cells expressing both Mcl-1 and the core protein
(lane 3) compared to those expressing the core protein only
(lane 2). When the same experiment was repeated using Bcl-
X, , the level of apoptosis was reduced to a lesser extent (lane
5). However, this may be due to the low level of apoptosis
induced by the overexpression of Bcl-X; (lane 6). The level of
the core protein expressed in the presence of Bel-X; also was
decreased greatly, but the smaller amount of the core protein
expressed still induced a high level of apoptosis (lane 5). How-
ever, when a broad caspase inhibitor (z-VAD-fmk) was used,
the core protein level in cells coexpressing Bcel-X; increased
(see Fig. S2 in the supplemental material), indicating that the
transfection efficiencies were similar in the different samples.
To resolve this uncertainty, the experiment was repeated with
a smaller amount of Bcl-X; plasmid (0.5 pg). Under this con-
dition, the overexpression of Bcl-X; did not induce apoptosis
(lane 8), and the level of apoptosis also was reduced in cells
expressing both Bcl-X; and the core protein (lane 7) compared
to those expressing the core protein only (lane 2). Thus, the
results show that the overexpression of either Mcl-1 or Bcl-X;
protects against core protein-induced apoptosis.

Bad enhances the ability of the core protein to release cy-
tochrome ¢ from isolated mitochondria. The ability of a core
protein peptide, which contains residues 118 to 149 of the
genotype 1b core protein, to release cytochrome ¢ from the
mitochondria was tested using 293T cells instead of Huh7 cells,
as the method for the isolation of mitochondria from 293T
cells is well established. The core protein induced apoptosis in
293T cells in the same manner as that in Huh7 cells (see Fig.
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FIG. 3. Interaction of the core protein with prosurvival members of the Bcl-2 family determined by coimmunoprecipitation experiments.
(A) Huh7 cells were transfected with cDNA constructs for expressing flag-GST (negative control), flag-core, or flag-coreA115-128aa, and
myc-tagged prosurvival members of the Bel-2 family (myc-Bel-X, [lanes 1 to 3], myc-Bcl-w [lanes 4 to 6], and myc-Mcl-1 [lanes 7 to 9]). The cells
were harvested at ~16 h posttransfection, lysed, and subjected to IP with anti-flag monoclonal antibody conjugated to Sepharose beads. The
amount of myc-tagged proteins that coimmunoprecipitated (IP) with the flag-tagged proteins was determined by Western blot analysis (WB) with
an anti-myc rabbit polyclonal antibody (top). The amounts of myc-tagged and flag-tagged proteins in the lysates before IP were determined by
subjecting aliquots of the lysates to Western blot analysis (middle). The protein marked with an asterisk represents the heavy chain of the antibody
used for IP (top), and the amounts of total cell lysates loaded were verified by measuring the levels of endogenous actin (bottom). (B) Huh7 cells
were transfected with cDNA constructs for expressing flag-core or flag-coreA115-128aa. IP then was performed using anti-Mcl-1 or anti-HA rabbit
polyclonal antibodies and protein A agarose beads. The amounts of flag-tagged core protein in the lysates before IP (lanes 1 and 2) or
coimmunoprecipitated (lanes 3 to 6) were determined by Western blot analysis with an anti-flag monoclonal antibody (top). Similarly, the amounts
of endogenous Mcl-1 in these samples were detected using an anti-Mcl-1 monoclonal antibody (middle). The protein marked with an asterisk
represents the heavy chain of the antibody used for IP (top), and the amounts of total cell lysates loaded were verified by measuring the levels of

endogenous actin (bottom).

S3 in the supplemental material). As shown in Fig. SA, both
the Bad and core protein peptides were inefficient in inducing
the release of cytochrome ¢, as only a small amount of cyto-
chrome ¢ was detected in the supernatant from the treated
mitochondria when 200 uM of either peptide was used. How-
ever, when Bad and core protein peptides were used in com-
bination, the release of cytochrome ¢ was observed at the much
lower concentration of 50 .M (consisting of 25 wM Bad pep-
tide and 25 pM core protein peptide). Furthermore, the re-
lease of cytochrome c increased in a dose-dependent manner.
The amount of cytochrome c left in the treated mitochondria
(i.e., pellet) decreased correspondingly, while the amount of
control protein, Hsp-60, was not affected.

The same experiment was repeated using the Noxa peptide
(Fig. 5B). Consistently with a previous study (11), the Noxa
peptide alone was inefficient in inducing the release of cyto-
chrome ¢, but when it was combined with the Bad peptide, the
release was significantly enhanced. The peptide(s) dosage re-
quired was similar to the amount required for the core protein
and Bad, indicating that the complementation between the

core protein and Bad is similar to the complementation be-
tween Noxa and Bad. In addition, complementation between
the core protein and Bad also was observed when they were
coexpressed in Huh7 cells (see Fig. S4 in the supplemental
material).

The three hydrophobic residues in the BH3 domain of the
core protein are important for apoptosis induction. Site-
directed mutagenesis and structural studies of the interactions
between the prosurvival Bel-2 proteins and BH3 domains have
revealed the mechanism by which BH3 domains are bound to
the hydrophobic grooves present on the surfaces of the pro-
survival Bel-2 proteins (see reviews in references 50 and 69). In
particular, the BH3 domain usually contains four hydrophobic
residues (hl, h2, h3, and h4) (Fig. 1A) that make contacts
critical for the stability of the complex. Interestingly, the core
protein contains hydrophobic residues at the h2, h3, and h4
positions (Fig. 1A). An alanine substitution experiment was
performed to determine if these residues are essential for the
proapoptotic property of the core protein (Fig. 6A and B). The
results showed that replacement of either L119, V122, or L126
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protein (middle). The amounts of total cell lysates loaded were verified by measuring the levels of endogenous actin (bottom).

with A completely abolishes the proapoptotic property of the
core protein. On the other hand, the replacement of the highly
conserved D124 residue with A seems to increase the proapop-
totic property of the core protein slightly. The levels of acti-
vated caspase-3 induced by the wild-type core protein and the
D124A substitution mutant in six independent experiments
were compared using the two-tailed Student’s ¢ test, and the
difference was found to be statistically significant (Fig. 6C).
This phenomenon has not been reported for other BH3-only
proteins, but there are a few known functional BH3 domains
that do not contain D at this position (54, 55).

