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fold.
doi:10.1371/journal.ppat.1002289.t001

pinpoint ISG15 as among the predictor genes of non-response to
IFN therapy [14,15,16].

At present, we do not know at which level 1SGylation regulates
IFN induction in response to HCV infection. An HCV-mediated
increase of ISG15 would favour preferential binding of ISG15
over that of ubiquitin to the E2 enzyme UbcH8 and hence
enhance the spatio-temporal availability of UbcH8-ISG15 for
HERCS5 over that of UbcH8-ubiquitin for TRIM25. It may also
lead to inhibition of TRIM25, through autolSGylation (21,34},
which would decrease its ability to ubiquitinate RIG-1. We showed
that overexpression of HERCS together with UbelL, UbcH8 and
ISG15 was increasing the ability of ISG15 to inhibit IFN induction
by HCV (Figure 2B). All three enzymes UbclL, UbcH8 and
HERCS belong to the family of genes induced by IFN and it has
been reported that ISGylation is optimum in a context of IFN
treatment [18,35]. Thercfore, it is tempting to spcculate that
clevated levels of ISG15 in some HCV-infected patients would
bring the most favourable context for the virus when those patients
arc under IFN therapy. This would be in accord with the clinical
data showing that HCV-induced high cxpression of ISG act as a
negative predictive marker for response to IFN therapy.

It is doubtful that viruses with high IFN-inducing efficiency,
such as Sendai virus may control RIG-I through ISG15 and PKR.
However, viruses that avoid inducing IFN may have use of the
PKR pathway. A good example might be that of Hepatitis B Virus
(HBV) [36,37,38]. PKR expression was previously reported to be
elevated in HCC liver from chronically HBV infected patients [39]
and a relationship between PKR and IFN induction during HBV
infection would be important to evaluate.

At present, we have cstablished that HCV RNA interacts with
PKR as soon as 2 hours post-infection. This interaction occurs
prior the interaction of HCV RNA with RIG-I, which suggests
that PKR may rapidly detect structures containing the incoming
HGV RNA genome. Indeed, PKR has been reported to bind the
dsRNA domains I1I and IV of HCV IRES [40] in addition to its
ability to also bind 5’ triphosphorylated ss or dsRNA structures
[41]. Whether PKR behaves as a pathogen recognition receptor
for HCV RNA, like RIG-I, remains to be clarified. It is however
clear that, in contrast to RIG-I, PKR acts here in favour of the
pathogen rather than in favour of the host defense. We have
established that the HCV RNA/PKR interaction depends on the
first DRBD present at the N terminus of PKR and is independent
on its kinasc activity. The ability of PKR to serve as adapter in
signaling pathways is not a total surprisc since it has been
previously shown to activate NF-xB through interaction of its C
terminus with members of the TRAF family, such as TRAF5 and
TRAFG6 [42]. PKR contains also 'TRAF interacting motif in its N
terminus [42] and an association between TRAF3 and PKR has
been reported upon cotransfection in 293 cells [43]. Intriguingly,
PKR was previously reported to participate in the induction of
IFNB, in association with MAVS, through activation of NF-xB or
ATT-2 but not or partially IRF3; however these studics were not
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The Huh7.25.CD81 cells, seeded at 3.10° cells in 10-cm plates, were transfected after 24 hrs with 25 nM of siRNA Control or siRNA PKR using Fugene HD. 24 hrs post
transfection, they were either mock-infected or infected for 2 hrs at 37°C with JFH1 (moi=0.2) (three independent plates/sample). The medium was then removed and
cells were incubated with complete DMEM for 12 hrs at 37°C. The cells were washed twice with TBS containing phosphatase and protease inhibitors, harvested by
scraping, the cell pellets were centrifuged, the supernatants were removed and the pellets were frozen and stored at —80°C before being processed for micro-array.The
list shows genes that were affected no more than twice by the depletion of PKR in the control cells (0.5< siPKR mock/siCt <1.6). The dependence of each of these
genes in regards with PKR for their induction by HCV is expressed as log2 (ratio (siPKR HCV/siCt Mock)—(siCt HCV/siCt Mock) (indicated by log2*) with a cut-off of ~2.0

performed in the absence of RIG-1 [44,45,46]. The mode of
interaction between PKR, TRAYF3 and MAVS, independently of
RIG-I, and how it Ieads to a preferential induction of ISGs and not
of IFN in response to HCV infection in contrast with the RIG-1/
MAVS pathway remains to be determined. Based on our data, we
propose now to divide the innate response to acute HCV infection
into two phases: an carly acute phase in which PKR is activated
and a late acute phase that depends on RIG-I, the carly phase
controlling activation of the late phase. It is now essential to
progress towards the gencration of specific pharmaccutical
inhibitors targeting PKR in order to abrogate the carly acute
phase to the benefit of the RIG-I-driven late phase. In a more
general view, care should now be taken in the choice of
compounds designed to be used as immune adjuvants, such as
to be devoid of activation of the carly acute PKR phase. This will
ensure their efficiency as to activate properly the innate immune
response through the late acute RIG-I phase.

Methods

Cell cultures and viruses

The culture of Huh7, Huh7.5, Huh7.25.CD81 cells, the
preparation of Sendai virus stocks (=2000 HAU/ml) and of
HCV JFHI stocks (=6.10* FFU/mL and =~6.10° FFU/mL) was
as described [8,47]. Preparation and cultures of human primary
hepatocytes was as described [48]. Of note, the ability of the
Huh7.25.CD81 cells to induce IFN in response to SeV without
prior IFN treatment (40-fold) was not observed in our previous
study [8].The ability of Sendai virus to induce IFN is related to the
presence of copyback DI (Defective Interfering) genomes [49].
The higher IFN inducing ability of the novel Sendai virus stock
may have come from an important accumulation of these
copyback DI genomes, during its growth in chicken eggs.

PKR inhibitors

The C16 compound [50] and the cell-permeable PRI peptide
[51] were provided by Jacques Hugon. These drugs were applied
(200 nM for C16 and 30 mM for PRI) onc hour before the end of
the 2 hr- incubation time with JI'H1 and re-added to the medium
after washing the cells with phosphate buffered saline (PBS). Note
that PRI loses its effect very rapidly, probably through degradation
in the cells, and requires to be added every hour to the cells until
the end of treatment.

