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FIG. 1. The HCV-like particle consists of a core complex formed
by a disulfide bond. (a) The infectivity of the pellet fraction collected
from concentrated culture medium from JFH1E? RNA-transfected
HuH-7 cells was analyzed as described in Materials and Methods.
Input indicates the same volume of concentrated culture medium used
to pellet the virus-like particles. (b) Immunoblot analysis of the core
protein in pellets containing JFH1F™ virus particles treated with
various levels of DTT (lanes 1, 2, 3, 4, 5, and 6, 0, 1.56, 3.13, 6.25, 12.5,
and 25 mM DTT, respectively). (c) Immunoblot analysis of the core
protein in JFH1®%** particles collected from sucrose density gradient
fractions with high HCV RNA titers (particle) (Fig. 2a, fractions 8 to
13) and treated with 5 pg/ml proteinase K at 37°C for 15 min in the
presence or absence of 1% NP-40 (right panel). As a positive control,
WCL prepared from JFH1EZ RNA-transfected HuH-7 cells in lysis
buffer was treated with 5 pg/ml proteinase K at 37°C for 15 min (left
panel). Data are representative of three independent experiments.

PAGE under nonreducing conditions and showed only the
dbc-complex (Fig. 1c, right panel).

To examine whether the complex contributes to the infec-
tivity of the particles, we analyzed the dbc-complex in the
fractions containing infectious and noninfectious HCV parti-
cles (fractions 9 and 11 of Fig. 2a, filled and open arrowheads,
respectively). Both the infectious and noninfectious HCV par-
ticle-containing fractions contained the dbc-complex (Fig. 2b).
To confirm this further, a pellet containing particles of mutant
JFH14%%_—a mutant of JFH1%?™ that primarily produces
noninfectious particles (36)—was analyzed in a similar man-
ner. These dbc-complexes were found in pelleted particles of
both JFH1444% and J6/JFH1*44%°, which was a mutant J6/
JFH1 with a similar substitution to JFH1***%° (see Fig. S2 in
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FIG. 2. HCV nucleocapsid-like particle consists of core complex.
(a) HCV RNA titer in culture medium separated on a 20 to 50%
sucrose density gradient. Concentrated culture medium from
JFH1E?"L RNA-transfected HuH-7 cells were treated with RNase and
separated on a 20 to 50% sucrose density gradient. Fractions 1 to 16
were obtained from the bottom to the top of the tube, respectively. The
HCV RNA titer and infectivity of each fraction were analyzed by
real-time QRT-PCR (for fractions 1 to 16) and counting the number of
cells infected with HCV-like particle detected by immunofluorescence
(for fractions 3 to 14), respectively, as described in Materials and
Methods. In brief, each fraction was diluted with 1X PBS and HCV-
like particles were collected by ultracentrifugation, and then the pellets
were suspended in culture medium and used for infection. (b) HCV-
like particle collected from the infectious HCV peak (from panel a,
filled arrowhead) and the HCV RNA peak (from panel a, open ar-
rowhead) were collected by ultracentrifugation, subjected to nonre-
ducing SDS-PAGE, and detected by immunoblotting against the core
protein. (¢) HCV-like particles collected from fractions 8 to 13 (a)
were subjected to nonreducing SDS-PAGE in the presence (lane +) or
absence (lane —) of 5 mM NEM and analyzed by immunoblotting
against the core protein. Data are representative of two (a, infectivity
of fractions) or three independent experiments.

the supplemental material). These results indicated that the
dbc-complex was present in both the infectious and noninfec-
tious HCV-like particles.

The core protein monomer observed in the pellet samples
(Fig. 1b) may be from the secreted core protein or the debris
of apoptotic cells, because the core protein is known to be
secreted from cells expressing this protein under particular
conditions (42) and strain JFH1 is known to cause apoptosis
(45). The dbc-complex-specific signals in the HCV particles
seem to be increased in the NP-40-treated samples for some
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FIG. 3. The core complex is formed at the LD and ER. (a) The LD
fraction and WCL were collected from JFH15#™ RNA-transfected
HuH-7 cells on day 5 posttransfection. (upper panel) Immunoblot
analysis of the LD marker ADRP and the ER marker calnexin in the
LD fraction; (lower panel) immunoblot analysis of the core protein in
the LD fraction treated or not treated with 50 mM DTT. (b) Immu-
noblot analysis of the core protein in the MMF and WCL collected
from JFH1**producing HuH-7 cells on day 5 posttransfection in the
presence or absence of 5% B-ME. Data are representative of those
from three independent experiments.

unknown reason (Fig. 1c, lanes 1 and 2). Although the inter-
molecular disulfide bond is known to be artificially formed in
denaturing SDS-PAGE in the absence of reducing agents, the
dbc-complex was still observed even in the presence of NEM,
which is the alkylating agent for free sulfhydryls, during sample
preparation (Fig. 2c), indicating that the dbc-complex was nat-
urally present in the virus-like particles.

The HCV nucleocapsid is covered with lipid membranes and
E1 and E2 proteins, making it resistant to proteases. As ex-
pected, in the absence of NP-40, the dbc-complex was resistant
to proteinase K (Fig. 1c, lane 3), whereas proteinase K was
able to digest core protein in whole-cell lysates (WCLs) col-
lected from JFHI1E?-transfected HuH-7 cells (Fig. 1c, left
panel). Disrupting the envelope structure with NP-40 made the
dbc-complex susceptible to proteinase K treatment (Fig. 1c,
lane 4), indicating that the dbc-complex was indeed a compo-
nent of the HCV particle.

The dbc-complex forms on the ER. To investigate the sub-
cellular site at which the dbc-complex forms, LDs and MMFs
from JFH15?"" replicating HuH-7 cells were analyzed by im-
munoblotting. We first analyzed the dbc-complex in LDs, be-
cause LDs are involved in infectious HCV particle formation
(36, 47). The purity of the LD fraction was determined using
immunoblot analysis of calnexin and ADRP, ER and LD
marker proteins, respectively (Fig. 3a, upper panel). The core
protein was then analyzed in the LD fraction. As shown in Fig.
3a (lower panel), the dbc-complex was observed in the LD
fraction from JFH1F?*™ RNA-transfected HuH-7 cells. We
next analyzed the core protein in the ER-containing MMF,
because the core protein is first translated and processed on
the ER (16). As shown in Fig. 3b, the dbc-complex was ob-
served in the MMF from JFH1*?*™ RNA-transfected HuH-7
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FIG. 4. The core complex consists of a core dimer. (a) Schematic of
wild-type, FLAG-tagged (FLAG-core), and Myc-tagged (Myc-core)
core proteins. (b) Immunoblot analysis of the core protein in the MMF
collected from HuH-7 cells transfected with combinations of pcDNA3
(vector) and/or core expression plasmids (e.g., encoding core™T,
FLAG-core, and Myc-core), as indicated. The experiment was per-
formed under nonreducing conditions. The lower bands represent core
monomer (marked on the right with a brace). White arrowheads,
bands corresponding to dbd-core; black arrowheads, positions of the
intermediately sized core complex formed by core™" and the tagged
core. Data are representative of those from three independent exper-
iments.

cells. These results suggest that the dbc-complex is first formed
at the ER. To assess the possibility that dbc-complex-contain-
ing HCV particles were also assembled on the ER, the sensi-
tivity of the dbc-complex to protease treatment was analyzed.
The dbc-complex in the MMF was susceptible to protease
treatment in the absence of NP-40, indicating that the dbc-
complex on the ER was not yet part of a HCV particle (data
not shown).

dbc-complex is most likely a disulfide-bonded dimer form of
the core. In order to examine whether the core protein itself
has the potential to form a dbc-complex, we analyzed the
dbc-complex formation of the full-length wild-type core pro-
tein (core™") expressed from pcDNA3-core™" (36), the ex-
pression plasmid encoding the 191-amino-acid full-length core
protein of JFH1 strain. We used this expression plasmid be-
cause the core protein from this plasmid was likely to be
processed correctly enough to produce infectious HCV parti-
cles when it was cotransfected with the RNA of JFH19%3, which
is a core protein deletion mutant of JFH1 (36). As a result, the
dbc-complex formation was observed from the MMF of
coreWT-expressing cells both in the absence and in the pres-
ence of NEM (Fig. 4b; lane 2 and data not shown, respec-
tively). We next investigated the effect of the amino acid region
of E1 on the production of the dbc-complex, because it has
been reported that the efficient processing of core protein is
dependent on the presence of some E1 sequence to ensure the
insertion of the signal sequence for E1 in the translocon/mem-
brane machinery (34). The dbc-complex was also observed
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when the core protein was expressed from pcDNA3-C-E1/25,
which encodes the full-length core protein followed by the
N-terminal 25-amino-acid sequence of El to ensure that the
core protein is processed properly (see Fig. S3a in the supple-
mental material). These data showed that the dbc-complex was
formed by expression of the core protein only in the cells.