Furthermore, coimmunoprecipitation experiments showed
that the L119A, V122A, and L126A substitution mutants have
reduced binding to Mcl-1 (Fig. 7A). Similar results were ob-
tained in four independent experiments, and the percentages
of binding compared to that of the wild-type core protein were
estimated by using an imaging densitometer to measure the

intensity of the core protein signals after coimmunoprecipita-
tion. For each experiment, three different autoradiographs
(with different exposure times) were used, and the average
values are shown in Table S1 in the supplemental material. The
average percentages in binding of Mcl-1 to the 1.119A, V122A,
and L126A mutants are 33, 62, and 9% of the binding to the
wild-type core protein, respectively. For all three mutants,
the reduced interactions with Mcl-1 compared to those of the
wild-type core protein are statistically significant (see Table S1
in the supplemental material). As the D124A substitution mu-
tant induced a slightly higher level of apoptosis than the wild-
type core protein (Fig. 6), a coimmunoprecipitation experi-
ment also was performed to determine if this mutant can bind
Mcl-1. Two different amounts of flag-tagged plasmids (0.5 and
1.0 png) were used, and the results show that the D124A sub-
stitution mutant binds Mcl-1 to an extent similar to that of the
wild-type core protein under both conditions (Fig. 7B).
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FIG. 5. Release of cytochrome ¢ from isolated mitochondria by a combination of the core-BH3 and Bad-BH3 peptides or Noxa-BH3 and
Bad-BH3 peptides. (A) Mitochondria isolated from 293T cells were incubated with either Bad peptide, core protein peptide, or a combination of
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supernatants and pellets were subjected to Western blot analysis with anti-cytochrome ¢ (cyt ¢) or anti-Hsp-60 antibodies. (B) The same experiment
was repeated with Noxa peptide or a combination of Noxa and Bad peptides in equimolar concentrations.

While the V122 and 1126 residues, at the h3 and h4 posi-
tions, respectively, of the core protein are highly conserved in
different genotypes of HCV, the core proteins from genotype
2a strains typically have V instead of L at the h2 position (Fig.
1B). Replacing the L119 of the genotype 1b core protein with
V reduced the proapoptotic property of the core protein dra-
matically (Fig. 8). Interestingly, in all known BH3-only pro-
teins, this position is usually an L residue that is essential for
the proapoptotic properties of these proteins (Fig. 1A). The
reverse experiment was performed by determining if the core
protein of a genotype 2a strain (JFH-1 strain) can induce
apoptosis. The overexpression of the genotype 2a core protein
induced much less apoptosis than the genotype 1b core protein
(Fig. 8). However, replacing the V119 of the genotype 2a core
protein with L resulted in a significant increase in apoptosis
induction, such that the level was similar to that induced by the
genotype 1b core protein (Fig. 8).

A single substitution from V to L at residue 119 in the core
protein of the HCV J6/JFH-1 strain is associated with in-
creased abilities to induce apoptosis. The pFL-J6/JFH-1 plas-
mid encoding the entire viral genome of a chimeric strain of
HCV genotype 2a (J6/JFH-1) can be used to generate infec-
tious HCV (37). In the J6/JFH-1 clone, the core protein con-
tains V at residue 119, just like the JFH-1 clone. A mutant
virus, J6/JFH-1(V119L), was generated successfully by replac-
ing the V119 residue with L. Parental J6/JFH-1 and mutant
J6/JFH-1(V119L) viruses then were used to infect naive
Huh7.5 cells, and cell viabilitiecs were measured at different
time points after infection (Fig. 9A). From day 2 p.i., cells
infected by either virus have lower viabilities than mock-in-
fected cells, indicating that the viruses have induced cytopathic
effects (CPE). This is consistent with recent observations by us
and other researchers (17, 41). Results from days 6 and 8 p.i.
show that the J6/JFH-1(V119L) virus induced higher levels of
CPE and, therefore, lower levels of cell viability compared to
those of the parental J6/JFH-1 virus (Fig. 9A), which is in

agreement with the overexpression studies shown in Fig. 8. The
CPE is mediated primarily through apoptosis, as indicated by
the activation of caspase-3 (Fig. 9B) and DNA fragmentation
(Fig. 9C). The production of cell-free infectious virus particles
by the J6/JFH-1(V119L) virus also was significantly higher
than that produced by the parental J6/JFH-1 virus (Fig. 9D).
On the other hand, there was no significant difference in the
percentage of HCV-infected cells in the cultures (Fig. 9E) or
HCV RNA replication in the cells between the two viruses
(Fig. 9F). We next analyzed the possible interaction between
endogenous Mcl-1 and the core proteins of either J6/JFH-1 or
J6/JFH-1(V119L) in virus-infected cells. As shown in Fig. 9G,
the core protein of J6/JFH-1(V119L) was coimmunoprecipi-
tated with Mcl-1 (lane 6). On the other hand, the Mcl-1 inter-
action of the core protein of J6/JFH-1 was barely detected
under the same experimental conditions (lane 4). These results
collectively imply the possibility that the V119L mutation of
the core protein promotes its interaction with Mcl-1 and is
responsible for the increased ability of the virus to induce
apoptosis, which favors a higher degree of infectious progeny
virus release from the host cell at the late time points of
infection compared to that of the parental J6/JFH-1 virus.

DISCUSSION

Besides playing important roles in maintaining homeostasis
in healthy cells through the regulation of apoptosis, members
of the Bcl-2 family also are involved in viral infections. Indeed,
several viruses have been shown to encode homologs of pro-
survival Bcl-2 proteins, and these viral proteins act to inhibit
apoptosis in infected cells and prevent the premature death of
these cells (see reviews in references 14, 26, 51, and 70). Other
viral proteins, which can be proapoptotic, prosurvival, or both,
do not share any sequence homology with members of the
Bcl-2 family but also can modulate apoptosis in the host cells
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by interfering at different apoptotic checkpoints (see reviews in though all BH3-only proteins can bind to the hydrophobic