Expression vectors

TRIM25 was cloned from the IFN-treated Huh7.25CD81 cells
(500 U/ml IFN-02a; Cellsciences) after RT-PCR using the
forward: 5'-ATGGCAGAGCTGTGCCCCCT-3" and reverse 5'-
CTACTTGGGGGAGCAGATGG-3' primers. The pcDNA3.1(+)
vector expressing 5 HA tagged-TRIM25 (provided by D. Garcin;
University of Geneva, Switzerland) was used to gencrate the
TRIM25 Pgsgl. construct by site-directed mutagenesis. The
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Figure 5. HCV-dependent induction of ISG15 involves PKR, MAVS and TRAF3 and not RIG-I. (A-B). A-The Huh7.25.CD81 cells were
transfected with 50 nM Control siRNA and the different Smartpool siRNAs (50 nM siPKR; 10 nM siRIG-I; 5 nM siMAVS; 50 nM siTRAF3; 50 nM silRF3)
for 48 hrs and infected with JFH1 (m.o.i=6). (B) Huh7.5 or Huh7 cells were transfected with siRNA Control or siPKR (50 nM) for 48 hrs and infected
with JFH1 (m.0.i=0.2 for Huh7.5 or 10 for Huh7). At the times indicated, expression of endogenous ISG15 was determined by RTqPCR and expressed
as fold induction. Error bars represent the mean =S.D for triplicates. The expression level of ISG15 RNA at the start of infection in the siControl cells
was 9.97x10% copies (Huh7.25.CD81), 1.31 x10% copies (Huh7.5) and 1.28 x10* (Huh7). (C-D) Huh7.25.CD81 cells, in 100 cm? plates, were infected
with JFH1 (m.0.i=0.2) alone (C) or in presence of PRl or C16 (D). At the times indicated, cell extracts (3.5 mg) were processed for
immunoprecipitation of PKR or for incubation with mouse IgG as a control of specificity (asterisk). The detection of the proteins in the complexes and
in the whole cell extracts (WCE) was revealed by immunoblot using the Odyssey procedure. (E) The Huh7.25.CD81 cells were incubated with PRI or
C16 and infected with JFH1 (m.o.i=0.2) for the times indicated. Expression of endogenous ISG15 was determined as in A-B. The ISG15 RNA levels
were 3.81x10 copies in the siControl cells. (F) Human primary hepatocytes (HHP) were infected with JFH1 (m.c.i=6). One set of cells was incubated
with 30 mM of the PRI inhibitor during 8 hours. At the times indicated, expression of HCV RNA, ISG15 and IFNB was determined by RTqPCR. The
expression levels of ISG15 and IFNB RNA at the start of infection was 1.05x10° copies and 1,11 x10* copies, respectively. Inhibition of induction of
ISG15 by PRI at 8 hr post-infection was statistically significant (***; p=0.0001).

doi:10.1371/journal.ppat.1002289.g005
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Figure 6. PKR both interacts with MAVS and TRAF3 and binds HCV RNA ahead of RIG-I. (A-B)- Huh7.25.CD81 cells were transfected with
25 nM of siRNA Control (A) or 25 nM of siRNA ISG15 (B) for 48 hrs and infected with JFH1 (m.0.i=0.2). At the times indicated, cell extracts (4.5 mg)
were incubated with anti-MAVS antibodies. In addition, cell extracts prepared at 0 hr post-infection were incubated with mouse IgG as a control of
specificity (asterisk). The immunoprecipitated complexes were run on three different NuPAGE gels and blotted using Mab 71/10, anti-MAVS, anti-RIG-|
or anti-TRAF3 antibodies. The expression level of each protein was controlled in the total cell extracts. (C)- Huh7.25.CD81 cells were incubated with
JFH1 (m.0.i=6) for 2 hrs at 37°C or at 4°C in the absence or presence of 30 uM of PRI. This drug was applied one hour before the end of the
incubation time. After washing the cells twice with PBS, the cells were further incubated for 2, 4 or 6 hrs at 37°C or at 4°C in the absence or presence
of PRI (added every hour). The cell extracts were processed for crosslinking of RNA to proteins before lysis, as described in Materials and Methods and
different immunoprecipitations were performed with antibodies directed against PKR, RIG-I or elF2a. After extensive washing, the presence of HCV
RNA linked to the immunocomplexes was analysed by RTqPCR and the presence of the proteins was verified by Western blot. Measure of HCV RNA in
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the cell extracts allowed to estimate its percentage of binding to PKR as 1.09%, 0.47% and 0.25% at 2, 4 and 6 hrs post-infection respectively, and its

percentage of binding to RIG-I as 0.34% at 6 hrs post-infection.
doi:10.1371/journal.ppat.1002289.9g006

IENB-firefly luciferase (pGL2-IFNP) and pRL-TK Renilla-
luciferase reporter plasmids were described previously [8]. The
pGL3 luciferase reporter construct containing the —3 to —654
nucleotides of the ISG56 promoter was provided by N.Grandvaux
[52]. The Myc-HIS-Ubiquitin construct was provided by R.Kopito
(Stanford University, CA). ISG15 was cloned from IFN-treated
Huh7 cells using the forward: 5'- GGATCCCATGGGCT-
GGGACCTGACGGTG-3" and reverse 5'-CTCGAGCTCC-
GCCCGCCAGGCTCTGT-3" primers and inserted into the
pcDNA3.1(HHA vector. The Ubell, UbcH8 and HERC5H
constructs were kindly provided by Jon M. Huibregtse [35]. The

pcDNA1/AMP vector expressing PKR has been described previ-
ously [53].

RNA-mediated interference

The siRNAs directed against PKR, MAVS, RIG-I, TRAF3 and
IRF3 which were used for the experiment described in figure 5A
correspond to pools of siIRNA (Smartpool) obtained from
Dharmacon Research, Inc. (Lafayette, CO), as well as siRNAs
directed against UbelL used in Figure 2B. Control (scrambled)
siRNA and siRNA directed against PKR or ISG15, used in all
other experiments, were chemically synthesized by Dharmacon

HCV

@::::>
PKR m Viral RNAm PKR

Kinase domain

NS3/4A
E\®,

G2

Viral proteins
18 hr

ISG15
other ISGs,...

Figure 7. Multiple levels of control of IFN induction during HCV infection. Soon after infection, the HCV RNA is detected by the dsRNA
binding domains (DRBD) of PKR ahead (2 hr) of its recognition by the RNA helicase RIG-l (6 hr). Recruitment of PKR by HCV triggers a signaling
pathway that involves PKR as an adapter protein to recruit MAVS and TRAF3. This leads to a strong induction of the di-ubiquitine like protein ISG15 as
well as other IRF3-dependent ISGs (Interferon-Stimulated Genes). ISG15 negatively controls the TRIM25-mediated ubiquitination (Ub) of RIG- through
an ISGylation process and thus interferes with the ability of RIG-I to recruit its downstream partners, including MAVS and TRAF3, and to induce IFNp
and ISGs. As the infection proceeds, HCV activates the elF20 kinase function of PKR (12 hr). This leads to a transient (few hours) inhibition of general
translation, including that of IFN [8] and ISGs [9] while the elF2a-independent translation of the viral proteins proceeds unabated. At later times in the
infection (18 hr), additional control of IFN induction occurs through cleavage of MAVS by the HCV NS3/4A protease, once the viral proteins have
sufficiently accumulated in the cytosol [7,27].

doi:10.1371/journal.ppat.1002289.g007
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(scrambled and PKR) and by EUROFINS MWG Operon (1SG15)
(Text S1). The siRNAs (final concentration 25 nM or 50 nM)
were transfected for 48 h using jetPRIME reagent according to
the manufacturer’s instructions (PolyPlus transfection 'TM) before
transfection with other plasmids or before infection.