Next, we examined the structural components of the dbc-
complex. Because the dbc-complex was twice the size of the
core protein monomer, it was likely dbd-core. So, we investi-
gated whether the core protein molecules with different tags
were able to form the dbd-core. We first generated expression
plasmids encoding core protein with the N-terminal FLAG and
Myc tags (pcDNA3-FLAG-core and pcDNA3-Myc-core, re-
spectively; Fig. 4a). The tagged core proteins were expressed or
coexpressed with core™! in HuH-7 cells, and the MMF was
analyzed by immunoblotting. The FLAG or Myc tag shifted
the positions of the monomer and the complex bands (Fig. 4b,
lanes 3 and 4) compared with the position of core™" (Fig. 4b,
lane 2). When core™" was coexpressed with FLAG-core or
Myc-core, the core protein complex of an intermediate size
was observed, in addition to the bands obtained when the
constructs were independently expressed (Fig. 4b, lanes 5 and
6, filled arrowheads); the intermediate-sized band disappeared
after treatment with B-ME (see Fig. S3b, lanes 11 and 12, filled
arrows, in the supplemental material), indicating that core™"
and tagged core protein formed a heteromeric disulfide-
bonded dimer. These results demonstrated that the dbc-com-
plex on the ER is a dbd-core. Although we tried to detect the
hetero- or homodimer consisting of the tagged core protein by
using anti-FLAG or anti-Myc antibodies, these dimers were
not detected, possibly because of the lower levels of sensitivity
and specificity of the antibodies compared to those of the
anti-core protein antibody that we used, especially against
epitopes in the dbd-core. The results presented above, coupled
with the similarities of the molecular sizes and sensitivities to
B-ME and DTT, suggested that the dbc-complex in the HCV
particle is most likely a dbd-core.

Core protein Cys128 mediates dbd-core formation. Our re-
sults showed that core protein from JFH1®?™ forms a disul-
fide-bonded dimer on the ER. A search for cysteine residues in
the JFH12"" core protein identified amino acid positions 128
(Cys128) and 184 (Cys184) (see Fig. S1 in the supplemental
material). These residues are highly conserved in core proteins
from the approximately 2,000 reported HCV strains (HCVdb,
http://www.hcvdb.org/, Hepatitis C Virus Database; http:
//s2as02.genes.nig.ac.jp/). To determine which cysteine residue
mediated disulfide bond formation, we generated point muta-
tions in JFH1®?™ that replaced Cys128 and/or Cys184 with
alanine (Ala) (C128A, C184A, and C128/184A in JFH1<'284,
JFHIC4A and JFH1C'2#184A respectively; Fig. S5a). As
shown in Fig. 5b, the core proteins from JFH1<?% and JFH1<"2%
1844 failed to form a dbd-core under nonreducing condition,
whereas the core protein from JFH1<"#¥4 formed the dimer,
indicating that Cys128 was the residue responsible. Similar
results were observed when Cys was replaced by serine (Ser)
instead of Ala (see Fig. S5c in the supplemental material).
Recently, Majeau et al. reported that the core protein of the
J6/JFH1 strain with Cys128 replacements by Ala or Ser were
unstable in both Pichia pastoris and human hepatoma cell line
HuH-7.5 (31), although we did not detect any noticeable deg-
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radation of the mutant core proteins of strain JFH1 (Fig. 5b;
see also Fig. S5¢ in the supplemental material). This difference
may have resulted from the difference in sample preparation
methods, as we used the full-length genome of JFH1%*"" strain
bearing the strain JFH1 core protein and HuH-7 cells instead
of a core protein-expressing plasmid for the J6 strain and
HuH-7.5 cells.

To exclude the possibility that mutation of Cys128 inhibited
dbd-core formation by creating a conformational change,
T127A and G129A core protein mutants (JEH1™?"* and
JHF1612%A respectively) were created and examined for their
effects on dbd-core formation and infectious virus particle pro-
duction. These mutants formed dbd-core, and infectious HCV
particles were detected in the culture medium (see Fig. S4a to
c in the supplemental material), supporting an essential role
for Cys128 in dbd-core and particle formation.

dbd-core contributes to HCV particle production. To exam-
ine the functional roles of dbd-core, infectious HCV particle
production, HCV replication efficiency, colocalization of the
core protein and LDs, and RNA binding of mutant and wild-
type (JFH1E2F1) core protein were evaluated. Culture medium
from HuH-7 cells transfected with JFH1<'284 or JFH1C!2¥/1844
RNA contained significantly fewer infectious HCV particles
compared with the numbers obtained with JFH1®*™ or
JFH1€!84A RNA (Fig. 5¢). We also found significant decreases
in the levels of HCV RNA and core protein in the culture
medium of HuH-7 cells transfected with JFH1<'*** or
JFH1¢128184A RNA (Fig. 5d and e). Similar results were ob-
served with J6/JFH1 C128A or the C128/184A mutant strain
(data not shown). To investigate whether these results were
due to suppressed HCV replication, the HCV RNA and pro-
tein levels in cells transfected with mutant RNA were analyzed
using qRT-PCR and immunoblot analyses, respectively. Com-
pared with the results obtained with JFH1E?™-, no significant
changes in the cellular HCV RNA titer at days 1, 3, and 5
posttransfection or in the expression of HCV nonstructural
protein NS5A were observed (Fig. 6a and b). This indicated
that substitution of Cys128 did not significantly affect HCV
RNA genome replication or viral protein production, demon-
strating that the dbd-core functions during HCV particle pro-
duction rather than HCV genome replication. Similar results
were observed using RNA of JFH1 mutant strain JFH1<'25S,
in which the cysteine at position 128 was replaced by Ser
instead of Ala (see Fig. S5a, b, and d in the supplemental
material).

The subcellular localizations of the core protein and NS5A
protein in HuH-7 cells transfected with HCV RNA were in-
vestigated using indirect immunofluorescence and confocal mi-
croscopy, because recruiting HCV proteins to LDs is an im-
portant step in infectious HCV particle production (36, 47)
and core trafficking to LDs is dependent on signal peptide
peptidase (SPP)-mediated cleavage of the tail region (34, 41).
JFH1¢'?#A mutant core protein and NS5A protein were effi-
ciently trafficked to LDs, as was observed with wild-type
JHF15**" (Fig. 6c), suggesting that SPP cleavage and core
protein maturation were not affected by the C128A mutation.
Similar results were obtained with the core proteins derived
from JFH1<'844 and JFH1<!2¥184A (see Fig. S6 in the supple-
mental material) and also Ser mutant JFH1<'2%S (see Fig. Se in
the supplemental material).
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FIG. 5. The core dimer is formed via a bond between cysteine residucs at amino acid position 128. (a) Site-directed mutagenesis of JFH1F*L,
(b) Immunoblot analysis of the core protein in MMFs collected from HuH-7 cells under nonreducing conditions 3 days post-transfection with
JEH1B2L (WT), JFH1C1254 (C128A), JFH1C'844 (C184A), or JFH112/1844 (C128/184A) RNA. (c) Infectivity of culture medium collected and
concentrated on day 5 posttransfection from HuH-7 cells transfected with WT, C128A, C184A, or C128/184A RNA. (d) Real-time qRT-PCR
analysis of HCV RNA titers in culture medium collected at the indicated time points from HuH-7 cells transfected with WT, C128A, C184A,
C128/184A, or PP/AA (JFH1P?/AA) RNA. (e) ELISASs of core protein levels in culture medium collected at the indicated time points from HuH-7
cells transfected with WT or C128A RNA. Data are representative of those from three independent experiments (b and c) or are the means =

standard deviations from three independent experiments (d and e).

Because HCV core protein can bind to RNA, including the
HCV genome, during viral particle assembly (43), we analyzed
RNA binding by the core protein using in vitro-translated
core“'284 core™?, and poly(U) agarose resin. Core“*** and
core™T bound similarly to the poly(U) resin (Fig. 6d).

dbd-core is important for HCV particle assembly. The mu-
tational analysis of the core protein indicated that core<'*%*
and core™ T similarly localize to LDs, recruit NS proteins to the
LD, and bind to RNA. Moreover, this mutation did not mark-
edly affect HCV genome replication. How does core“'** af-
fect the production of HCV particles? An important function
of the core protein is multimerization, which is followed by
capsid construction and packaging of the RNA genome in the
viral particles. We therefore determined whether core“'***
had a dominant negative effect on virus-like particle produc-
tion. Wild-type JFH1®** RNA and different amounts of
JFH1€128A RNA were cotransfected into HuH-7 cells, and the
HCV RNA titer and infectivity of the virus-like particles in the
culture medium were analyzed. As expected, the HCV RNA
titer in the cells increased with higher levels of transfected
RNA (see Fig. S7a in the supplemental material). In contrast,
the HCV RNA titer and infectivity in the culture medium

decreased in a JFH1'?84 RNA dose-dependent manner when
this mutant RNA was cotransfected with wild-type RNA (Fig.
7a, b). This suppressive effect was not observed when either
wild-type RNA or core deletion mutant JFH1* RNA was
used instead of mutant RNA in a similar experiment (see Fig.
S7b to e in the supplemental material), indicating that higher
levels of HCV RNA alone did not inhibit HCV particle pro-
duction. Thus, core“!?®* had a dominant negative effect on
HCV particle production. Together, these results suggest that
dbd-core is involved in the assembly of HCV particles.