references 8, 23, 27, and 43). grooves on the surfaces of the prosurvival members, recent
Unlike the multi-BH domain members, the BH3-only mem- quantitative measurements have revealed that the affinities of
bers of the Bcl-2 family contain a single BH3 domain. Al- association between different pairs of BH3-only and prosur-
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FIG. 7. Effects of alanine substitutions on the binding of the core
protein to Mcl-1. (A) Huh7 cells were transfected with cDNA con-
structs (1.0 pg) for expressing flag-GST (negative control), flag-tagged
wild-type core protein, or single-alanine-substitution mutants (L119A,
V122A, and L126A). All cells were cotransfected with myc-tagged
Mcl-1 (1.5 pg). (B) Huh7 cells were transfected with cDNA constructs
for expressing flag-GST (negative control, 0.5 pg), flag-tagged wild-
type core protein (0.5 or 1.0 pg), or single-alanine-substitution mutant
D124A (0.5 or 1.0 pg). All cells were cotransfected with myc-tagged
Mcl-1 (1.5 pg). Coimmunoprecipitation then was performed as de-
scribed in the legend to Fig. 3A. The amount of myc-tagged proteins
that coimmunoprecipitated (IP) with the flag-tagged proteins was de-
termined by Western blot analysis (WB) with an anti-myc rabbit poly-
clonal antibody (top). The amounts of myc-tagged and flag-tagged
proteins in the lysates before IP were determined by subjecting ali-
quots of the lysates to Western blot analysis (middle). The amounts of
total cell lysates loaded were verified by measuring the levels of en-
dogenous actin (bottom). The protein marked with an asterisk repre-
sents the heavy chain of the antibody used for IP (top). Similar results
were obtained in four independent experiments, and a representative
set of data is presented.

vival members vary greatly (11, 32). For example, Bim and
Puma bind all prosurvival members tested, while Noxa binds
strongly only to Mcl-1 and Al. On the other hand, Bad binds
much more strongly to Bcl-2, Bel-X;, and Bel-w than Mcl-1.
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FIG. 8. Comparison of the proapoptotic properties of the core
proteins of genotypes 1b and 2a. (A) A CaspACE fluorometric assay
system from Promega Corporation (Madison, WI) was used to mea-
sure the activation of caspase-3 in Huh7 cells that were transfected
with vector only, wild-type core of genotype 1b or 2a, or their substi-
tution mutants. All experiments were performed in triplicate, and the
average values with standard deviations are plotted. (B) Western blot
analysis also was performed to determine the cleavage of endogenous
PARP (top) and expression levels of the core proteins (middle). The
amounts of total cell lysates loaded were verified by measuring the
levels of endogenous actin (bottom).

Taken together with results from successive studies, it becomes
clear that the BH3-only members can be classified into sub-
classes (see reviews in references 21, 24, 58, and 71). In this
study, we demonstrate that the HCV core protein is a BH3-
only viral homologue of the Bcl-2 family, and its BH3 domain
is essential for the induction of apoptosis (Fig. 1 and 2). In
coimmunoprecipitation experiments, the core protein inter-
acted specifically with the prosurvival Mcl-1 protein but not
with prosurvival proteins Bcl-X; and Bcl-w (Fig. 3), suggesting
that its property is most similar to that of Noxa (11). Consis-
tently, the overexpression of Mcl-1 protects against core pro-
tein-induced apoptosis (Fig. 4). However, the overexpression
of Bel-X; also protects against core protein-induced apoptosis
(Fig. 4). This may be due to the ability of a high level of Bcl-X
to prevent the complementation between the core protein and
endogenous Bad protein, which binds strongly to Bel-X; (11),
as we have observed that a combination of the core protein and
Bad peptide mimetics caused efficient cytochrome c release
from the mitochondria (Fig. 5). The complementation between
Bad and the core protein is similar to that observed between
Bad and Noxa, which act in combination to neutralize the two
classes of prosurvival proteins, one comprised of Bcl-2, Bel-X,
and Bcl-w and the other of Mcl-1 and Al (11). In overexpres-
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FIG. 9. Comparison of parental J6/JFH-1 and mutant J6/JFH-1(V119L) recombinant viruses. Huh7.5 cells were infected with recombinant
HCYV at a multiplicity of infection of 0.1 CIU/cell or with a mock preparation, and various assays were performed at different days after infection.
(A) Cell viabilities were determined. (B) Caspase-3 activity per cell was determined. (C) The amount of DNA fragmentation per cell was
determined. (D) The production of cell-free infectious virus particles was determined. (E) Virus spread in the culture was quantitated. (F) HCV
RNA replication was determined by quantitative real-time PCR analysis. (G) Interaction of the core protein with Mcl-1 was determined by
coimmunoprecipitation experiments at 3 days p.i. IP was performed using anti-Mcl-1 or anti-HA rabbit polyclonal antibodies and protein A agarose
beads. The amounts of the core protein in the lysates before (lanes 1 and 2) and after IP (lanes 3 to 6) were determined by Western blot analysis
with an anti-core monoclonal antibody (top). Similarly, the amounts of endogenous Mcl-1 in the samples were determined using an anti-Mcl-1
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significant. Data were obtained from three independent experiments, each with triplicate cultures.

sion studies, the core protein and Noxa also induced compa-
rable levels of apoptosis (see Fig. $3 and S5 in the supplemen-
tal material). Taken together, these findings suggest that core
can mimic Noxa and interfere directly with the prosurvival
function of Mcl-1.

A comparison of the BH3 domain of the core protein to the
corresponding domains of other BH3-containing proteins (Fig.
1A) revealed that it contains three out of the four hydrophobic
residues that can be accommodated within the hydrophobic
pockets of previously described BH3 binding grooves (see re-
views in references 50 and 69). Alanine substitution experi-
ments revealed that all three hydrophobic residues in the BH3