Antibodies

Mab to ISG15 (clone 2.1) was a kind gift of E.Borden [54]. Mab
to PKR was produced from the murine 71/10 hybridoma (Agro-
bio; Fr) with kind permission of A.G.Hovanessian [55]. Other
antibodies were as follows: anti-mousc IgG (Santa Cruz), anti-
TRAF3 (Santa Cruz), pThr451-PKR (Alexis), MAVS (Alexis),
anti-actin (Sigma), anti-pSer10-Histone H3 (Millipore), anti-HCV
NS$ (Chemicon), anti-HCV core (Thermo scientific), anti-RIG-I
(Alexis Biochemical Inc.), anti-TRIM25 (6105710; BD Biosci-
ence), anti-IRF3 (Santa Cruz), anti-HA (12CAS5; Roche) and anti-
Myc (Santa Cruz).

Reporter assays

Huh7.25.CD81 cclls (80,000 cells/well; 24-well plates) were
transfected with 40 ng of pRL-TK Renilla-luciferase reporter
(Promega) and 150 ng of ecither pGL2-IFNB-Firefly luciferase
reporter or pISG56-luciferase reporter and processed for dual-
luciferase reporter assay as reported previously [8].

Real-time RT-PCR analysis

Total ccllular RNA was cxtracted using the TRIZOL reagent
(Invitrogen). HCV RNA was quantified by one-step RTqPCR.
Reverse-transcription, amplification and rcal-time detection of
PCR products were performed with 5 pl total RNA samples, using
the SuperScript III Platinum one-step RTqPCR kit (Invitrogen)
and an AbiPrism 7700 machine. For the sequence of the different
primers, see Text S1. The results were normalized to the amount
of cellular endogenous GAPDH RNA using the GAPDH control
kit from EuroGentec. Copics number of HCV RNA may vary due
to internal calibration and depending on the preparation of the
viral stocks. All m.o.i were calculated using the titers expressed in
FFU/ml. The IFNP, ISG15, ISG56, UbclL and GAPDH
amplicons were quantified by a two-step RTqPCR assay as
described [8].

Transcriptome analysis

Cecllular RNA was cxtracted and purified from the cells using
RNAcasy mini kit (QIAGEN K.K., Tokyo, Japan). Comprehen-
sive. DNA microarray analysis was performed with 3D-Gene
Human Oligo chip25k with 2-color fluorescence method by New
Fronticrs Rescarch Laboratories, Toray Industries Inc, Kama-
kura, Japan as previously described [56]. In brief, each sample was
hybridized with 3D-Gene chip. Hybridization signals were
scanned using Scan Array Express (PerkinElmer, Waltham,
MA). The scanned image was analyzed using GenePix Pro
(MDS Analytical Technologics, Sunnyvale, CA). All the analyzed
data were scaled by global normalization.

Immunoprecipitation and immunoblot analysis

Cells were washed once with PBS and scraped into lysis buffer 1
(50 mM TRIS-HCI [pH 7.5], 140 mM NaCl, 5% glycerol, 1%
CHAPS) that contained phosphatase and protcase inhibitors
(Complete, Roche Applied Science). The protein concentration
was determined by the Bradford method. For immunoprecipita-
tion, lysates were incubated at 4°C overnight with the primary
antibodies as indicated and then in the presence of A/G-agarose
beads (Santa Cruz Biotechnology) for 60 minutes. The beads were
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washed three times, and the precipitated proteins were extracted
at 70°C using NuPAGE LDS sample buffer. Protein electropho-
resis was performed on NuPAGE 4-12% Bis TRIS gels
(Invitrogen). Proteins were transferred onto nitrocellulose mem-
branes (Biorad), and probed with specific antibodies. Fluorescent
immunoblot images were acquired and quantified by using an
Odysscy scanner and the Odysscy 3.1 software (Li-Cor Bioscienc-
es) as described previously {8]. For detection of ISG15, cells were
lysed in RIPA buffer (50 mM TRIS-HCI [pH 8.0]; 200 mM
NaCl; 1% NP-40; 0.5% Sodium Deoxycholate; 0.05% SDS;
2 mM EDTA) and protein clectrophoresis was performed on
4-20% polyacrylamide gels (PIERCE).

Nuclear/cytoplasmic extract

Pellets from cells washed in ice-cold phosphate-buffered saline
(PBS) were lysed in ice-cold cytoplasmic buffer (10 mM TRIS
[pH 8.0], 5 mM EDTA, 0.5 mM EGTA, 0.25% Triton X-100)
containing phosphatasc and proteasc inhibitors. The suspension
was centrifuged for 30 seconds at 14,000 g and the supernatant
(cytoplasmic fraction) was transferred into microcentrifuge tubes.
The nuclear pellet was resuspended in Urca buffer (8 M Urea,
10 mM TRIS [pH 7,4], I mM EDTA, 1 mM dithiothreitol)
containing phosphatase and protease inhibitors, homogenized by
vortex and boiled for 10 minutes. The protein concentration was
determined by the Bradford method.

Ubiquitination assay

Huh7.25.CD81 cclls were transfected for 48 hrs with 5 pg of
Myc-His-Ubiquitin expression plasmid using jetPRIME reagent.
The cells were then washed in ice-cold PBS containing 20 mM
N-cthylmaleimide (Sigma-Aldrich), harvested directly in Gua8
buffer (6 M guanidine-HCI, 300 mM NaCl, 50 mM Nay,HPO,,
50 mM NaH,PO, [pH 8.0]), briefly sonicated, and centrifuged at
14,000 g for 15 min at 4°C. 1/10th of the lysate was subjected to
precipitation with 10% trichloroacetic acid for protein analysis in
whole cell extracts. The rest of the lysate was incubated for 2 hrs
with 20 ul (packed volume) of Talon resin Ni-affinity beads
(Clontech) on a rotating wheel. Bound proteins were washed four
times in Gua8 buffer, three times in Urea 6.3 bufler (8 M Urea,
10 mM TRIS, 0.1 M NagHPO,, 20 mM Imidazole [pH 6.3]),
and three times in cold PBS, after which they were cluted by
boiling in NuPAGE LDS sample buffer. Electrophoresis was
performed on 4-12% of acrylamide NuPAGLE gels (Invitrogen).

Co-precipitation protein/HCV RNA

Huh7.25.CD81 cells were incubated for 10 min in their culture
medium containing 1/10 volume (Vol) of a crosslinking solution
(11% Formaldehyde, 0.1 M NaCl, | mM Na-EDTA-[pH 8],
0.5 mM Na-EGTA-[pH 8], 50 mM HEPES [pH 8]). The
reaction was stopped by addition of a solution of 0.125 M glycine
in PBS [pH 8] at room temperature (R'T). The cells were washed
three times in ice-cold PBS containing 1000 U/ml of RNAse
inhibitor (Promega), scraped in PBS and dispatched into three sets
containing Y2 (set 1), Y4 (set 2) and % (set 3) of the cell suspension.
The threc sets were centrifuged for 30 scconds at 14,000 g and
4°C and the cell pellets were lysed into lysis buffer 1 containing
phosphatase/protease and RNAse inhibitors (Promega) for scts 1
and 2 or into TRIZOL reagent for set 3. Cell lysates from sets 1
and 2 were then incubated at 4°C, first overnight with the
appropriate primary antibodies and for 60 minutes in the presence
of A/G-agarosc beads (Santa Cruz Biotechnology). After the
incubation period, the beads were washed four times with buffer 1.
Set 1 (HCV RNA bound to immunocomplexes) and set 3 (input
HCV RNA) were submitted to TRIZOL treatment and HCV
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RNA was quantified by one-step RTqPCR as described
previously. The immunoprecipitated proteins from set 2 were
extracted at 70°C using NuPAGE LDS sample buffer and
analysed by immunoblot after clectrophoresis on 4-12% of
acrylamide NuPAGE gels (Invitrogen).