The nucleocapsid-like particle of HCV was resistant to tryp-
sin treatment. To further investigate the structure of the HCV
nucleocapsid-like particle most likely formed by dbd-core, we
examined the sensitivity of the particle to trypsin, which cleaves
polypeptides at the C-terminal end of basic residues. Whereas
trypsin digested the core protein in the whole-cell lysates (Fig.
8a, left panel), dbd-core from buoyant density-fractionated
JFH1E?"L particles was resistant to digestion, despite NP-40
treatment (Fig. 8a, right panel), although it was sensitive to
proteinase K, which has a broad specificity (Fig. 1c). The N-
terminal hydrophilic domain of the core protein (from residues
6 to 121) contains a number of trypsin cleavage sites (25 sites
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FIG. 6. Site-directed mutagenesis has no effect on HCV replication. (a) Real-time %RT—PCR analysis of the HCV RNA titer using total
cellular RNA collected at the indicated time points from cells transfected with JFH1*F- (WT), JFH1¢'284 (C128A), JFH1C!#4 (C184A),
JFH1C12#184A (C128/184A), or JFHIPA* (PP/AA) RNA. (b) Immunoblot analysis of NS5A protein and GAPDH in whole-cell lysate
collected from cells transfected with WT, C128A, C184A, or C128/184A RNA at day 3 posttransfection. (c) Confocal microscopy of the
subcellular localization of the LD (green), core (blue), NS5A protein (red), and nucleus (4',6-diamidino-2-phenylindole [DAPI]) (gray) in
WT and C128A replicatinF cells on day 3 posttransfection. Bars, 10 um. (d) An RNA-protein binding precipitation assay was performed with
in vitro-translated core™" and core®'*®* using poly(U) agarose as the resin. +RNase and —RNase, samples with and without RNase
treatment, respectively, as described in Materials and Methods. Input indicates that 1/40 of the amount of translated product was used in
this assay. Data represent the means * standard deviations from three independent experiments (a) or are representative of those from three

independent experiments (b to d).

in strain JHF1) (see Fig. S1 in the supplemental material),
suggesting that the N-terminal domain faces inward and/or
that the conformation prevents protease access. To address
this idea, buoyant density-fractionated JFHI1®?'™ particles
were treated with trypsin under stricter conditions in the
presence of NP-40. Cleavage of dbd-core by various levels of
trypsin correlated with the appearance of a shorter molecule
(Fig. 8b, white arrowhead). The shorter molecule was pre-
sumed to be partially digested dbd-core with an intact N-
terminal region because it was recognized by anti-core pro-
tein antibodies, which bind to an epitope located from
amino acids 20 to 40 of the core protein (M. Kohara, The
Tokyo Metropolitan Institute of Medical Science, personal
communication). These results suggest that dbd-core is as-
sembled into the nucleocapsid-like particle such that most
of the N-terminal domain is inside.

DISCUSSION

In the present study, we have shown that the nucleocapsid-
like particle of HCV most likely contains a dimer of core
protein that is stabilized by a disulfide bond. Mutational anal-
ysis revealed that Cys128 forms a disulfide bond between core
monomers. Several reports have shown that disulfide bonds in
the capsid proteins of some viruses are involved in virus par-
ticle assembly and stabilization of the viral capsid structure (4,
21, 27, 28, 57); these viruses are characterized by icosahedral
nucleocapsids. Because, like these viruses, the HCV virion is
spherical (2, 20), it has been suggested that HCV may contain
a nucleocapsid with a similar structure (20). We found the
dbc-complex, which is most likely to be the dbd-core in
JFH1E* L virus-like particles (Fig. 1c and 8a). The dbd-core in
the capsid structure was digested by proteinase K but not
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FIG. 7. JFHIC'2%A core inhibits JFHI®? particle assembly. A
competitive inhibitory assay was performed with JFH1%*"™ (WT) and
JFH1C'284 (C128A). (a) Real-time qRT-PCR analysis of the HCV
RNA titer in HuH-7 cell culture medium 3 days after the cells were
transfected with the indicated ratio of WT and C128A RNA. (b) The
infectivity of culture medium collected from HuH-7 cells that had been
transfected with the indicated ratio of WT and C128A RNA was
analyzed as described in Materials and Methods. Data represent the
means * standard deviations from three independent experiments (a)
or are representative of those from three independent experiments (b).

trypsin in the presence of NP-40 (Fig. 1c and 8a, lane 4). The
resistance to trypsin suggested a tight conformation for dbd-
core in the capsid and no exposed trypsin cleavage sites. The
truncated form of dbd-core that was observed under certain
trypsin treatment conditions likely resulted from cleavage in
the C-terminal portion of the protein (e.g., arginine residues at
positions 149 and 156) (see Fig. S1 in the supplemental mate-
rial), although it is possible that the truncation of dbd-core was
due to nonspecific cleavage by trypsin. These results imply that
dbd-core is configured such that the N- and C-terminal ends
are located at the inner and outer surfaces of the capsid,
respectively. Because the N-terminal region of the core protein
includes the RNA binding domain (43), the HCV RNA ge-
nome likely interacts with the core protein as it is packed in the
nucleocapsid. On the other hand, the C-terminal hydrophobic
domain probably faces the lipid membranes to form the enve-
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FIG. 8. The nucleocapsid-like particle of JFH15*™™ is assembled
with the C-terminal region of the core protein on the outer surface. (a)
Immunoblot analysis of the core protein in JFH1®?F! particles col-
lected from sucrose density gradient fractions with high HCV RNA
titers (particle) (Fig. 2a, fractions 8 to 13). The fractions were treated
with 10 pg/ml trypsin at 37°C for 15 min in the presence or absence of
1% NP-40 (right panel). As a positive control, WCL prepared from
JFH1E?FL RNA-transfected HuH-7 cells in lysis buffer was treated with
10 pg/ml trypsin at 37°C for 15 min (left panel). (b) Immunoblot
analysis of the core protein in JFH1#! particles collected from su-
crose density gradient fractions with high HCV RNA titers (Fig. 2a,
fractions 8 to 13). The fractions were treated with the indicated con-
centrations of trypsin at 37°C for 10 min in the presence of 1% NP-40.
Open and filled arrows indicate the positions of dbd-core and the
trypsin-digested fragment, respectively. Data are representative of
those from three independent experiments.

lope structure. Only part of the N-terminal hydrophilic region
of the core protein has been structurally examined using X-ray
crystal structural analysis (35) and structural bioinformatics
and nuclear magnetic resonance analysis (11). Although the
C-terminal half of the core protein has been structurally inves-
tigated by the use of bioinformatics (8), the three-dimensional
structure containing the Cys128 residue is unknown. Thus,
determination of the structure of the core protein in the nu-
cleocapsid containing the Cys128 residue should be required
for understanding the whole structure of this protein in the
virus particles.

Because cotransfection of JFH1¢'284 RNA with wild-type
JFH1%2"™ RNA inhibited particle production in a mutant
RNA dose-dependent manner (Fig. 7a and b), the C128A core
variant clearly inhibited HCV particle formation by wild-type
core protein. Cys128 was also previously reported to be a
residue included in the region important for the production of
infectious HCV (39). This residue is located near the N-ter-
minal end of the hydrophobic region of the core (amino acids
122 to 177) and belongs to the hydrophilic side of an amphi-
pathic helix expected to interact in the plane of the membrane
interface (7). Therefore, it is possible to think that dbd-core
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formation via Cys128 can stabilize the interaction between the
core protein and the membranes. The N-terminal half of the
core protein (amino acids 1 to 124) reportedly assembles into
nucleocapsid-like particles in the presence of the 5' UTR from
HCV RNA (24), suggesting that some nucleocapsid-like par-
ticles may assemble via only homotypic interactions from the
core protein. In addition to weak homotypic interactions, the
HCYV core protein forms a disulfide bond to stabilize the capsid
structure, thus making dbd-core indispensable in the stable
virus-like particle. We observed that culture medium from
JFH11284. or JFH1'?55-transfected cells included slight in-
fectivity (Fig. 5c; see also Fig. S5d in the supplemental mate-
rial). This made us speculate that this mutant may produce
some infective particle-like structure formed by a homotypic
interaction of the core. Such a slight infectivity may have re-
flected the optimized in vitro culture conditions compared with
the in vivo conditions, allowing relatively unstable virus parti-
cles to survive.

A nucleocapsid must be resistant to environmental degrada-
tion yet still be able to disassemble after infection. Disulfide
bonds could help with this process by switching between a
stable and unstable virus capsid on the basis of different intra-
cellular and extracellular oxidation conditions (12, 30). During
the virus life cycle, the disulfide bond strengthens the viral
capsid structure and protects the viral genome from oxidative
conditions and cellular nucleases when virus particles are
formed. Upon infection, the disulfide bond may be cleaved
under cytoplasmic reducing conditions, thereby releasing the
viral genome into the cell for replication. HCV may utilize the
core protein disulfide bond in this way as HCV enters the host
cell via clathrin-mediated endocytosis (5) into a low-pH, en-
dosomal compartment (25, 52); this is presumably followed by
endosomal membrane fusion and release of the viral capsid
into the cytoplasm (38).