domain of the core protein are essential for apoptosis induc-
tion (Fig. 6). In coimmunoprecipitation experiments, these ala-
nine substitution mutants also bound Mci-1 to a lesser extent
than the wild-type core protein (Fig. 7A). Since these alanine
substitution mutants still can bind Mcl-1, albeit at a lower level
than that of the wild-type core protein, it appears that the
interactions between these mutants and Mcl-1 are not suffi-
cient to induce apoptosis. In several mutagenesis studies, the
interaction between Bcl-2 family members and apoptosis reg-
ulation have been observed to be discordant. For example, two
mutants of the BH3-only protein Bik, Bik-(43-94) and Bik-(43-
120), heterodimerized with prosurvival Bcl-2 and Bel-X;, but
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were unable to induce efficient cell death (19). A Bad mutant
containing an alteration of a critical residue within its BH3
domain, E113 to K, also was found to have significantly re-
duced apoptotic activity compared to that of wild-type Bad,
despite binding to Bcl-2 and/or Bcl-X; to the same extent as
wild-type Bad (35). Therefore, the induction of apoptosis by
the core protein may be controlled by a critical threshold
affinity of binding between the core protein and Mcl-1, or there
are contributions from a yet-to-be characterized pathway(s).
Two of these residues (V122 and L126) are conserved in the
major genotypes of HCV, but residue 119is a V in genotype 2a
(Fig. 1B). When L119 of the genotype 1b core protein was
replaced with V, its ability to induce apoptosis was greatly
reduced (Fig. 8). Conversely, when V119 of the genotype 2a
core protein was replaced with L, its ability to induce apoptosis
was greatly enhanced. Thus, the results suggest that the geno-
type 1b core protein induces apoptosis efficiently via a BH3
domain, while genotype 2a core protein is comparatively less
efficient. Another highly conserved residue in the BH3 domain
of the core protein is D124. However, the replacement of D124
with A did not reduce the proapoptotic function of the core
protein (Fig. 6). Thus far, there are only a few known func-
tional BH3 domains that do not contain D at this position (61,
62). Unlike most BH3-only proteins, the core protein has a
charged residue (R115) in the hi position (Fig. 1A). Interest-
ingly, the second BH3 domain of mouse Noxa (mNoxaB) also
has a charged residue (E74) in this position. Indeed, the nu-
clear magnetic resonance structure of the complex between
mouse Mcl-1 and a peptide mimetic of mNoxaB shows that
E74 is tolerated at the h1 position because its charged carboxyl
group is coordinated by another charged residue, K215, in
mouse Mcl-1 (15). However, R115 of the core protein is basic
instead of acidic, and how this residue can be accommodated
in the hydrophobic groove of Mcl-1 is unclear. Interestingly,
replacing the residue at the hl position (IS8) of a novel
BimBH3 variant, Bim2A, with A also has little effect on its
interaction with Mcl-1 (34). Thus, it appears that the residue in
the hl position is not always involved in the interaction be-
tween BH3-only proteins and Mcl-1, but further biophysical
and biochemical studies are required to delineate the precise
structure-function relationship for the interaction between
core and Mcl-1.

To determine if the results from overexpression studies are
relevant to the modulation of apoptosis in host cells during
HCYV infection, the J6/JFH-1-based (genotype 2a) system was
used to generate HCV carrying a substitution at residue 119 of
the core protein. While the parental wild-type and mutant
viruses replicated efficiently in Huh7.5 cells, the J6/JFH-
1(V119L) virus (which expresses the core protein with L at the
h2 position of the BH3 domain) caused a significantly higher
level of apoptosis in the infected cells than the parental J6/
JFH-1 virus (which expresses the core protein with V at the h2
position of the BH3 domain) (Fig. 9). This is in good agree-
ment with the overexpression studies and indicates that the
BH3 domain of the core protein contributes to the induction of
apoptosis in HCV-infected cells. Thus, it appears that core
protein-mediated apoptosis during infection by HCV of geno-
type 2a is less efficient than that of the other genotypes having
L at residue 119 of the core protein (Fig. 1B). Coimmunopre-
cipitation experiments revealed that the core protein of J6/
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JFH-1(V119L), but not that of J6/JFH-1, interacted with Mcl-1
in virus-infected cells (Fig. 9). This result is consistent with the
overexpression studies and suggests the possibility that
the core protein induces apoptosis, at least partly, through the
interaction with Mcl-1 in HCV-infected cells. Interestingly,
more progeny virus is released from cells infected with the
J6/JFH-1(V119L) virus than by those infected with the paren-
tal J6/JFH-1, while there is no difference in the efficiency of
infection or amount of HCV replication inside the cells
(Fig. 9).

However, it also is apparent that the parental J6/JFH-1 virus
still caused a high level of apoptosis in the infected cells, and
for the early time points there was no significant difference in
the levels of apoptosis induced by the parental J6/JFH-1 virus
and the J6/JFH-1(V119L) mutant virus (Fig. 9). This implies
that there are other viral factors that contribute to the induc-
tion of apoptosis during HCV infection. For example, several
nonstructural HCV proteins, like NS3, NS4A, NS5A, and
NS5B, can induce apoptosis when they are overexpressed in
certain types of cells (see recent reviews in references 20 and
28). In addition, other domains in the core protein have been
shown to bind host proteins and may contribute to apoptosis
regulation by interfering with different cellular pathways (see
reviews in references 33, 42, and 52). For example, the N-
terminal domain (aa 1 to 75) of the core protein interacts with
Hsp60, leading to the production of reactive oxygen species
and enhancement of tumor necrosis factor alpha-mediated
apoptosis (30), while a C-terminal domain (aa 153 to 192)
facilitates Fas oligomerization and is required for apoptosis
induction in Jurkat cells (46). However, the relative contribu-
tion of these various factors to apoptosis induction during
HCYV infection remains to be determined.

We further examined the importance of residue 119 of the
core protein in HCV replication. In multiple independent
transfection experiments, we observed that the J6/JFH-1 mu-
tant possessing A at position 119 [J6/JFH-1(V119A)] barely
replicated in the cells and did not produce any infectious virus
particles in the culture supernatants (data not shown). This
result suggests the possibility that this single point mutation
impairs the interaction of the core protein with other viral
and/or cellular protein(s) that is required for HCV RNA rep-
lication and infectious virion production. Similarly, the J6/
JFH-1 mutants each possessing A at positions 122 [J6/JFH-
1(V122A)], 124 [J6/JFH-1(D124A)], or 126 [J6/JFH-1(L126A)]
barely replicated in the cells and did not produce any infectious
virion in the culture supernatants (data not shown), with the
results suggesting an important role(s) for these residues as
well as for position 119. In this connection, the essential role
for the HCV core protein in infectious virion production re-
cently has been confirmed, and numerous residues required for
this role have been identified (47).

By using the JFH-1 infectious clone, recent studies have
revealed that the association of the core protein with the lipid
droplet (LD) is critical for the production of infectious virus
particles (6, 45). Boulant and coworkers reported that there
are two amphipathic a-helices in the so-called D2 domain of
the core protein (~118 to 179 aa) (5, 7), and the hydrophobic
residues within this domain are critical for the efficient attach-
ment of the core protein to LD (5). Our results showed that
residues L1119, V122, and 1126 of the core protein are essential
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for the induction of apoptosis, and these residues are found on
the hydrophobic face of the first a-helix of the D2 domain.
Interestingly, the replacement of L119 with E did not affect LD
association, while the replacement of 1126 with E significantly
reduced LD association (5). The contribution of V122 to LD
association was not investigated. Consistently, the J6/JFH-
1(V119L) virus, but not the J6/JFH-1(L126A) virus, replicated
efficiently to produce infectious virus particles. Since L119 of
the genotype 1b core protein, which occupies the crucial h2
position in the BH3 domain, is essential for its proapoptotic
property but not for its association with LD, it is clear that the
BH3 domain of the core protein is an independent motif that
partially overlaps with the LD association domain.