Supporting Information

Figure S1 Efficient induction of TRIM25 by IFN in the
Huh7.25.CD81 cells. Huh7.25.CD81 cells, sceded at 8x10*
cells in 24-well plates containing coverslips, were treated with
500 U/ml of IFNa. for 24 hrs (IFN) or left untreated (Cont). Cells
were fixed with 4% PFA and TRIM25 was detected using anti-
TRIM25 antibodies (red). Nuclei arc shown in blue after DAPI
labelling. Microscope magnification was x63.

(PDF)

Figure S2 HCV controls RIG-I ubiquitination through
ISG15 in the Huh7 cells. Huh7 cells were transfected for 24 hrs
with 25 nM of siRNA (Control or ISG15) and for another 24 hr
with 5 pg of a His-Myc-Ubiquitin plasmid in absence or presence
of 5 pg of a plasmid expressing HA-TRIM25. The cclls were
infected with JFH1 (m.0.i=0.2). At the times indicated, cell
extracts were processed for analysis of RIG-1 ubiquitination and
the expression of the different proteins in the total cell extracts.
Efficiency of infection by JFH1 in the Huh7 cells was 2 log less
than in the Huh7.25.CD8I cells.

(PDF)

Figure 83 Expression of ISG15 and ISG15 conjugating
enzymes inhibit IFN induction in response to SeV.
Huh7.25.CD81 cells were transfected with a plasmid expressing
HA-ISG15 alone or in the presence of plasmids expressing the
ISG15 conjugating enzymes UbelL (El), UbcH8 (E2) and
HERCS (E3). The cells were then infected with JFHI (m.o.i=6)
for the times indicated. Stimulation of endogenous IFNB RNA
expression was determined by RTqPCR and expressed as fold
induction. The degree of statistical significance is indicated by stars
after calculation of the p-values (from left to right: 0.0124 and
0.0058).

(PDF)

Figure S4 Control of efficiency of siRNA UbelL in the
Huh7.25.CD81 cells. The Huh7.25.CD81 cells were transfect-
ed with 50 nM of siRNA directed against UbelL for 48 hours and
infected with HCV. RNA was prepared from the cells at different
times post infection as indicated and expression levels of UbelL
was determined by RTqPCR.

(PDF)

Figure S5 Modulation of PKR activation by ISG15.
Huh7.25.CD81 cells, in 100 cm® plates, were transfected with
siRNA Control or siRNA ISG15 or transfected with a plasmid
expressing HA-ISG15 for 48 hrs and infected with JFHI
(m.o.i=6). At the indicated times post-infection, cell extracts
(2.2 mg) were processed for immunoprecipitation of PKR. The
immunoprecipitated complexes were run on two different
NuPAGE gels and blotted using Mab 71/10 or anti-phosphory-
lated PKR antibodies (PKR-P). The presence of PKR and PKR-P
was revealed using the Odyssey procedure. The bands corre-
sponding to total PKR and phosphorylated PKR were quantified
using the Odyssey software and expressed as the ratio PKR-P/
PKR in the absence (siISG15) and in the presence of ISG15 in the
control cells (Control) or after transfection of the ISG15 expressing
plasmid (HA-ISG15).

(PDF)
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Figure S6 Induction of ISG56 by Sendai virus in the
Huh7.25.CD81 cells does not depend on PKR.
Huh7.25.CD81 cells were cither transfected with 25 nM  of
siRNA Control or 25 nM siPKR for 24 hrs and infected with
SeV for the times indicated. The cffect of PKR silencing on the
stimulation of expression of endogenous ISG56 was determined by
RTqPCR and expressed as fold induction. Error bars represent
the mean *£S.D for triplicates. The expression levels of ISG56
RNA at the start of infection were respectively 1.15x10° copies
(siControl) and 1.16x10° copies (siPKR),

(PDY)

Figure 87 Control of the efficiency of siRNA treatment
in the Huh7.25.CD81 cells. The Huh7.25.CD81 cells were
transfected for 48 hrs with 50 nM Control siRNA or with the
different Smartpool siRNAs as shown (50 nM siPKR; 10 nM
siRIG-I; 50 nM siIRF3; 50 nM siTRAF3; 5 nM siMAVS). Total
cell extracts were prepared and the expression level of cach
protein, as well as that of actin used as control, was revealed by
immunoblot and Odyssey procedure after a run on NuPAGE gels.
Under cach lane, the numbers represent the quantification of the
different protein bands performed using the Odyssey software.
(TIF)

Figure 88 HCV triggers nuclear translocation of IRF3
early after infection in the Huh7.25.CD81 cells.
Huh7.25.CD81 cells, seeded at 10° cells in 24-well plates
containing coverslips, were infected for different times (0, 4 and
6 hours) at 37°C with JFH]1 (moi = 6) or with SeV (40 HAU/ml) in
the absence or in the presence of 10 ng/ml Leptomycine B (LB;
Sigma), which was used here as a convenient mean to enhance the
nuclear detection of IRF3 since it can interfere with nuclear export
[57]. Cells were fixed with 4% PFA and IRF3 was detected using
anti-IRF3 antibodies (red). Nuclei are shown in blue after DAPI
labelling. The arrows show the presence of IRF3 in the nucleus.
Microscope magnification was X63.

(PDF)

Figure S9 Induction of ISG56 by HCV in the Huh7.5 and
Huh?7 cells depends on PKR. Huh7.5 or Huh7 cclls were
transfected with siRNA Control or siPKR (50 nM) for 48 hrs and
infected with JFH1 (m.0.i=0.2 for Huh7.5 or 10 for Huh7). At the
times indicated, expression of endogenous ISG56 was determined
by RTqPCR and expressed as fold induction. Error bars represent
the mean *S.D for triplicates. The expression levels of ISG56
RNA at the start of infection in the siControl cells was 1.37 x10"
copies (Huh7.5 cells) and 1.28x10" copics (Huh7 cells).

(PDF)

Figure S10 Induction of ISG56 by HCYV is specifically
inhibed by the PKR inhibitor PRI. The Huh7.25.CD81 cells
were incubated with PRI or Cl16 and infected with JFHI
(m.0.i=0.2) for the times indicated. RTqPCR analysis of
endogenous ISG56 was determined by RTqPCR and expressed
as fold induction. The expression levels of ISG56 RNA at the start
of infection in the control cells was 1.97 x10" copies.

(I'1F)

Figure S11 The RNAse inhibitor RNAsin does not favour
the formation of a RIG-I/PKR complex upon HCV
infection. Two scts of Huh7.25.CD81 cells were plated into
100 em? plates and infected with JFH]I. At the times indicated, cell
extracts (3.5 mg) from the two sets were processed similarly for
immunoprecipitation of PKR or for incubation with mouse IgG as
a control of specificity (asterisk), except that care was taken to add
the RNAse inhibitor RNAsin (1000 U/ml) at all steps for the
second sct (+RNAsin). Detection of RIG-I, MAVS, and PKR in
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the complexes and in the whole cell extracts (WCE) was revealed
by immunoblot using the Odyssey procedure. Detection of Actin
in WCE scrved as loading control.