Treatment of HCV infection with pegylated interferon in
combination with ribavirin is not effective for all patients. Re-
cently, drugs targeting viral proteins NS3/4A and NS5B have
been examined in clinical trials. Although these drugs are rel-
atively specific, resulting in fewer side effects and potent anti-
viral activity, monotherapy can be complicated by rapidly
emerging resistant variants carrying mutations that reduce
drug efficacy, perhaps due to conformational changes in the
target (23, 48, 51). Therefore, viral proteins that are highly
conserved among strains and those characterized by low mu-
tation rates may be better targets for drug development. Be-
cause the core protein is the most conserved HCV protein and
Cys128 is conserved among almost all HCV strains examined,
drugs that interact with Cys128 and/or the region around or
near this residue will likely show broad-spectrum efficacy to
block stable infectious particle formation. Structural analysis of
dbd-core should aid with the development of new STAT-Cs
that target Cys128 by direct interaction with the sulfide group
and/or region around this residue. Until now and still, the
mechanism of disulfide bond formation of the core protein on
the ER is unknown. Dimerization of the capsid protein by
disulfide bond has been reported in some enveloped viruses (9,
19, 54, 56), although some were shown not to be important for
virus particle formation (26, 55). Unlike vaccinia virus (46), no
redox system of its own has been reported for these viruses.
Therefore, further investigations addressing the mechanisms
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underlying dbd-core formation on the ER may reveal a new
mechanism for disulfide bond formation of viral proteins in
infected cells.
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Abstract

Hepatitis C virus is a poor inducer of interferon (IFN), although its structured viral RNA can bind the RNA helicase RIG-I, and
activate the IFN-induction pathway. Low IFN induction has been attributed to HCV NS3/4A protease-mediated cleavage of
the mitochondria-adapter MAVS. Here, we have investigated the early events of IFN induction upon HCV infection, using the
cell-cultured HCV JFH1 strain and the new HCV-permissive hepatoma-derived Huh7.25.CD81 cell subclone. These cells
depend on ectopic expression of the RIG-I ubiquitinating enzyme TRIM25 to induce IFN through the RIG-I/MAVS pathway.
We observed induction of IFN during the first 12 hrs of HCV infection, after which a decline occurred which was more
abrupt at the protein than at the RNA level, revealing a novel HCV-mediated control of IFN induction at the level of
translation. The cellular protein kinase PKR is an important regulator of translation, through the phosphorylation of its
substrate the elF2q« initiation factor. A comparison of the expression of luciferase placed under the control of an elF2a-
dependent (IRES™<) or independent (IRES") RNA showed a specific HCV-mediated inhibition of elF2a-dependent
translation. We demonstrated that HCV infection triggers the phosphorylation of both PKR and elF2¢ at 12 and 15 hrs post-
infection. PKR silencing, as well as treatment with PKR pharmacological inhibitors, restored IFN induction in JFH1-infected
cells, at least until 18 hrs post-infection, at which time a decrease in IFN expression could be attributed to NS3/4A-mediated
MAVS cleavage. Importantly, both PKR silencing and PKR inhibitors led to inhibition of HCV yields in cells that express
functional RIG-I/MAVS. In conclusion, here we provide the first evidence that HCV uses PKR to restrain its ability to induce
IFN through the RIG-I/MAVS pathway. This opens up new possibilities to assay PKR chemical inhibitors for their potential to
boost innate immunity in HCV infection.
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Introduction

In response to invasion with bacterial or viral pathogens, cells
are able to mount an immediate immune response through their
ability to use specialized cellular molecules, referred to as pattern
recognition receptors or PRRs, to detect unusual DNA, ssRNA or
dsRINA structures. Among these PRRs, are the CARD-containing
DexD/H RNA helicases RIG-I and MDAS, which are activated
upon binding either to both 5’-triphosphate ssSRNA and short
double-stranded RNA structures (RIG-I) or to long dsRNA and
higher-ordered RNA structures (MDAS5) [1]. Once activated, these
RNA helicases interact with the mitochondria-bound MAVS
adapter protein [2]. In the case of RIG-I, the interaction with
MAVS requires ubiquitination of the CARD domain of RIG-I by
the TRIM25 ubiquitin ligase [3]. Subsequently, MAVS is able to
recruit the IKK complex and the TBK1/IKKg kinases that are
responsible for the activation of the NF-kB and IRF3/IRF7
transcription factors, respectively. This leads to induction of the
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interferons and pro-inflammatory cytokines that are involved in
the innate immune response [4].

Hepatitis C virus (HCV) (Hepacivirus genus within the Flaviviridae
family) is one of the RIG-I-activating viruses [4], because of its
5'ppp-structured RNA, 3'-structured genomic RNA and replica-
tive RNA duplexes [5]. In particular, its 3’-end poly-U/UC motif
has been shown to function in conjunction with the 5'ppp as the
HCV structure that activates RIG-I [6].

In contrast to other RIG-I activating viruses such as Sendai
virus, influenza, or vesicular stomatitis virus [1], HCV is a poor
inducer of IFN and pro-inflammatory cytokines in cell culture
systems. One reason for this is that the HCV NS3/4A protease
cleaves MAVS, resulting in a rapid disruption of the function of
MAVS and in abrogation of the IFN induction pathway [2].
However, data presented in some studies performed using Huh7
hepatoma cells infected with cell-culture generated JFH1 virus
showed that the IFN pathway was poorly activated even before full
cleavage of MAVS, since only limited nuclear translocation of
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IRF3 could be detected [7,8]. Similarly, in another study, infection
of Huh7 cells with JFH1 did not lead to any IFN induction,
whereas the cells responded well to transfection by synthetic
dsRNA poly(D)-poly(C) [9]. Thus, the carly events leading to IFN
induction after RIG-I activation by HCV are still not well-
characterized.

Here, we have re-addressed the question as to whether HCV
infection can activate RIG-I/MAVS before cleavage of MAVS by
the NS3/4A protease, by performing kinetics of infection with
JFHI in the newly described JFH1-permissive Huh7.25/CD81
cells, which were manipulated to present a functional RIG-1/
MAVS pathway. Our results show that HCV infection can
stimulate the IFN induction pathway up to 12 hrs post-infection,
whereas detection of MAVS cleavage begins at 18 hrs post-
infection and is maximal at 24 hrs. Importantly, our data reveal
that 12 hrs post-infection, HCV promotes a rapid inhibition of
IFN induction at the level of translation, indicating a new
mechanism of regulation. We demonstrated that this regulation
was linked to activation of the dsRNA-activated eIF2o kinase PKR
[10]. Altogether, our results show that HCV uses PKR to control
the translation of newly transcribed IFN mRNAs before sufficient
NS3/4A protein can be synthesized to efficiently restrain
transcription of IFN.

Results

Ectopic expression of TRIM25 allows IFN induction in

JFH1 permissive Huh7.25/CD81 cells to be studied
There is at present no satisfactory cell culture system that is both

permissive for HCV and presents an intact RIG-I pathway. For
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instance, the Huh7.5 cells, which were cloned from the hepatoma
Huh?7 cells for their efficacy to support HCV replication [11], are
unable to stimulate IFN induction because of a T55I substitution
in the first CARD domain of RIG-I that prevents the association
of RIG-I with MAVS [5]. Recently, another Huh7 subclone that
could efficiently replicate the JFHI subgenomic replicon (clone
Huh7.25) was stably transfected with the essential HCV CD81
receptor, to generate Huh7.25/CD81 cells that are highly
permissive to infection by JFH1[12]. We compared the ability of
Huh7.25/CD81, Huh7.5 and Huh7 cells to activate the IFN
inducing pathway after transfection with an IFNP-luciferase
reporter and infection with Sendai virus (Figure 1). The results
showed that Huh7.25/CD81 cells are defective in the IFN-
inducing pathway, similarly to Huh7.5 cells. In contrast, Huh7
cells can mount a robust IFN induction in response to infection
with Sendai virus. Interestingly, whereas ectopic expression of
MAVS in both Huh7.25/CD81 and Huh7.5 cells resulted in a
strong stimulation of IFNp-luciferase, ectopic expression of RIG-1
was not able to restore the IFN-inducing pathway in Huh7.25/
CD81 cells, in contrast to in Huh7.5 cells where it was able to do
so as expected. This indicated that the defect in Huh7.25/CD81
cells was upstream of MAVS and either at the level of RIG-I or
downstream of RIG-L. Since efficient activation of MAVS by RIG-
I has been shown to depend upon the ubiquitination of RIG-I by
the ubiquitin ligase TRIM25 [3], we assayed the effect of TRIM25
in Huh7.25/CD81 cells. Ectopic expression of TRIM25 in
Huh7.25/CD81 cells had no effect alone, but resulted in a strong
induction of IFN when the cells were infected with Sendai virus,
indicating that these cells present a defect in the RIG-I/MAVS
pathway at the level of TRIM25. Whatever the nature of this
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Figure 1. Ectopic expression of TRIM25 restores IFN induction in Huh7.25.CD81 cells. Huh7, Huh7.5 and Huh7.25.CD81 cells were
transfected with the pGL2-IFNB-FLUC/pRL-TK-RLUC reporter plasmids alone or the in presence of plasmids expressing RIG-I (200 ng), TRIM25 (100 ng)
or MAVS (400 ng). 24 hrs post transfection, cells were mock-infected or infected with Sendai virus (SeV) (40 HAU/ml). 24 hrs after infection, luciferase
activity was measured and F-luc was normalized against R-luc. IFN expression was expressed as fold induction over control cells that were simply
transfected with pGL2-IFNB-FLUC/pRL-TK-RLUC. Error bars represent the mean * S.D. for triplicates.

doi:10.1371/journal.pone.0010575.9g001
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defect, ectopic expression of TRIM25 now allows the use of
Huh7.25/CD81 cells as a model to examine the effect of HCV
infection on the IFN induction pathway.