Recently, Makes caterpillars floppy 1 (Mcfl), a bacterial
toxin, was reported to contain a BH3-like domain (18). In
addition, HBSP, a spliced hepatitis B viral protein, also con-
tains a BH3-like domain (39). Here, we show that the HCV
core protein is another BH3-like viral homologue, and it con-
tributes directly to the induction of apoptosis during HCV
infection. Our results also reveal that it is a bona fide BH3-only
protein that appears to interfere with the prosurvival property
of Mcl-1 in a manner similar to that of Noxa. Our observation
that the enhanced apoptotic activity of the J6/JFH-1(V119L)
virus is correlated with an increase in infectious progeny HCV
release seems to be counterintuitive, as many viruses adopted
strategies to prevent apoptosis in the infected cells so as to
allow viral replication and the packaging of progeny genomes
within the cells (14, 26, 51, 70). However, enhanced releases of
virus from infected cells that are undergoing apoptosis also
have been reported for other viruses, like the infectious bursal
disease virus, adenovirus, and Aleutian mink disease parvovi-
rus (4, 44, 73), indicating that apoptosis can be advantageous
for viral spreading at the late stages of infection. Future
studies to define the precise manner by which the BH3
domain of the core protein modulates apoptosis during in-
fection will provide important insights into HCV replication
as well as pathogenesis.

Besides the genotype 1b core protein, the properties of the
genotype la core protein also have been examined in various
studies. The apoptotic property of the genotype la core pro-
tein has yet to be studied using the JFH-1-based infectious
clone system, although previous studies have attributed both
prosurvival and proapoptotic properties to it (25, 30, 46, 57).
Similar observations also have been described in overexpres-
sion studies using the genotype 1b core protein and appear to
be dependent on the death stimuli and types of cells used (3, 9,
10, 36, 49, 53, 56, 60, 76). Several studies have identified do-
mains or regions within the core protein that interfere with
specific apoptosis pathways. For instance, the interaction of the
N-terminal domain (residues 1 to 75) of the genotype 1a core
protein with Hsp60 enhanced tumor necrosis factor alpha-
mediated apoptosis, while its C-terminal region (residues 153
to 192) is required for Fas ligand-independent apoptosis (30,
46). The genotype 1b core protein (residues 1 to 153) binds to
the death domain of FADD, resulting in enhanced apoptosis
(76). However, an overlapping domain spanning the first 46 aa
of the core protein is involved in ASPP2 interaction, which
leads to the inhibition of p53-mediated apoptosis (9). These
findings suggest that multiple domains present in the core
protein contribute to the modulation of apoptosis via diverse
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pathways. Therefore, the net apoptotic effect of the core pro-
tein may be dependent on the relative strength of its prosur-
vival and proapoptotic properties. Unlike the genotype 2a core
protein, the BH3 domains of the genotype 1b core protein and
the genotype 1a core protein share an identical sequence (Fig.
1B) and are expected to function in a similar manner. How-
ever, we cannot rule out that there may be differences in the
manner in which the core proteins of genotypes 1a and 1b
modulate apoptosis during infection. For example, they may be
involved in different virus-virus or virus-host interactions.
Thus, more studies are needed to understand the contributions
of genotype-dependent factors to the regulation of apoptosis
during HCV infection.
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Robust production of infectious hepatitis C virus (HCV) in cell culture was realized by using the
JFH1 strain and the homologous chimeric JB/JIFH1 strain in Huh-7.5 cells, a highly HCV-
permissive subclone of Huh-7 cells. In this study, we aimed to establish a more efficient HCV-
production system and to gain some insight into the adaptation mechanisms of efficient HCV
production. By serial passaging of J6/JFH1-infected Huh-7.5 cells, we obtained culture-adapted
J8/JFH1 variants, designated P-27, P-38 and P-47. Sequence analyses revealed that the
adaptive mutant viruses P-27, P-38 and P-47 possessed eight mutations [four in E2, two in NS2,
one in NS5A and one in NS5B), 10 mutations [two additional mutations in the 5'-untranslated
region (5'-UTR) and core] and 11 mutations (three additional mutations in 5’-UTR, core and
NS5B), respectively. We introduced amino acid substitutions into the wild-type J6/JFH1 clone,
generated recombinant viruses with adaptive mutations and analysed their infectivity and ability to
produce infectious viruses. The viruses with the adaptive mutations exhibited higher expression of
HCYV proteins than did the wild type in Huh-7.5 cells. Moreover, we provide evidence suggesting
that the mutation N534H in the E2 glycoprotein of the mutant viruses conferred an advantage at
the entry level. We thus demonstrate that an efficient HCV-production system could be obtained
by introducing adaptive mutations into the J6/JFH1 genome. The J6/JFH1-derived mutant viruses
presented here would be a good tool for producing HCV particles with enhanced infectivity and
for studying the molecular mechanism of HCV entry.
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INTRODUCTION

Hepatitis C virus (HCV) is the main cause of chronic
hepatitis, liver cirrhosis and hepatocellular carcinoma
(Choo et al., 1989; Kuo et al.,, 1989; Saito et al., 1990).
As more than 170 million people worldwide are infected
chronically with HCV (Poynard et al.,, 2003) and because
the current antiviral therapy, interferon and ribavirin,
produces sustained virus clearance in <<50% of treated
| patients (Manns et al, 2007), HCV infection is clearly a
| problem of major proportions. HCV is a single-stranded,
| positive-sense RNA virus that is classified in the genus
Hepacivirus in the family Flaviviridae. The approximately
9.6 kb HCV genome encodes one large open reading frame
(ORF) that is flanked at the 5’ and 3’ ends by untranslated
regions (UTRs) (Choo et al, 1991). The HCV polyprotein
is processed into at least 10 proteins by viral proteases and