(PDF)

Table S1 Transcriptome analysis of PKR-dependent
downpregulated gene upon 12 hrs of HCV infection.
Preparation of samples was as described under Table 1. The list
shows genes that were affected no more than twice by the
depletion of PKR in the control cells (0.5<< siPKR mock/siCt
<1.6). The dependence of cach of these genes in regards with
PKR for their inhibition by HCV is expressed as log2 (ratio
(siPKR HCV/siCt Mock)—(siCt HCV/siCt Mock) (indicated by
log2*) with a cut-off of =2.0 fold.

(DOC)

Text S1 Supplementary methods.
DOC)
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Background: HCV causes ER stress in the infected cells.

Results: HCV-induced ER stress leads to increased expression of certain proteins that in turn enhance the degradation of HCV

glycoproteins and decrease production of virus particles.

Conclusion: HCV infection activates the ERAD pathway, leading to modulation of virus production.

Significance: ERAD plays a crucial role in the viral life cycle.

Viral infections frequently cause endoplasmic reticulum (ER)
stress in host cells leading to stimulation of the ER-associated
degradation (ERAD) pathway, which subsequently targets unas-
sembled glycoproteins for ubiquitylation and proteasomal deg-
radation. However, the role of the ERAD pathway in the viral life
cycle is poorly defined. In this paper, we demonstrate that hep-
atitis C virus (HCV) infection activates the ERAD pathway,
which in turn controls the fate of viral glycoproteins and modu-
lates virus production. ERAD proteins, such as EDEM1 and
EDEM3, were found to increase ubiquitylation of HCV envelope
proteins via direct physical interaction. Knocking down of
EDEM1 and EDEMS3 increased the half-life of HCV E2, as well as
virus production, whereas exogenous expression of these pro-
teins reduced the production of infectious virus particles. Fur-
ther investigation revealed that only EDEM1 and EDEM3 bind
with SEL1L, an ER membrane adaptor protein involved in trans-
location of ERAD substrates from the ER to the cytoplasm.
When HCV-infected cells were treated with kifunensine, a
potent inhibitor of the ERAD pathway, the half-life of HCV E2
increased and so did virus production. Kifunensine inhibited
the binding of EDEM1 and EDEM3 with SEL1L, thus blocking
the ubiquitylation of HCV E2 protein. Chemical inhibition of
the ERAD pathway neither affected production of the Japanese
encephalitis virus (JEV) nor stability of the JEV envelope pro-
tein. A co-immunoprecipitation assay showed that EDEM
orthologs do not bind with JEV envelope protein. These findings
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highlight the crucial role of the ERAD pathway in the life cycle of
specific viruses.

Quality control of proteins, such as the elimination of mis-
folded proteins, is largely connected with the endoplasmic
reticulum (ER),” which is an organelle responsible for the fold-
ing and distribution of secretory proteins to their sites of action.
This pathway is termed ER-associated degradation (ERAD) and
is triggered by ER stress. It results in retrotranslocation of mis-
folded proteins into the cytosol, followed by polyubiquitylation
and proteasomal degradation (1). Several viral infections have
been reported to trigger the ERAD pathway (2—4); however, the
role of this pathway in the life cycle of viruses remains poorly
defined.

Initiation of the ERAD pathway occurs from the oligomeri-
zation and autophosphorylation of IRE1, an ER stress sensor.
The activated IRE1 removes an intron from X-box-binding
protein 1 (XBP1) mRNA, which then encodes a potent tran-
scription factor for activation of genes, for example, ER degra-
dation-enhancing a-mannosidase-like protein (EDEM).
EDEMI1 (5), along with its two homologs EDEM2 (6) and
EDEMS3 (7), as well as ER mannosidase I (ER Manl), belong to
the glycoside hydrolase 47 family. EDEMs are thought to func-
tion as lectins that deliver misfolded glycoproteins to the ERAD
pathway. However, the precise mechanism by which they assist
in glycoprotein quality control remains unclear.

Hepatitis C virus (HCV) infection is a major cause of chronic
liver disease. The RNA genome of HCV, a member of the Fla-

2The abbreviations used are: ER, endoplasmic reticulum; CHX, cyclohexi-
mide; EDEM, ER degradation-enhancing a-mannosidase-like protein;
ERAD, ER-associated degradation; HCV, hepatitis C virus; JEV, Japanese
encephalitis virus; KIF, kifunensine; Manl, mannosidase I; m.o.i., multiplicity
of infection; TM, tunicamycin; XBP1, X-box-binding protein 1; IRE, inositol-
requiring enzyme.
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viviridae family, encodes the viral structural proteins Core, E1,
E2, and p7, as well as six nonstructural proteins (8, 9). Two
N-glycosylated envelope proteins E1 and E2 are exposed on the
surface of the virus and are necessary for viral entry.

The aim of this study was to investigate whether the ERAD
pathway is activated upon HCV infection and whether this
affects the quality control of virus glycoproteins and virion pro-
duction. We show that HCV infection triggers the ERAD path-
way, possibly through IRE1-mediated splicing of XBP1. More-
over, EDEM1 and EDEM3, but not EDEM2, interact with HCV
glycoproteins, resulting in increased ubiquitylation. EDEM1
knockdown and chemical inhibition of the ERAD pathway
increases glycoprotein stability, as well as production of infec-
tious virus particles, whereas overexpression of EDEMI1
decreases virion production. These results provide insight into
the mechanism by which HCV triggers the ERAD pathway and
subsequently affects the quality control of virus glycoproteins
and virus particle production.

EXPERIMENTAL PROCEDURES

Cell Culture and Chemicals—Human hepatoma cells HuH-7
and HuH-7.5.1 (a gift from Dr. F. V. Chisari (The Scripps
Research Institute) (10) and human embryonic kidney cells
293T were cultured at 37 °C and 5% CO, in DMEM containing
10% FBS, 10 mm HEPES, 1 mm sodium pyruvate, nonessential
minimum amino acids, 100 units/ml penicillin, and 100 pg/ml
streptomycin. Tunicamycin (TM) was purchased from Sigma-
Aldrich, and kifunensine (KIF) was purchased from Toronto
Research Chemicals (Ontario, Canada).

Preparation of Virus Stock—HCV JFH-1 was generated by
introducing in vitro transcribed RNA into HuH-7.5.1 cells by
electroporation, and virus stocks were prepared by infecting at
a multiplicity of infection (m.o.i.) of 0.01, as described previ-
ously (10). Infected cells were grown in culture medium con-
taining 2% FBS, and supernatants were collected after multiple
passages to get high titer virus. The supernatants were concen-
trated using a 500-kDa hollow fiber module (GE Healthcare)
resulting in ~90% recovery of the virus. Focus-forming units
were measured with an anti-HCV core antibody to determine
virus titration (2H9, described below). Virus stocks containing
1 X 107 focus-forming units/ml were divided into small ali-
quots and stored at —80 °C until use. rAT strain of Japanese
encephalitis virus (JEV) (11) was used to generate virus stock.