HCV specifically stimulates the IFN induction pathway
during the first 12 hrs of infection, but inhibits it

thereafter

To estimate the time-frame required to study IFN induction
before its abrogation upon the action of NS3/4A, we first
established the kinetics of MAVS cleavage in the two HCV
permissive cell lines Huh7.25/CD81 and Huh7.5 following HCV
infection. MAVS cleavage can be detected by immunoblotting,
which shows a progressive diminution of the MAVS full-length
protein (540 aa) and the apparition of a MAVS cleavage product
(513 aa) [2]. In our experimental conditions, MAVS cleavage was
clearly detected in both cell types at 48 hrs after infection with
JFH1 (Figures 2A and B). Since ectopic expression of TRIM25 in
Huh7.25/CD81 cells will be needed in our subsequent experi-
ments designed to examine the effects of HCV on the IFN
induction pathway, we also established the kinetics of MAVS

Huh7.5 cells
A Mock JFH1
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cleavage in these cells after their transfection with a plasmid that
expresses HA-TRIM25. Under these conditions, MAVS cleavage
was clearly observed at 48 hrs (Figure 2C). In all cases, the viral
NS3 protease was detected as carly as 18-24 hrs, and thereafter its
expression increased strongly with time, concomitantly with
MAVS cleavage.

Huh7.25/CD81 or Huh7.5 cells were transfected with an
IFN-luciferase reporter plasmid in the presence of limited
amounts of TRIM25 or RIG-I, respectively, and infected with
HCYV at an moi of 0.2 or with Sendai virus as control. In case of
HCYV infection, analysis of luciferase activity or of the expression
of endogenous IFNf RNA and HCV RNA was performed in
parallel. The results show an increase in luciferase activity that
corresponds to an increase in the activation of the RIG/MAVS
pathway (Figure 3A,C bottom). This increase was detected as early
as 6 hrs after infection for Huh7.25/CD81 cells and 10.5 hrs for
Huh7.5 cells, with a maximum expression at 12 hrs for both cell
types. The data of the reporter assay were also confirmed at the
endogenous level when induction of endogenous IFNB RNA was

assessed by RTqPCR (Figure 3B,D). In both cases, the expression

0 18 24 48 72 0 18 24

48 72 hours
MAVS

Full len
Cleavegm

NS3

Actin
Huh7.25.CD81 cells
B - TRIM25-HA
Mock JFH1
48 72 hours

0 18 24

Figure 2. Kinetics of MAVS cleavage in Huh7.25.CD81 cells after JFH1 infection. Huh7.5 cells and Huh7.25.CD81 cells were transfected with
an HA-TRIM25 expressing plasmid or with an empty plasmid. 24 hrs post-transfection, cells were mock-infected or infected with JFH1 (m.o.i=0.05) for
the indicated times and cell lysates were generated. Cell extracts (50 ug) were subjected to SDS-12.5% PAGE and blotted with anti-MAVS, anti-NS3,
anti-HA or anti-actin as indicated. The arrows indicate the position of full-length MAVS and MAVS cleaved in the presence of HCV NS3/4A.

doi:10.1371/journal.pone.0010575.9g002

@ PLoS ONE | www.plosone.org

-116-

May 2010 | Volume 5 | Issue 5 | e10575



HCV Inhibits IFN through PKR

>
O

g Huh7.25.CD81 cells § ) Huh7.5 cells
%60(% SeV %240 SeV
2 500 - =
g 2 180 -
3 29 3
'g'SOO~ §120-
3 200 4 2
60 4

£ 100 £

] 0 -
TRIM2S . + 4+ + 4+ + & 4+ + + + RIGI . + + + + %+ + + + + + +

SeV - - g 3 6 g 12 15 18 21 24 hours SeV -« «~ 0 3 6 9 105 12 15 18 21 24 hours

§ 16 1 8
; ;
2 121 ;.
3 8- 3
%3 Q
2 2
& 4 :
£ £

0"
TRIM25 RIGI « + + + + + O+ o+

- 0 3 15 18 21 24 hours

HoVY - -« 0 3 & 9 12 15 18 21 24 hours SeV -~

B D

%35" -+ [FN mRNA T2 g %13 T -eIFNmRNA T2 g

8 301 -*-HCVRNA +1 3 e 8"" -~ HCV RNA Tl 3%

k] 5 L.

€254 1o € £7¢ to0 g

S 148 36T 148

s g 51 3

zB7T +2 =X é 4 + ”'25

E 1t la E 3+ i3

= < 2

£ 57 14 g 11 T4
0 T T T T T -5 0 | | I I -5

0 6 12 18 24 hours [¢] 6 10.5 18 24 hours
TRIM25 + + + + + RIG- + + + - +

Figure 3. HCV induces IFN during the first 12 hrs of infection and inhibits it thereafter. Huh7.25.CD81 and Huh7.5 cells were transfected
with the pGL2-IFNB-FLUC/pRL-TK-RLUC reporter plasmids together with plasmids expressing HA-TRIM25 (Huh7.25.CD81; A and B) or RIG-I (Huh7.5; C
and D). 24 h post-transfection, the cells were infected with SeV (40 HAU/ml) or JFH1 (m.0.i=0.2). A and C: 24 hrs post-transfection, the cells were
infected with SeV (40 HAU/ml) or JFH1 (m.o.i=0.2). At the times indicated, cell lysates were prepared and analysed for IFN induction as described in
Materials and Methods. The graphs represent the levels of F-luc activity normalized to R-luc RNA expressed as IFN-B fold-induction over control cells
that were simply transfected with pGL2-IFNB-FLUC/pRL-TK-RLUC. Error bars represent the mean + S.D. for triplicates. In addition, cell lysates from
JFH1-infected cells were pooled and analysed for the presence of NS3 as a marker of HCV infection. B and D: 24 hrs post-transfection, Huh7.25.CD81
and Huh7.5 cells were infected with JFH1 (m.o.i=0.2). At the times indicated, cells were processed for RNA extraction and HCV or IFNB RNA were
quantified by qRT-PCR respectively, and normalized against RNA from GAPDH. Error bars represent the mean = S.D. for triplicates.
doi:10.1371/journal.pone.0010575.9g003

of the viral HCV RNA increases from 6 hrs after infection and specific to HCV, as infection of both cell types with Sendai virus

continues to rise thereafter. These results indicate that HCV can resulted in a continuous increase of luciferase activity from the IFNp-
activate the RIG-I signalling pathway with concomitant IFN luc reporter plasmid (Figure 3A,C top). Altogether, our data indicate
induction within the first 12 hrs of infection. that HCV can activate the IFN induction pathway within 12 hrs after

Intriguingly, we observed that after 12 hrs of infection, there was a infection, but blocks it prior to the NS3/4A-mediated cleavage of
considerable decline of luciferase activity in both cell types, whereas the MAVS.
levels of endogenous IFNB RNA remained at a plateau level until
18 hrs, before decreasing at 24 hrs post-infection. The decrease in HCV activates the phosphorylation of PKR and of its
luciferase expression between 12 and 18 hrs was surprising since NS3 substrate elF2q, as of 12 hrs post-infection
was not fully expressed within this period of time (Figure 3A,C). In The results shown in Figure 3 suggested a control of IFN
contrast, a decrease in luciferase expression at 24 hrs was expected, due expression by HCV at the protein level. In addition to this, an
to the massive proteolytic cleavage of MAVS by the HCV NS3/4A analysis of the effect of infection on the activity of a different
protease (Figure 2). Inhibition of luciferase activity was shown to be luciferase reporter construct (TK-Renilla luciferase; Figure Sl)
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revealed a similar specific inhibition at 12 hrs post-infection with
HCYV and not with Sendai virus, indicating that HCV could exert
a control on protein expression at the general translational level.
One possible candidate that could exert such a control is the
protein kinase PKR, which inhibits protein synthesis through
phosphorylation of the initiation factor eIF2a [13]. Activation of
the catalytic domain of PKR is mediated by a change in its
conformation due to the interaction of its N terminus with dsRNA
structures or with specific proteins [10]. The fact that IFN could
be induced during the first 12 hrs post-infection with JFHI in
Huh7.25.CD81/TRIM25 or in Huh7.5/RIG-I cells was an
indication that HCV dsRNA structures had appeared in the
cytosol that activate RIG-I and that these structures may also
represent good candidates to activate PKR. We therefore
examined the state and dynamics of phosphorylation of PKR
and of its substrate elF20t upon HCV infection, using Huh7.25/
CD81 cells, cither as such or upon ectopic expression of TRIM25.
At different times post-infection, cell extracts were immunopre-

A
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cipitated with antibodies directed against PKR or eIF2a, after
which the degree of PKR or elF20. phosphorylation was examined
using anti-phospho PKR (residue Thr451) or anti-phospho elF2a
(residue Ser51) antibodies and by performing quantification of the
p-PKR/PKR or the p-elF2ot/elF2u ratio. The results clearly
showed peaks of PKR (Figure 4) and elF2a (Figure 5) phosphor-
ylation as early as 12 and 15 hrs post-infection, followed by a
decrease of phosphorylation until 24 hrs and a second increase
until 72 hrs post-infection, the end-point of the experiment. The
presence of TRIM25 was not found to significantly affect PKR or
ellF2o phosphorylation, except for a less abrupt decline between15
and 24 hrs. Altogether, these results show that PKR and its
substrate elF2a are activated in the early hours of HCV infection.