Study of the HCV life cycle and virus-host interaction has
been hampered severely by the lack of a robust in vitro cell-
culture system and small-animal models of HCV infection
(Bartenschlager & Sparacio, 2007). The development of
HCV replicon systems has made an important contribution
to the study of HCV translation and RNA replication in the
human hepatoma cell line Huh-7 (Blight et al, 2000;
Lohmann et al., 1999). Sequence analyses of multiple HCV
replicons have revealed that several adaptive mutations
enhance RNA  replication to varying degrees
(Bartenschlager & Sparacio, 2007; Blight et al, 2000;
Lohmann et al., 2001). Such adaptive mutations were
primarily identified in a central portion of the NS5A
protein. Although the extent to which these adaptive
mutations enhance RNA replication was subsequently
studied by using various transient replication assays, the

cellular signalases (Grakoui er al, 1993; Hijikata et al,
1993a; McLauchlan et al, 2002). The structural proteins
core, E1 and E2 are located in the N terminus of the
polyprotein, followed by p7 and the non-structural (NS)
proteins NS2, NS3, NS4A, NS4B, NS5A and NS5B
(Bartenschlager & Sparacio, 2007).

molecular mechanism underlying replication enhancement
still remains elusive (Bartenschlager & Sparacio, 2007). The
HCV replicons containing adaptive mutations do not
produce infectious virus particles in culture and are
severely attenuated (Blight et al., 2002; Pietschmann et al,
2002). Using recombinant HCV envelope glycoproteins
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and HCV pseudoparticles, several cell-surface molecules
have been shown to interact with HCV during virus
binding and entry, including the tetraspanin CD81
(Bartosch et al, 2003; Pileri et al, 1998), the scavenger
receptor class B member I (SR-BI) (Bartosch et al., 2003;
Scarselli et al, 2002) and the tight junction protein
claudin-1 (CLDN1) (Evans et al, 2007).

The major breakthrough was made by establishing an
HCV-production system using HCV strain JFHI, a
genotype 2a isolate, and Huh-7 cells (Wakita et al,
2005). Two other groups reported a robust production of
infectious virus using a homologous chimeric FL-J6/JFH1
strain (Lindenbach et al, 2005) or using Huh-7.5.1 cells
(Zhong et al., 2005) derived from the cell line Huh-7.5,
which has a defect in the RIG-I pathway (Sumpter et al,
2005). Upon transfection of Huh-7 cells with the in vitro-
transcribed HCV JFH1 genome or the chimera FL-J6/JFHI,
infectious HCV particles were secreted in an envelope
glycoprotein-dependent manner (Lindenbach et al., 2005;
Wakita et al, 2005; Zhong et al, 2005). Using HCV-
production systems, adaptive or compensatory mutations
that promote the production of infectious virus from wild-
type JFH1 (Delgrange et al., 2007; Kaul et al., 2007; Russell
et al, 2008; Zhong et al, 2006) or chimeric viruses
(Gottwein et al, 2007; Yi et al, 2006, 2007) have been
identified. However, the molecular mechanisms of adaptive
mutations are poorly understood.

In this study, we aimed to establish an efficient HCV-
production system and to gain more insight into the
determinants of efficient virus production. By serial
passaging of Huh-7.5 cells infected with the HCV J6/
JFH1 strain, we identified adaptive mutations in the clones
and analysed the mutations by examining the production
of the recombinant mutant viruses.

METHODS

Cell culture. Huh-7.5 cells (Blight et al, 2002), a highly HCV-
permissive subclone of Huh-7 cells, were kindly provided by Dr C. M.
Rice (Rockefeller University, New York, NY, USA). Cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Wako)
supplemented with 10 % fetal bovine serum (FBS; Biowest), 0.1 mM
non-essential amino acids (Invitrogen), 100 IU penicillin m!™" and
100 pg streptomycin ml~* (Invitrogen). DMEM containing 10 % FBS
was designated complete DMEM. Cells were grown at 37 “Cin a CO,
incubator,

Antibodies. The mouse monoclonal antibodies (mAbs) used in this
study were anti-core (2H9) mAb (Wakita et al., 2005) and anti-HCV
NS3 mAb (Chemicon). Goat anti-actin polyclonal antibody (C-11)
(Santa Cruz Biotech) was used. Horseradish peroxidase (HRP)-
conjugated goat anti-mouse IgG (MBL) and HRP-conjugated donkey
anti-goat IgG (Santa Cruz Biotech) were used as secondary
antibodies.

Plasmids. Plasmid pFL-J6/JFH]1 (Lindenbach et al.,, 2005) containing
the full-length chimeric HCV genome was used to generate infectious
HCV. Amino acid substitutions were introduced by site-directed
mutagenesis using a QuikChange site-directed mutagenesis kit

(Stratagene). All PCR-amplified DNA fragments were verified
extensively by using an ABI PRISM 3100-Avant Genetic Analyzer
(Applied Biosystems). The primer sequences used in this study are
available from the authors upon request.

HCV RNA transfection and virus production. The pFL-J6/JFH1
plasmid was linearized with Xbal and in vitro-transcribed by using the
T7 RiboMAX Express large-scale RNA production system (Promega)
following the manufacturer’s instructions. The quality of synthesized
RNA was examined by agarose gel electrophoresis. Cells were
trypsinized and washed with serum-free DMEM. In total, 6 x 10°
cells were suspended in 500 pl serum-free DMEM and mixed with
10 pg in vitro-transcribed RNA in a 4 mm cuvette (Bio-Rad). The
synthesized RNA was introduced into Huh-7.5 cells by electropora-
tion using a Bio-Rad Gene Pulser system with a single pulse at 270 V,
975 uF. The cells were then plated in 10 cm culture dishes containing
complete DMEM.

Indirect immunofluorescence. Immunofluorescence staining was
performed essentially as described previously (Takigawa et al,, 2004).
Cells seeded on glass coverslips in a 24-well plate at a density of
4% 10* cells per well were infected with HCV. Cells were cultured,
washed with PBS and fixed with 3.7 % paraformaldehyde in PBS for
10 min at room temperature, followed by permeabilization in 0.1 %
Triton X-100 in PBS for 10 min at room temperature. After being
washed twice with PBS, cells were blocked with 5% goat serum in
PBS and then incubated with the serum of an HCV-infected patient
with a high titre of anti-HCV antibodies. Fluorescein isothiocyanate-
conjugated goat anti-human IgG (MBL) was used as a secondary
antibody. The cells were washed with PBS, counterstained with
Hoechst 33342 solution (Molecular Probes) at room temperature for
10 min, mounted on glass slides and examined under a fluorescence
microscope (BX51; Olympus).