Plasmids—cDNAs of mouse EDEMI1-HA, EDEM2, and
EDEM3-HA, having 92, 93, and 91% amino acid homology with
their human orthologs, respectively, were a kind gift from Drs.
N. Hosokawa (Kyoto University) and K. Nagata (Kyoto Sangyo
University). A HA tag was attached to the C terminus of
EDEM2 by PCR, and sequencing analysis was performed to
confirm the sequence. To generate pJFH/E1dTM-myc and
pJFH/E2dTM-myc, HCV E1 encoding amino acids 170-352
and HCV E2 encoding amino acids 340 -714 of JFH-1 polypro-
tein were amplified by PCR with forward primer and reverse
primer containing NotI and Xbal restriction sites, respectively,
and cloned into a Notl/Xbal site of the pEF1/Myc-His plasmid
(Invitrogen). The pCAGC105E plasmid carrying PrM and E
proteins of the rAT strain of JEV has been described (12). Plas-
mids carrying the firefly luciferase reporter gene under control
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of the intact promoter of GRP78 and GRP94 or the defective
promoter lacking ERSE elements have been described (13) and
were a kind gift from Dr. K. Mori (Kyoto University).

Antibodies—Rabbit polyclonal antibodies included anti-HA
(Sigma-Aldrich), anti-HCV NS5A (14), anti-SEL1L (Sigma-Al-
drich), anti-ubiquitin (MBL, Nagoya, Japan), and anti-JEV E
antibodies. The mouse monoclonal antibodies were anti-HA
(clone 16B12; Covance, Emeryville, CA), anti-HCV E2 (clone
8D10-3),? anti-B-actin (clone AC15; Sigma-Aldrich), anti-HCV
core (clone 2H9) (15), and anti-Myc (clone 9E10; Santa Cruz
Biotechnology, Santa Cruz, CA) antibodies. Anti-JEV antibod-
ies have been described (16) and were a kind gift from Drs. C. K.
Lim and T. Takasaki (National Institute of Infectious Diseases).

Analysis of XBPI Splicing—Total RNA was extracted from
cells using Isogen (Nippon Gene, Tokyo, Japan) following the
manufacturer’s protocol, and 2 pg of RNA was subjected to
c¢DNA synthesis using oligo(dT) and Superscript II (Invitro-
gen). PCR was carried out using specific primers 5'-AAACAG-
AGTAGCAGCTCAGACTGC-3' and 5'-GTATCTCTAAGA-
CTAGGGGCTTGGTA-3’ for XBP1 and 5’-TCCTGTGGCA-
TCCACGAAACT-3" and 5'-GAAGCATTTGCGGTGGAC-
GAT-3' for B-actin to generate PCR fragments of 598 bp for
unspliced XBP1, 572 bp for spliced XBP1, and 315 bp for B-ac-
tin. The following cycling conditions were used to amplify the
genes: 1 cycle of 98 °C for 3 min, followed by 30 cycles of 98 °C
for 20 s, 55 °C for 30 s, and 72 °C for 1 min, followed by a final
extension of 72 °C for 10 min. The PCR product of XBP1 was
further digested with Pstl enzyme (New England Biolabs) and
resolved on a 2% agarose gel prepared in TAE buffer. Unspliced
XBP1 yielded two smaller fragments of 291 and 307 bp whereas
spliced XBP1 stayed intact due to loss of the restriction site after
splicing.

Gene Microarray Analysis—For microarray analysis, RNA
was extracted from HuH-7.5.1 cells at 48 and 72 h after JFH-1
infection. Cells treated for 12 h with 5 ug/ml TM served as a
positive control. Hybridization was performed on a 3D-Gene
(see 3D-Gene web site) Human Oligonucleotide chip 25k
(Toray Industries Inc., Tokyo, Japan). For efficient hybridiza-
tion, this microarray chip has three dimensions and is con-
structed with a well between the probes and cylinder stems with
70-mer oligonucleotide probes on the top. Total RNA was
labeled with Cy3 or Cy5 using the Amino Allyl MessageAMP 11
aRNA Amplification kit (Applied Biosystems). The Cy3- or
Cyb5-labeled aRNA pools were subjected to hybridization for
16 h using the supplier’s protocol. Hybridization signals were
scanned using a ScanArray Express Scanner (PerkinElmer Life
Sciences) and processed by GenePixPro version 5.0 (Molecular
Devices, Sunnyvale, CA). Detected signals for each gene were
normalized using a global normalization method (Cy3/Cy5
ratio median = 1). Genes with Cy3/Cy5 normalized ratios
>log, 1.0 or <log, _1.0 were defined, respectively, as signifi-
cantly up- or down-regulated genes.

Quantification of Cellular Gene Expression—Gene expres-
sion levels were measured using predesigned assay-on-demand
(Applied Biosystems). RT-PCR amplification was performed

® D. Akazawa, N. Nakamura, and T. Wakita, unpublished data.
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under the following conditions: 48 °C for 30 min, 95 °C for 10
min, 50 cycles of 95 °C for 15 s, and 60 °C for 1 min. Standard
curves were constructed on a 1:5 serial dilution of the RNA
template. The results were normalized to GAPDH mRNA
levels.

Determination of Protein Stability—HuH-7 cells were
infected with HCV JFH-1 at a m.o.i. of 2. Six hours after infec-
tion, the cells were either treated with KIF or transfected with
EDEMI1 siRNA. Forty hours later, culture medium was replaced
with 100 pg/ml cycloheximide (CHX). Cells, including floating
cells, were harvested at different time points after CHX addi-
tion, and immunoblotting was performed to determine the
amount of HCV E2.

Plasmid Transfection and Immunoprecipitation—HuH-7 or
293T cells were seeded in 6-well cell culture plates at 3 X 10°
cells/well and cultured overnight. Plasmid DNA was trans-
fected into cells using TranIT-LT1 transfection reagent (Mirus,
Madison, W1). Cells were harvested at 48 h after transfection,
washed once with 1 ml of PBS, and lysed in 200 ul of lysis buffer
(20 mm Tris-HCl, pH 7.4, 135 mm NaCl, 1% Triton X-100, and
10% glycerol supplemented with 50 mm NaF, 5 mm NagVO,,
and protease inhibitor mixture tablets (Roche Diagnostics).
Cell lysates were sonicated at 4 °C for 10 min, incubated for 30
min at 4 °C, and centrifuged at 14,000 X g for 5 min at 4 °C.
After preclearing for 2 h, the supernatants were immunopre-
cipitated overnight by rotating with 1.5 ul of anti-HA monoclo-
nal antibody (16B12) or anti-HCV E2 monoclonal antibody
(clone 8D10-3) at 4 °C. The immunocomplexes were then cap-
tured on protein G-agarose beads (Invitrogen) by rotation-in-
cubation at 4 °C for 3 h. Beads were subsequently precipitated
by centrifugation at 800 X g for 1 min and washed five times
with lysis buffer. Finally, proteins bound to the beads were
boiled in 40 wl of SDS sample buffer and subjected to
SDS-PAGE.

Western Blotting—Proteins resolved by SDS-PAGE were
transferred onto PVDF membranes (Immobilon; Millipore).
After blocking in 2% skim milk, the membranes were probed
with primary antibodies followed by exposure to peroxidase-
conjugated secondary antibodies and visualization with an ECL
Plus Western blotting detection system (GE Healthcare). The
intensity of the bands was measured using a computerized
imaging system (Image] software; National Institutes of
Health).