HCV infection triggers inhibition of protein translation
HCYV belongs to the family of viruses with 5" IRES structures

that are translated after direct binding of ribosomes to the RINA in

the vicinity of the initiation codon. Interestingly, unlike most viral
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Figure 4. HCV activates the phosphorylation of PKR at 12 and 15 hrs post infection. A and C: Huh7.25.CD81 cells, plated into 100 cm?
plates, were transfected with the HA-TRIM25 expressing plasmid or with an empty plasmid. 24 hrs post-transfection, cells were infected with JFH1 at
an m.o.i of 0.2. At the indicated times post-infection, cell extracts (1 mg) were incubated with Mab 71/10 anti-PKR. In addition, cell extracts prepared
at time 0 or at 72 hrs p.i. were incubated with mouse IgG as a control of specificity. The immunoprecipitated complexes were run on two different
NuPAGE gels and blotted using Mab 71/10 or anti-phosphorylated PKR (PKR-P). The presence of PKR and PKR-P was revealed using the Odyssey
procedure. B and D: The bands corresponding to total PKR and their corresponding phosphorylated proteins were quantified using the Odyssey
software and expressed as the ratio PKR-P/PKR in the absence (B) or presence (D) of HA-TRIM25.

doi:10.1371/journal.pone.0010575.g004
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Figure 5. HCV activates the phosphorylation of elF2a at 12 and 15 hrs post infection. The detection of elF2o and elF2a-P and the
quantification of the ratio elF20-P/elF20 in the absence (A and B) or in the presence (C and D) of HA-TRIM25 was performed as described in the

legend to Figure 4.
doi:10.1371/journal.pone.0010575.9005

IRESs, translation from the HCV IRES was shown to be
independent of elF2o phosphorylation in situations of stress
[14,15]. To establish a correlation between the observed HCV-
mediated PKR and elF2o phosphorylation, and a possible
inhibition of elF2c-dependent translation by HCV, we next
compared the effects of HCV infection on the kinetics of
expression of a luciferase reporter placed under the control of
the IRESHCY (insensitive to eIF20 phosphorylation) or under that
of the IRES EMEV (sensitive to elF2a phosphorylation). The
experiment was done in Huh7.25/CD81 cells transfected with a
TRIM25-expressing plasmid, to perform the analysis in conditions
leading to IFN induction. For each IRES-luc expressing plasmid,
we took care to choose concentrations of these plasmids that give
similar levels of RNA expression or luciferase activity (data not
shown and Figure 6). After transfection by the different plasmids,
the cells were infected with JFH1 and the levels of RNA or
luciferase expression followed over 24 hrs. The expression levels of
IRES ®MC RNA and IRES MY RNA were found to increase
similarly with time post-infection (Figures 6A and C). In contrast,
there was a dramatic difference in the expression levels of
luciferase expressed from the IRES EMCV ompared to that
expressed from the IRES HEV (Figures 6B and D). Expression of
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luciferase from the IRES M€V yyas strongly inhibited at 12 hrs

post-infection with JFHI, after which time it was progressively
restored until at 24 hrs post-infection it approached its initial level.
In contrast, expression of luciferase from the HCV IRES was not
inhibited at any time after infection with JFHI. Rather, it steadily
increased with time post-infection. Similarly to the experiment
presented in Figure 3, concomitant analysis of luciferase activity
placed under a TK promoter revealed inhibition at 12 hrs post-
infection with HCV, regardless of the presence of IRES ¥M€V or
IRES ™€V again indicating that the inhibition effect is due to
HCV infection and occurs at a general level (Figure S2). These
results demonstrate that HCV infection triggers inhibition of
general translation, while translation from the IRES HEV s
unaffected. Since inhibition of translation occurs at 12 hrs post-
infection, at a time when PKR and elF2o are phosphorylated
(Figures 4 and 5), this shows a correlation between an HCV-
mediated inhibition of protein synthesis and PKR/elF2o phos-
phorylation; a hallmark of elF2a-dependent translation.

Depletion of PKR increases IFN induction
We next examined further the role of the ability of HCV to
activate PKR in the early events of infection, in relation to IFN
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cellular RNA extracted for A and C. Error bars represent the mean = S.D. for triplicates.

doi:10.1371/journal.pone.0010575.g006

induction. Huh7.25/CD81 cells were transfected with control
siRNAs or siRNA directed against PKR, in conditions that allow
complete depletion of PKR (Figure 7B). They were then
transfected with TRIM25 in the presence of the IFNp-luciferase
reporter plasmid. Cells that express normal endogenous levels of
PKR presented an initial increase in IFNB-luciferase induction up
to 12-15 hrs in response to infection with JFHI followed by a
sudden decline (Figure 7A), similarly to the results described in
Figure 3. In contrast, induction of IFN-luciferase continued to
increase past 15 hrs post-infection in cells in which PKR
expression was silenced. In both cases, a decrease of IFN
expression at 24 hrs was correlated with strong NS3 expression
in the cytosol (Figure 7A). Concomitant analysis of the activity of
luciferase placed under a TK promoter revealed the same pattern
of inhibition of expression during HCV infection, which was
alleviated when PKR was silenced. This confirmed that HCV-
mediated inhibition at the general level occurs through PKR
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(Figure S3). Therefore, these results demonstrate the role of PKR
activation in controlling IFN induction in HCV infection prior to
MAVS cleavage by the HCV NS3/4A.

PKR positively controls HCV yields through the inhibition
of the IFN induction pathway

We next examined whether there was a correlation between the
control of IFN induction by PKR, and HCV yields. Huh7.25/
CD81 cells were transfected with control siRNA or siRNA
directed against PKR as in Figure 7, and infected with JFHI, in
conditions where the IFN induction pathway was either active
after transfection with TRIM25, or not (Figure 8). The virus yields
were measured by RT-qPCR at different times post-infection.
First, ectopic expression of TRIM25 triggered a significant
inhibition of virus yields at 24 hrs post-infection (40%; Figure 8),
as expected from its ability to restore IFN induction in Huh7.25/
CD81 cells as shown in previous figures. Inhibition of virus yields

May 2010 | Volume 5 | Issue 5 | e10575
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doi:10.1371/journal.pone.0010575.g007

did not increase later in infection (36% at 48 hrs post-infection;
Figure 8), in agreement with the block on IFN induction
downstream of TRIM25 imposed by the NS3/4A-mediated
cleavage of MAVS. Depletion of PKR from Huh7.25/CD8I cells
also triggered inhibition of virus yields. Interestingly, whereas this
inhibition was limited in the absence of TRIM25 (13% and 9%
inhibition at 24 and 48 hrs post-infection, respectively), it was
more pronounced when the cells were expressing TRIM25, with a
28% and 31% further increase in inhibition after 24 and 48 hrs of
infection, respectively (Figure 8). Altogether, the combined effect
of TRIM25 expression and PKR depletion resulted in 58% of
inhibition of HCV virus yields at 24 hrs and 56% at 48 hrs post-
infection. These data demonstrate that HCV infection is
particularly sensitive to the IFN induction pathway, and that the
efficiency of infection benefits from an inhibition of this pathway at
the translational level by PKR.

Pharmacological inhibitors of PKR increase IFN induction
and inhibit HCV infection

Although best known for its antiviral proprieties, PKR is now
also recognized for its negative effect on neurodegenerative
disorders such as Huntington’s, Parkinson’s and Alzheimer’s
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diseases [16]. For these reasons, pharmacological inhibitors of
PKR have been developed. Here, we have used two PKR
inhibitors, the oxindole-imidazole C16 compound [17] and the
cell penetrating PRI peptide, that corresponds to one PKR motif
(DRBM) involved in binding to its activators. This latter
compound represents a more specific PKR inhibitor than C16
[18]. We examined the effects of these inhibitors on IFN induction
and HCV replication during infection of Huh7.25/CD81 cells
with JFHI1 (Figure 9). The cells were transfected with TRIM25 as
described in Figure 7, and incubated with either C16 or PRI after
11 hrs of infection. The results clearly show that both PKR
inhibitors increased IFN promoter induction (Figure 9A), as well
as restoring general level of protein expression (Figure S4). This
increase was more pronounced at 15-18 hrs post-infection
(Figure 9A). This highlights the importance of PKR activation
during this time-frame to control IFN induction. Next, the effect of
the PKR inhibitors on HCV replication was assayed. Huh7.25/
CD81 cells were transfected with TRIM25, or not, to have a non-
functional or functional RIG-I/MAVS pathway. Similarly to the
experiment shown in Figure 8, PKR inhibitors were able to inhibit
HCYV yields only in conditions where the RIG-I/MAVS pathway
was activated (Figure 9B).
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Figure 8. PKR positively controls HCV yield through inhibition of the IFN induction pathway. Huh7.25.CD81 cells were first transfected
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doi:10.1371/journal.pone.0010575.g008

Discussion

Here we report the use of HCV permissive Huh7.25.CD81 cells
to analyse the effect of HCV on the RIG-I/MAVS-mediated IFN
induction pathway during the early hours after infection, before
the HCV NS3/4A protease can cleave MAVS and abrogate this
pathway. We first observed that the IFN induction pathway was
deficient in these cells, but that it could be conveniently restored
upon ectopic expression of the E3 ubiquitin ligase TRIM25. This
protein has been shown to bind the threonine 55 residue of RIG-I
through its C terminal SPRY domain, and uses the E3 ligase
activity present in its N terminal RING domain to promote a
Lys63-type ubiquitination of RIG-I in its CARD domain at lysine
172. This modification is important if RIG-I is to engage in a
correct interaction with its downstream adapter MAVS [3]. The
nature of the TRIM25 defect in Huh7.25.CD81 cells and the
relation to activation of RIG-I is now under characterization. It is
interesting to note here that this defect emphasizes the importance
of the RIG-I/TRIM25 pathway in the control of HCV expression
since both Huh7.25.CD81 and Huh7.5 cells, which were
originally selected for their ability to replicate HCV subgenomic
replicons, present a defect in this pathway at the level of RIG-I for
Huh7.5 cells and of TRIM25 for Huh7.25.CD81 cells. Impor-
tantly, Huh7.25.CD81 cells can be considered as a more
physiological model than Huh7.5 cells to study the interaction
between the IFN induction pathway and HCV infection, since
Huh7.5 cells have a point mutation at the threonine 55 residue of
RIG-I [5] and therefore require ectopic expression of RIG-I to
restore their IFN induction pathway. In contrast, ectopic
expression of TRIM25 restores the IFN induction pathway
downstream of RIG-I and therefore does not perturb the initial
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interaction between RIG-I and the incoming HCV dsRNA
structures.