Virus titration. Culture supernatants were diluted serially 10-fold in
complete DMEM and used to infect 2 x 10° naive Huh-7.5 cells per
well in 24-well plates. The inoculum was incubated with cells for 6 h
at 37 °C and then supplemented with fresh complete DMEM. The
level of HCV infection was determined 1 day post-infection by
immunofluorescence using anti-HCV polyclonal antibody. The virus
titre was expressed in focus-forming units (ml supernatant) ™' (ffu.
ml™"), as determined by the mean number of HCV-positive foci
detected at the highest dilutions according to a previously described
method (Zhong et al., 2005).

immunoblotting. Immunoblotting was performed essentially as
described previously (Muramatsu et al, 1997). To detect the
expression of HCV proteins, the immune complexes were visualized
by an ECL Western blotting detection kit (GE Healthcare) following
the manufacturer’s instructions.

HCV RNA quantification. Total RNA was extracted by using
RNAiso (TaKaRa) according to the manufacturer’s instructions. One
microgram of isolated RNA was reverse-transcribed by using a
QuantiTect reverse transcription kit (Qiagen) with random primers.
RT-gPCR analysis was performed as described previously (Zhong
et al., 2005). HCV RNA was monitored by using the PCR primers 5'-
TCTGCGGAACCGGTGAGTA-3' (sense) and 5'-TCAGGCAGTA-
CCACAAGGC-3' (antisense). HCV transcript levels were determined
relative to a standard curve comprising serial dilutions of plasmid
containing the HCV J6/JFH1 cDNA.

HCV RNA genome sequencing. HCV RNA was isolated from
140 pl viral supernatant by using a QIAamp Viral RNA Mini kit
(Qiagen), and then used as a template to generate cDNA in a reverse-
transcription reaction using SuperScript One-Step RT-PCR with
Platinum Tagq {Invitrogen) according to the manufacturer’s instruc-
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tions. PCR primers of between 20 and 26 bases, designed using the
sequence of J6/JFH1, were used to amplify four fragments of HCV
c¢DNA (nt 49-3517, 2582-5966, 5832-8038 and 7870-9286) to cover
most of the HCV genome. In addition, the 5'-end sequence was
amplified by using the 5" RACE System for Rapid Amplification of
¢DNA Ends (Invitrogen) and the 3’-end sequence was amplified by
using a 3'-Full RACE Core set (TaKaRa). The sequences of the
amplified DNA were determined by using an ABI PRISM 3100-Avant
Genetic Analyzer.

Quantification of HCV core protein. HCV core protein in the cells
or cell-culture supernatants was quantified by using a highly sensitive
enzyme immunoassay (Ortho HCV antigen ELISA kit; Ortho Clinical
Diagnostics). To determine intracellular amounts of core, cell lysates
were prepared as described by Schaller et al. (2007).

Blocking of virus attachment and entry with anti-CD81
antibody. Blocking of virus attachment and entry with anti-CD81
antibody was performed essentially as described previously (Wakita et
al, 2005). Huh-7.5 cells (6x10* cells per 24-well plate) were
pretreated with anti-CD81 antibody (clone JS-81; BD Biosciences) or
an isotype-matched control antibody (purified mouse IgGl, x isotype
control; BD Biosciences) as indicated for 1 h. Cells were then infected
with the wild-type or mutant viruses at an m.o.i. of 0.5 or 0.01 for
6 h. The viruses were removed, and the cells were washed with PBS
and then supplemented with complete DMEM. The efficiency of
infection was monitored 1 day after infection by counting the number
of HCV-positive foci by immunofluorescence.

Statistical analysis. A two-tailed Student’s t-test was applied to

evaluate the statistical significance of differences measured from the
datasets. A Pvalue of <<0.05 was considered to be statistically significant.

RESULTS

Increase in HCV infectivity titres during serial
passage

To produce infectious HCV particles, in vitro-transcribed
genomic J6/JFH1 RNA was electroporated into Huh-7.5
cells. Transfected Huh-7.5 cells were maintained and the
infectivity titre of the culture supernatant reached 6 x 10*
ffu. ml™" at 20 days post-infection. This culture super-
natant was designated P-1.

To generate higher infectivity titres for HCV, naive Huh-7.5
cells (3 x 10° cells per six-well plate) were infected with 1 ml
virus stock of P-1 (6 x 10* f£fu. ml™!) at an m.o.i. of 0.2 and
the infected cells were passaged serially every 3—4 days to
maintain a subconfluent culture for 6 months. The culture
medium was replaced with fresh complete DMEM every
day. The extracellular infectivity titres fluctuated in the
beginning after transfection and became lowest at the 22nd
passage (Fig. 1a). Thereafter, the extracellular infectivity
titres increased again and reached highest infectivity at the
47th passage. Therefore, we further examined the super-
natants at the 27th, 38th and 47th passages, and the viruses
were designated P-27, P-38 and P-47, respectively. The
infectivity titres were determined to be 7.0 x 10° f.fu. ml™'
for P-27, 1.7 x 10* £.£u. ml™" for P-38 and 3.3 x 10* f.fu.
ml ™! for P-47 (Fig. 1a). These viruses were used as inocula in
the following experiments.

Kinetics of virus production after infection with
putative adaptive 16/JFH1 mutants

To examine the virus-production kinetics of these viruses
in Huh-7.5 cells, naive Huh-7.5 cells (3 x 10* cells per 24-
well plate) were infected with each inoculum (6 x 10° ffu.)
at an m.o.i. of 0.2. After infection, the culture supernatants
were harvested each day for 10 days and assayed for
infectivity titres (Fig. 1b). The P-1 virus showed a peak
infectivity titre of 2.3x 10" ffu. ml™' at 4 days post-
infection, whereas the P-27, P-38 and P-47 viruses showed
peak titres of 1.0 x 10%, 2.3 x 10° and 6.0 x 10° f.fu. ml ™" at
4-5 days post-infection, respectively (Fig. 1b), suggesting
that these three viruses produce infectious HCV particles
more efficiently than the P-1 virus. The increased
infectivity titres may have been due to an increase in the
absolute number of released HCV particles or an increased
proportion of infectious relative to non-infectious parti-
cles. To address this question, we compared the specific
infectivities of the mutant viruses with those of the wild-
type virus. The ratio of viral infectivity titre (f.fu. ml™Y) to
HCV RNA content [genome equivalents (GE) ml™'] was
determined as shown in Table 1. The mutant viruses, P-27,
P-38 and P-47, had higher specific-infectivity titres (1:21,
1:10 and 1: 10, respectively) than the wild-type virus P-1
(1:133), suggesting that the mutant viruses are more
infectious than the wild type and that the mutant viruses
possess adaptive mutations in the virus genomes.