Small Interfering RNA (siRNA) Transfection—HuH-7 cells
were transfected with duplex siRNAs at a final concentration of
10 nm using Lipofectamine RNAIMAX (Invitrogen). Three
siRNAs for each gene were examined for knock-down effi-
ciency and cytotoxic effects. The siRNA with best performance
was selected for further experiments. Target sequences of the
siRNAs which exhibited the best knock-down efficiencies were
as follows: EDEM1 (sense) 5'-CAUAUCCUCGGGUGAAU-
CUtt-3’, EDEM2 (sense) 5 -GAAUGUCUCAGAAUUC-
CAAtt-3', EDEM3 (sense) 5'-CAUGAGACUACAAAUC-
UUALtt-3’, IRE1 (sense) 5'-GGACGUGAGCGACAGAAUALt-
3. 5-GGUGUCCUUACCAUACUAALtt-3" served as a
negative control. The lowercase letters denote overhanging
deoxyribonucleotides.
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Quantification of HCV Core and RNA—HCYV core was quan-
tified using an enzyme immunoassay (Ortho HCV antigen
ELISA kit; Ortho Clinical Diagnostics, Tokyo, Japan). HCV
RNA was quantified as described (17).

Statistical Analysis—Student’s ¢ test was employed to calcu-
late the statistical significance of the results. p < 0.05 was con-
sidered significant.

RESULTS

HCV Infection Induces XBP1 mRNA Splicing and EDEM
Expression—XBP1 plays a key role in activating the ERAD path-
way, which mediates unfolded protein response in the ER.
Under conditions of ER stress, XBP1 mRNA is processed by
unconventional splicing and translated into functional XBP1,
which in turn mediates transcriptional up-regulation of a vari-
ety of ER stress-dependent genes. The resultant activation of
downstream pathways boosts the efficiency of ERAD, which
coincides with elevated transcription of EDEMs. To validate
our method for detecting activation of the ERAD pathway, we
exposed HuH-7.5.1 cells to TM, which is a typical ER stress
inducer, and performed an assay to quantify spliced XBP1
mRNA, as described under “Experimental Procedures,” at dif-
ferent time points after treatment. The spliced form of XBP1
mRNA started accumulating within these cells as early as 2 h
after exposure to TM (Fig. 14), and levels remained elevated
until at least 12 h after treatment. Quantitative RT-PCR showed
that mRNA levels of EDEM1, EDEM2, and EDEM3 were ele-
vated in TM-treated cells whereas ER Manl, which is not an ER
stress-responsive gene, did not show any up-regulation (Fig.
1B). To examine involvement of the ERAD pathway in the HCV
life cycle, we infected HuH-7.5.1 cells with JFH-1 at m.o.i. of 5
and analyzed XBP1 mRNA splicing and EDEM up-regulation.
Upon infection, the fragment corresponding to spliced XBP1
mRNA, was detectable 8 h after infection, and the difference in
splicing between mock- and HCV-infected cells became more
pronounced at 48 h after infection and then persisted (Fig. 1C).
Increased levels of XBP1 mRNA splicing were dependent on
the m.o.i. (supplemental Fig. 1A4), suggesting that expression of
active XBP1 was induced by HCV infection. A small amount of
spliced XBP1 was detected in mock-infected cells, presumably
because of some intrinsic stress. A 3.1-fold increase in the level
of EDEM1 mRNA was observed at 3— 4 days after infection (p <
0.05). Increases in EDEM2 and EDEM3 mRNA levels were
moderate and reached ~1.5-fold, whereas ER Manl mRNA
exhibited no change after infection (Fig. 1D). Expression of
EDEMs, particularly EDEM1, was up-regulated in accordance
with HCV infection titers (supplemental Fig. 1B). Knocking
down the IRE1 gene (Fig. 1E) effectively reversed the accumu-
lation of spliced XBP1, as well as the transcriptional up-regula-
tion of EDEM1 (Fig. 1F), thus confirming that HCV infection
induces ERAD through the IRE1-XBP1 pathway.

To enable a comprehensive investigation of the transcrip-
tional changes that occur, up- and down-regulation of the tran-
scriptome was examined in HCV-infected cells and in
TM-treated cells. The results were compared with those of
mock-transfected cells at each time point. A range of genes
involved in ER stress was found to be regulated in HCV-in-
fected and in TM-treated cells (Fig. 2A). EDEM1 was signifi-
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FIGURE 1. Splicing of XBP1 mRNA and induction of ERAD gene expression in HCV JFH-1-infected cells. 4, splicing of XBP1 mRNA analyzed in mock- and
TM (5 pg/mi)-treated HuH-7.5.1 cells at different time points after treatment. The upper and lower bands represent spliced and unspliced RNA, respectively. The
numbers at the bottom of the panel indicate the density ratios of bands corresponding to spliced and unspliced XBP1. B, graphs showing the -fold induction of
EDEM1, EDEM2, EDEM3, and ERMan1 mRNA in HuH-7.5.1 cells treated or untreated with TM. Data are normalized to GAPDH expression levels. The mean = S.D.
(error bars) of three independent experiments are shown. C, splicing of XBP1 mRNA analyzed in mock- and HCV JFH-1-infected HuH-7.5.1 cells (m.o.i. 5) at
different time points after infection. Numbers at the bottom of the panel indicate the density ratios of bands corresponding to spliced and unspliced XBP1. D,
real-time PCR analysis of EDEM1, EDEM2, EDEM3, and ER Manl mRNA induction in mock- and HCV-infected cells. Data are normalized to GAPDH expression. The
mean = S.D. of three independent experiments are shown. Note that a reduction in the level of GAPDH mRNA within infected cells was not observed until 96 h
after infection when a slight decrease was observed. This led us to use GAPDH as a housekeeping gene in our experiments. £, Western blotting of IRE1 in cells
transfected with mock or gene-specific siRNA of IRE1. F, splicing of XBP1 mRNA and induiction of EDEM1 in HCV-infected cells after knocking down of the IRE1
gene. HuH-7.5.1 cellsinfected with JFH-1 at am.o.i. of 5 were transfected with mock (center) or IRE1-specific siRNA (right) 48 h after infection, after which splicing
of XBP1 (upper) and transcriptional up-regulation of EDEM1 (Jower) were examined at the indicated time points after infection. The mean = S.D. of two

independent experiments are shown.

cantly up-regulated upon HCV infection, whereas expression
levels of EDEM2 and EDEM3 remained unchanged. Although
transcriptional changes caused by HCV infection in many of
the genes listed are analogous to those that occur in cells treated
with TM, up-regulation of two ER chaperone proteins, GRP78
and GRP94, was induced by TM treatment but not by HCV
infection. This differential induction was confirmed by a
reporter assay for GRP78 promoter and GRP94 promoter activ-
ities (Fig. 2B). These results are in agreement with a previously
described finding that GRP78 and GRP94 are not responsive to
HCYV infection in hepatoma cells (18). It remains likely that
HCYV infection interferes with transcriptional activation of
some ER chaperone proteins; however, the mechanism by
which this occurs remains to be elucidated.