Using Huh7.25.CD81 cells that ectopically express TRIM25,
we observed that HCV triggers IFNp induction as early as 6 hrs
after infection, demonstrating that the entry of the virus into the
cell rapidly generates enough viral structured RNAs to activate
RIG-I. NS3/4A expression was detected around 18 hrs post-
infection, and MAVS cleavage after 24 hrs post-infection. We thus
expected to observe an increase in IFNB induction at least until
18 hrs after infection. This was indeed found to be the case when
we analysed IFNP induction at the RNA level. However, when we
used a luciferase reporter gene placed under the IFN promoter as
a surrogate marker for production of the IFNf protein, it was
intriguing to observe an arrest of IFN induction as rapidly as
12 hrs after infection, followed by a considerable decline in its
expression afterwards. These results indicated a new control of
IFN induction at the translational level during HCV infection in
addition to —and earlier than- the NS3/4A-mediated MAVS
cleavage. We have demonstrated that this inhibition is the result of
a strong activation of the protein kinase dsRNA-dependent kinase
PKR at 12 and 15 hrs after HCV infection and of the concomitant
phosphorylation of its substrate elF2a.

Since this manuscript was submitted, work performed by
U.Garaigorta & F. Chisari showed that HCV also activates
PKR and elF2a phosphorylation to negatively control the antiviral
action of IFN[19]. Both their and our data concur to point out that
HCV diverts PKR away from its known antiviral role to use it to
attenuate both the IFN-mediated antiviral response [19] and IFN
induction itself (our data). Importantly, both studies show that
PKR silencing has no effect on HCV production, unless cells are
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Figure 9. Pharmacological inhibitors of PKR increase IFN induction and inhibit HCV infection. A: Huh7.25.CD81 cells were first
transfected with the pGL2-IFNB-FLUC/pRL-TK-RLUC reporter plasmids and the TRIM25 expressing plasmid. 24 hrs post-transfection, the cells were
infected with JFH1 at an m.o.i of 0.2. At 11 hrs post-infection, cells were exposed to 200 pM of C16 or 30 uM of the PRI peptide as described in
Materials and Methods. At the indicated times, one set of cells was treated for RNA extraction and the other for reporter assay as described in the
legend to Figure 3. IFN expression was expressed as fold-induction over control cells that were simply transfected with pGL2-IFNB-FLUC/pRL-TK-
RLUC. The graph represents the level of firefly luciferase activity normalized to the ratio R-luc RNA/GAPDH RNA. Error bars represent the mean +/- S.D.
for triplicates. B: Huh7.25.CD81 cells were first transfected with the TRIM25 expressing plasmid or an empty plasmid. 24 hrs post-transfection, the
cells were infected with JFH1 at an m.o.i of 0.2. At 11 hrs post-infection, cells were exposed to 200 pM of C16 or 30 uM of the PRI peptide as
described in Materials and Methods. At the indicated times, cell lysates were processed for RNA extraction and HCV RNAs were quantified by gRT-PCR
and normalized against RNA from GAPDH. Error bars represent the mean +/- S.D. for duplicates.

doi:10.1371/journal.pone.0010575.g009

allowed to induce IFN upon ectopic expression of TRIM25 (our of the initiation factor eIF2. PKR is preferentially activated upon

study) or are directly treated with IFN [19]. binding to long stretches of dsRNA (>33 bp) [22] but was recently

PKR is a 551 aa serine/threonine protein kinase with its shown also to be activated upon binding to RNA structures similar
catalytic domain at the C-terminus and regulating domains at the to those that activate RIG-I, such as short imperfect 16 bp stem-
N-terminus. This N-terminus domain contains two tandem copies loop RNAs with 5’ triphosphorylated ends. It is now proposed that

of a 70-amino acid dsRINA binding motif or DRBM (positions 6— perfect dsRNAs can activate PKR with no need for a 5'ppp,
79 and 96-169) that affiliate PKR to the large family of dsRNA whereas if they are to activate, dsSRNA with minimal secondary
binding proteins, which includes TRBP, PACT, DICER, ADAR, structures are dependent on 5'ppp [23]. In addition, PKR activity
RNAse 1II and NFAR’s [20]. Binding of PKR to dsRINA induces can be regulated positively and negatively through interaction with
its dimerization and a change of its conformation that frees access the cellular proteins PACT and TRBP, two members of the
to its autophosphorylation site. Structural analysis has revealed dsRNA binding protein family. This type of interaction, which is
that PKR dimers are arranged back to back, which prevents trans- independent of the presence of dsRNA, is complex. The TRBP/
phosphorylation of one monomer by the other and favours a PACT interaction can modulate the activation of PKR by PACT
model of autophosphorylation in cis or through the action of a and a cellular stress reverses it [24].

PKR dimer on other PKR dimers or monomers [21]. Once Our results point out the ability of HCV to trigger both
autophosphorylated on its threonine T446, PKR is stabilized as a induction of IFN and activation of PKR in the early hours of
kinase and can phosphorylate its substrates, such as the o subunit infection. The induction of IFN is initiated by the binding of RIG-
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I to viral 5'ppp structured RNA, the 3’ end poly-U/UC motif
and/or replicative RNA duplexes [5,25]. In vitro experiments
have shown that PKR can be activated upon binding to the HCV
IRES [26] but it is currently not known exactly how HCV
activates PKR in vivo. The use of antibodies directed against
phosphorylated PKR or against phosphorylated eIF2a allowed in
vivo activation of PKR to be demonstrated, either upon HCV
subgenomic replicon replication [27] or more recently after
electroporation of Huh7 cells with JFH1 RNA [28]. Surprisingly,
the latter study showed that silencing of PKR resulted in 10-fold
higher viral yields compared to our study (Figures 8 and 9) and
that of Garaigorta & Chisari [19], where no effect on viral yields
could be observed unless the IFN induction pathway is triggered
or IFN is added to the cells. Although it is difficult to compare
different experimental systems, the discrepancy observed may be
due to the different procedures used to express JFHI in the cells:
electroporation of its RNA in Kang’study, compared to infection
with JFHI viral stocks in our study and that of Garaigorta &
Chisari. Interestingly, the differences might indicate that the mode
and/or efficiency of interaction between the HCV structures
required to activate PKR are crucial to determine how the virus
will benefit or suffer from PKR action. PKR has also been shown
to be activated through an interaction between its N terminal
domain and the first 58 amino acids of HCV core protein [29].
Core is the first HCV protein to be processed upon translation of
the viral polyprotein and may interact with endogenous PKR soon
after its own apparition in the cytosol. The possibility evoked here
that core is involved in PKR activation requires further
investigation.

Our results show that the IFN induction pathway can be
stimulated during HCV infection up to 12 hrs post-infection,
followed by a decline concomitantly with activation of PKR and of
its substrate eIF20. Importantly, depletion of the endogenous PKR
by silencing, or inhibition of its function through the use of
pharmacological inhibitors, prevents this decline. This indicates
that HCV infection triggers an inhibition of general protein
synthesis through PKR, whereas its own translation is not affected,
as shown by the appearance of the viral proteins and an increase
in expression of a reporter gene placed under the control of an
IRES M€V, These data are in agreement with a recent study which
showed, using in vitro experiments, that PKR can inhibit both
cap-mediated and IRES ®™®V_mediated translation, but not
IRES "%V.mediated translation [26]. Shimoike et al proposed that
HCYV uses alternate initiation factors that allow a mechanism of
translation initiation distinct from other IRES and from the
cellular machinery of general translation that is not inhibited by
eIF20. phosphorylation. The resistance of IRES ™€V to control of
translation may be related to a positive effect in trans from the virus
through some of its structures, such as the polyadenylated 3" UTR
[30]. Alternatively, translation from the HCV IRES may occur in
autophagy-like structures, together with translation from the
incoming HCV RNA, where it may escape PKR action [31]. By
both escaping and down regulating host cap-dependent transla-
tion, HCV may gain a further selective advantage for its own
replication and propagation.