Sequence analysis of genetic mutations in the
adaptive mutants

To identify the genetic changes in the virus genomes that
are responsible for the adaptation to Huh-7.5 cells, we
sequenced the whole genomes of the viruses. No mutation
was found in the P-1 virus, whereas several mutations were
identified in the P-27, P-38 and P-47 viruses (Fig. 1c). The
sequencing analysis of P-27 identified eight mutations that
were located in the E2, NS2, NS5A and NS5B regions as
follows: T396A, T416A, N534H and A712V in E2; Y852H
and W879R in NS2; F2281L in NS5A; and M2876L in
NS5B (Fig. 1c). P-38 possessed 10 mutations, the same
mutations as in P-27 and two additional mutations. The
additional mutations were found at nucleotide position
146 (U to A) in the 5'-UTR and an amino acid change,
K78E, in the core region. P-47 contained 11 mutations,
including the same 10 mutations as P-38 and one
additional mutation, T2925A in NS5B. Thus, the first
eight mutations were all present in the genomes of the
three viruses, and the results suggested that these eight
mutations contribute to the enhanced infectivity.

Effects of individual mutations on the production
of infectious HCV

To determine which mutation is responsible for the
enhancement of infectivity, recombinant genomes contain-
ing only one of the selected mutations were constructed
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Fig. 1. Increase in HCV infectivity titres during serial passage. (a) Serial passage of HCV J6/JFH1-infected Huh-7.5 cells. Huh-

7.5 cells (3x10° cells per six-well plate) were infected with 1 ml stock of wild-type J6/JFH1 virus (P-1) (6x1 0*tfu. m™ atan

m.o.i. of 0.2, and the infected cells were passaged serially every 3—4 days to maintain a subconfluent culture for 6 months. The

culture medium was replaced with fresh complete DMEM each day. The extracellular infectivity titres were determined by

titration assay and are expressed as f.f.u. mi~*. Arrows show the time points at which we collected the putative adapted viruses,
designated P-27, P-38 and P-47. (b) Kinetics of virus production after infection with putative J6/JFH1 adaptive mutants in
| Huh-7.5 cells. Huh-7.5 cells were infected with the wild-type 16/JFH1 virus (O, P-1) or putative adaptive mutants (A, P-27;
&, P-38; W, P-47) at an m.o.i. of 0.2. After infection, the culture supernatants were harvested every day until 10 days post-
infection. Infectivity titres were measured by immunofluorescence assay and are expressed as f.f.u. mi™". Error bars represent Sb
for triplicate measurements. (¢) Genetic mutations identified during passage. Numbers indicate the amino acid position where
mutations were identified. The nucleotide position with mutation is given in parentheses.

(Fig. 2a). The in vitro-transcribed mutant J6/JFH1 RNAs
were electroporated into Huh-7.5 cells and mutant viruses
were generated. Then, naive Huh-7.5 cells were infected
with each virus at an m.od. of 0.01 and cultured for
12 days. The culture supernatant was collected every day
from 1 to 12 days post-infection. The ability of each
mutant virus to release infectious virus particles was
examined by titration assay. As shown in Fig. 2(b), the

Table 1. Specific-infectivity titres of the adaptive J6/JFH1
mutant viruses

recombinant viruses with single point mutations did not
enhance the production of infectious virus particles,
suggesting that a single point mutation is not enough for
the enhanced infectivity.

Effects of combination of adaptive mutations on
the production of infectious HCV

We then generated recombinant viruses with several
mutations, as shown in Fig. 3(a). Naive Huh-7.5 cells were
infected with each virus at an m.o.d. of 0.01 and cultured
for 12 days. The culture supernatant was collected every
day from 1 to 12 days post-infection. The ability of each
mutant virus to release infectious virus particles was
examined by titration assay. The R-27, R-38 and R-47
viruses reached higher titres than the wild type and other
mutant viruses, suggesting that all of the mutations in E2,
NS2, NS5A and NS5B were important for the enhancement
of infectivity (Fig. 3b). To determine the specific
infectivities of the mutant viruses, the ratio of the viral
infectivity titre (f.f.u. ml™') to the HCV RNA content (GE

Virus HCV RNA  Infectivity titre  Specific
copies flogio(f.f.u. infectivity

[log;o(GE ml™")] ml™)] (f.f.u.: GE)
P-1 6.7+0.1 4.6 +0.1 1:133
P-27 7.340.1 6.0+0.2 1:21
P-38 7.4+0.1 6.4+4+0.0 1:10
pP-47 7.3+0.1 6.3+0.2 1:10
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ml™!) was calculated as shown in Table 2. The recombin-
ant mutant viruses, R-27, R-38 and R-47, had higher
specific-infectivity titres (1:46, 1:35 and 1:54, respect-
ively) than the wild-type virus P-1 (1:197), suggesting that
the particles released from cells infected with the R-27, R-
38 and R-47 viruses are more infectious than those released
from cells infected with the wild-type J6/JFH]1 virus.

Efficient expression of HCV proteins in Huh-7.5
cells infected with the adaptive mutants

To investigate further the mechanism of adaptive muta-
tions, we performed immunofluorescence staining of the
infected cells. Huh-7.5 cells (6 x 10* cells per 24-well plate)
were infected with the P-1, R-27, R-38 and R-47 viruses
(1.2 x 10* ££u.) at an m.o.i. of 0.2. Cells were fixed 5 days
post-infection and stained for immunofluorescence.
Approximately 90% of the cells were HCV-positive in
the P-1-, R-27-, R-38- and R-47-infected cells (Fig. 4a). We
next examined protein synthesis by immunoblotting for
the HCV core and NS3 proteins. Immunoblot analysis of

the cell lysates demonstrated that the levels of the core and
NS3 proteins in cells infected with the R-27, R-38 and R-47
viruses were 2.0- to 2.5-fold higher than those in cells
infected with the P-1 virus (Fig. 4b, c¢), suggesting that
these mutant viruses have a replicative advantage.

Growth curves of infectious HCV after
transfection of RNAs or infection with HCV

To determine whether the replicative advantage is at the
level of entry or replication/translation of the genome, we
examined one-step growth curves by transfecting equival-
ent amounts of RNAs of the wild-type and the mutant
viruses into Huh-7.5 cells by means of electroporation
(Fig. 5a, b). The intracellular and extracellular core
protein levels were quantified by core protein-specific
ELISA at the indicated times. The one-step growth curves
showed that the intracellular and extracellular core
protein levels increased with very similar kinetics in the
cells transfected with the wild-type and adapted RNAs
(Fig. 5a, b).
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