Interestingly, we found that the depletion of PKR from
Huh7.25.CD81 cells, or incubation with the PKR inhibitors
C16 and PRI, leads to inhibition of HCV replication, but only
under conditions where the IFN induction pathway has been
restored by the expression of TRIM25. Our results thus
demonstrate that, among all the cap-dependent proteins the
expression of which are sensitive to PKR, only the translation of
proteins resulting from the activation of the IFN induction
pathway represent a real constraint for HCV replication and
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propagation. Early activation of PKR upon HCV infection (12—
15 hrs post-infection) allows this virus to limit the expression of
IFN and pro-inflammatory cytokines as soon as possible, before
enough NS3/4A is translated from the HCV IRES to block this
signaling pathway through MAVS cleavage (18 to 24 hrs post-
infection) (see model in Figure 10). Through detailed kinetic
experiments, we demonstrated that phosphorylation of PKR
and of its substrate elF2a are restricted to a 3 hour-period
between 12 and 15 hrs post-infection. Accordingly, the PKR
inhibitors C16 and PRI efficiently restored IFN induction
during this time. The use of both PKR silencing and the
addition of pharmacological inhibitors of PKR demonstrates the
importance of PKR in the control of IFN induction early after
infection with HCV. These results highlight that the 3-hour
period between 12 and 15 hrs post-infection is crucial for HCV
to activate PKR to restrain IFN expression, once it has launched
the IFN induction pathway through interaction of its replicative
dsRNA forms with RIG-I. Its ability to activate PKR at the
same time allows this induction to be moderated at the level of
the translation of this cytokine before sufficient NS3/4A
accumulates and abrogates IFN induction at the transcriptional
level through MAVS cleavage.

It was intriguing to observe that PKR and eIF2o phosphory-
lation decrease at 15 hrs post-infection with HCV, to reappear
progressively and increase from 24 hrs post-infection until the
72 hr end-point of the experiment (Figures 4 and 5). The reason
for this remains to be investigated and may indicate that PKR
could be sensitive to the action of phosphatase(s) at certain time
points of the infection.

PKR is well-recognized as an important effector of the antiviral
response through its ability to arrest protein synthesis and its
importance is highlighted by the number of viral and cellular
products that are able to abrogate or modulate its action [13,32].
In the case of HCV, some viral proteins such as NS5A and a
cytosolic soluble form of E2 were reported to interact with PKR,
and were proposed to be viral inhibitors of the antiviral action of
PKR [33,34,35].

Here, we show another aspect of the interaction of HCV with
PKR, that reveals how HCV uses the ability of PKR to inhibit
cellular cap-dependent translation, while avoiding its effect
through its own translation driven by the HCV IRES. PKR
silencing or PKR inhibitors have less effect on HCV production
when the RIG-I/MAVS pathway is non-operative. This demon--
strates that it is only IFN (and presumably also the pro-
inflammatory cytokines resulting from the activation of the RIG-
I/MAVS pathway) that represents a threat for viral propagation.
The situation we describe here might correspond to primo-
infection during the natural course of HCV infection in an IFN-
free environment, allowing unabated propagation of the virus due
to very limited production of IFN. In established chronic
infections, whatever IFN has been produced can then trigger
induction of a large number of ISGs (IFN-stimulated genes), such
as RIG-I and TRIMZ25, which can sustain the IFN induction
pathway, and ISG56 or viperin, which are involved in the
inhibition of HCV translation and replication [36,37]. Although
PKR is also recognized in several viral infections for its antiviral
proprieties, it may be more suitable to control its action in the case
of HCV infection. Therefore, we propose that a carefully-
controlled use of PKR inhibitors, in conjunction with IFN/
ribavirin, would be beneficial for the treatment of chronically
HCV-infected patients, since it would lead to a boost in the
induction of innate immunity and a sustained inhibition of the
viral propagation.
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Figure 10. Model of regulation of IFN f induction at the very early steps of HCV infection. Left panel: 6-12 hrs after infection. After cell
entry, the HCV genomic RNA is liberated, and thus dsRNA structures are accessible in the cytosol and can associate with the RIG-I RNA helicase. This
triggers activation of RIG-| followed by its ubiquitination by the E3-ligase TRIM25, and interaction with the mitochondria-bound MAVS adapter. MAVS,
in turn, activates downstream signalling kinases leading to IRF3 phosphorylation and induction of IFNB. Detection of IFNB expression starts at 6 hrs
p.. and increases until 12 hrs post-infection. Induced IFNB mRNA moves to the cytosol and is translated into IFNB protein through the cap-
dependent process of cellular translation. Middle panel: 12-18 hrs after infection. HCV infection triggers the activation of PKR through a still
unknown mechanism (either through its dsRNA or through a viral protein, such as core, or through activation of a cellular protein, such as PACT).
Once activated, PKR phosphorylates its substrate, the o subunit of the elF2 initiation complex and arrests the cap-dependent protein synthesis. As a
result, translation of IFNB protein stops. Right panel: 18-24 hrs after infection. HCV proteins have been translated through a cap-independent
mechanism and begin to accumulate in the cytosol. The viral NS3 protease cleaves MAVS at residue 508. This results in complete inactivation of
MAVS, arrest in the recruitment of its downstream kinases and arrest of IFN induction. Note that after 15 hrs, PKR is no longer phosphorylated, hence
no longer activated. The mechanism of this regulation is not yet known. RIG-I: Retinoic acid Inducible Gene 1; CARD: Caspase Recognition Domain;
RD: Repressor Domain, Ub:Ubiquitin; MAVS: Mitochondria Adaptor Virus Signalling; TM: Transmembrane domain; PKR: Protein Kinase RNA-
dependent; IRF3: Interferon Regulatory Factor 3; elF2a: o subunit of eukaryotic Initiation Factor; AAA: polyadenylated tail. P: phosphate group.

doi:10.1371/journal.pone.0010575.g010

Materials and Methods

Cell culture

Huh7 and Huh7.5 cells were cultured in Dulbecco’s modified
Eagle’s Medium (DMEM; Sigma) supplemented with 10%
heat-inactivated fetal bovine serum, 1% nonessential amino
acids (Gibco BRL) and 1% penicillin/streptomycin (Invitro-
gen). Huh7.25/CD81 cells were cultured in the same
medium supplemented with 0.4 mg/ml geneticin (G418; PAA
Laboratories). ’

Viruses

Sendai virus stocks were grown in the allantoic cavities of 9-day-
old embryonated chicken eggs that were provided by D. Garcin, as
described [38]. For the preparation of HCV stocks, Huh7.5 cells
plated in 150 cm? flasks were inoculated with JFH1 at an m.o.i of
0.05, in serum-free DMEM. After 2 hrs at 37°C, the medium was
removed and replaced with complete medium. Three days after
infection, the cells were dissociated by trypsin treatment, and
replated in 3 or 4 150 cm? flasks. After 3 more days, the JFHI-
containing cell supernatants were collected, centrifuged at
1200 rpm for 10 min at 4°C, cleared of debris by passing through
0.45-pum-pore-size filters, and stored at —80°C. The cells were
trypsinated once again, passaged in 1 or 2 150 cm? flasks and viral
supernatants were collected again after 24 hrs and stored at
—80°C. For titration, Huh7.5 cells (10° cells/well in a 24-well
plate) were incubated in the presence of serial dilutions of the viral
preparations. After three days, cells were washed with PBS, fixed
for 20 min with 4% paraformaldehyde-PBS (PFA; Electron
Microscopy Sciences), permeabilized by incubation for 1 hour
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with PBS that contained 1% gelatin (Sigma) and 0.1% Tween-20
(Sigma), and incubated for 1 hour with 150 pl of PBS-gelatin that
contained serum from a patient chronically infected with HCV
(genotype 1b) at a 1/500 dilution. Cells were washed and
incubated with peroxidase-conjugated anti-human antibody (1/
2500 dilution; Dako), and the presence of the virus was detected
using the Vector NovaRED substrate kit for peroxydase
(VECTOR). Infectious foci were counted under a microscope
and the titer was calculated as focus forming units per ml. Titers of
6.10* FFU/mL were obtained on a routine basis.

Plasmids, siRNAs and antibodies

The pcDNA3 expressing 5'HA tagged-TRIM25 was provided
by D. Garcin. The CAT-IRES®€V-LUC and CAT-IRES®MCY-
LUC constructs have been described [39]. The IFNp-firefly
luciferase (pGL2-IFNB) and pEF-BOS FLAG-RIG-I plasmids
were described previously [40]. The pcDNA3.1 cMyc-MAVS has
been described [41]. Control (scrambled) siRNA and siRNA to
PKR (GCAGGGAGUAGUACUUAAAUAUU) were synthesized
by Dharmacon Research, Inc. (Lafayette, CO). The siRNAs (final
concentration 25 nM) were transfected for 24 h using FuGENE
HD (ROCHE) before the transfection with other plasmids, or
infection. Normal mouse IgG were from Santa Cruz Biotechnol-
ogy. Monoclonal anti-PKR 71/10 antibody was obtained from
A.Hovanessian [42]. Anti-actin antibody was from Sigma. Rabbit
polyclonal antibodies were used to detect elF-20 phosphorylated
at Serine 51 (Cell Signalling Technology), PKR phosphorylated at
Thr451 (AbCAM), and MAVS (Alexis Biochemical Inc.). Mouse
monoclonal antibodies were used to detect HCV NS3 and the HA
tag (Chemicon and 12CAb5; Roche, respectively).
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