EDEMs Cause Ubiquitylation of HCV Glycoproteins and
Enhance Their Degradation—Because EDEMs have been
reported to enhance proteasomal degradation of ERAD sub-
strates through direct binding, we investigated the interaction
of EDEMs with HCV glycoproteins in 293T cells by co-trans-
fecting the expression plasmids for E1IdTM or E2dTM together
with plasmids carrying either EDEM or ER Manl genes. Immu-

OCTOBER 28, 2011+VOLUME 286*NUMBER 43

noprecipitation and immunoblotting demonstrated that each
EDEM, but not ER Manl, was capable of interacting with E2
(Fig. 3A) and E1 (supplemental Fig. $2). HCV glycoproteins
displayed enhanced mobility when co-expressed with EDEM1,
EDEMS3, or ER Manl, which could be due to the mannosidase
activity of these proteins, which is lacking in EDEM2 (6), HCV
primarily replicates in hepatocytes so we examined the interac-
tion of EDEMs with E2dTM in HuH-7 cells as well, which
yielded similar results (data not shown). E2dTM lacks the
transmembrane domain, which could affect its folding and ER
retention and thus modulate the ability of this protein to inter-
act with EDEMs and ER Manl. Second, E1 and E2 glycoproteins
assemble as noncovalent heterodimers to make functional
complexes, which may alter the interaction of these proteins
with EDEMs. To address these issues, we co-transfected HuH-7
cells with plasmids carrying full-length E1E2 glycoproteins
together with plasmids carrying either EDEMs or ER Manl.
Similar phenotypes were produced following transfection full-
length E1E2 proteins (supplemental Fig. S34), demonstrating
that functional complexes of HCV glycoproteins bind with
EDEMs. Recently, we have reported on the development of a
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FIGURE 2. Comprehensive analysis of ERAD gene expression in JFH-1-infected HuH-7.5.1 cells. A, HuH-7.5.1 cells treated with TM (5 wg/ml) for 12 h or
infected with JFH-1 for 48 and 72 h were subjected to microarray analysis, along with their negative controls. Expression of ER stress genes is shown as a heat
map. Red and green indicate up- and down-regulation, respectively. Information on each gene shown is indicated on the 3D-Gene web site. B, GRP78 and
GRP94 induction in TM-treated (left) and HCV-infected cells (right). GRP78M and GRP94M represent the defective promoters. The mean = S.D. (error bars) of

three independent experiments are shown.

packaging system of HCV subgenomic replicon sequences
through the provision of viral core NS2 proteins in trans (19).
Transcomplementation with core NS2 proteins resulted in suc-
cessful packaging of the viral sequences; therefore, plasmids
carrying these proteins are a valid construct by which to exam-
ine the interaction of envelope proteins with ERAD machinery.
Thus, we performed an immunoprecipitation assay of HuH-7
cells co-transfected with core NS2 and EDEMs. In agreement
with our previous results, EDEMs, but not ER Manl, were
observed to bind to HCV E2 protein (supplemental Fig. S3B).
To examine the functional importance of this interaction, we
analyzed the ubiquitylation of HCV E2 protein in cells co-trans-
fected with HCV E2 and EDEM proteins. An immunoprecipi-
tation assay revealed that overexpression of EDEMI1 and
EDEM3, but not of EDEM2 and ER Manl, dramatically
increased the ubiquitylation of HCV glycoprotein (Fig. 3B). In
mammals, the ER membrane ubiquitin-ligase complex
involved in the dislocation of ERAD substrates, and their ubig-
uitylation contains the ER membrane adaptor SEL1L. It has
recently been shown that SEL1L interacts with EDEM1 in cells
and functions as a cargo receptor for ERAD substrates (20);
however, it is unknown whether SEL1L interacts with other
EDEMs. We therefore assessed whether SEL1L interacts with
EDEM1, EDEM2, EDEM3, and ER Manl in cells (Fig. 3C). Inter-
estingly, endogenous SEL1L co-precipitated with EDEM1 and
EDEM3, whereas little to no interaction was observed with
EDEM2 and ER Manl. Collectively, it is likely that, although all
EDEMs can recognize HCV E1 and E2, EDEM1 and EDEM3 are
involved in the ubiquitylation of HCV glycoproteins by deliver-
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ing them to SEL1L-containing ubiquitin-ligase complexes. To
investigate further the role of EDEMs in quality control of HCV
glycoproteins, we measured the steady-state level of HCV E2
protein after EDEM knockdown. Transfection of HCV-infected
cells with siRNAs against EDEM1, EDEM2, or EDEM3 caused a
60—80% reduction in mRNA levels of the respective genes (Fig.
3D) with no cytotoxic effects observed (data not shown).
Immunoblotting showed a considerable increase in the steady-
state level of viral E2 in EDEM1 siRNA-treated cells (Fig. 3D).
We subsequently examined the turnover of E2 in cells with and
without EDEM1 knockdown. In CHX half-life experiments, E2
protein was moderately unstable in control-infected cells, pre-
sumably via proteasomal degradation (Fig. 3E). Treatment with
MG132, a proteasome inhibitor, blocked its destabilization
(data not shown). In contrast, E2 was completely stable in
EDEMI1-knockdown cells during the chase period of time
tested (Fig. 3E). Together, these results strongly suggest that
EDEM1 and EDEMS3, particularly EDEMI, are involved in the
post-translational control of HCV glycoproteins.

Involvement of EDEMI1 in the Production of Infectious
HCV—G@Given the involvement of EDEMs in the turnover of
HCV glycoproteins, we investigated whether EDEMs affect the
replication and production of infectious virus particles. EDEMs
were knocked down in HCV-infected HuH-7 cells by siRNA
transfection, and the production of infectious particles was
then monitored by measuring the extracellular infectivity titer.
Knocking down of EDEM1 and EDEMS3 in the infected cells
resulted in ~3.1-fold (p < 0.05) and ~2.3-fold increases in virus
production, respectively, compared with control cells. No effect
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FIGURE 3. EDEMs are involved in the degradation of HCV glycoproteins. A, binding of EDEMs and ER Man! with HCV E2. 293T cells were seeded in 6-well
plates at a density of 3 X 10° cells/well. After overnight incubation, cells were co-transfected with plasmids carrying HCV E2-myc (1 ug) and EDEM1-HA,
EDEM2-HA, EDEM3-HA, or ER Manl-HA proteins (1 ug each). Forty-eight hours later, cells were harvested, immunoprecipitated (/P) with anti-HA antibodies, and
Western blotting (/B) was performed with the indicated antibodies. B, ubiquitylation of HCV E2 protein in cells co-transfected with HCV E2 and EDEM plasmlds
293T cells were seeded in 6-well plates at a density of 3 X 10° cells/well. Twenty-four hours later, the cells were co-transfected with plasmids carrying HCV
E2-myc (1 pug) and EDEM1-HA, EDEM2-HA, EDEM3-HA, or ER Manl-HA genes (1 ug each). Forty-eight hours later, the cells were harvested and immunoprecipi-
tated with anti-E2 antibodies, and Western blotting was performed with the indicated antibodies. Arrow, HCV E2; open arrowhead, immunoglobulin heavy
chain. C, binding of EDEMs and ER Manl with endogenous SEL1L in cells. D, steady-state level of HCV E2 in HCV-infected HuH-7 cells after EDEM knockdown
(upper). The knockdown efficiencies of the respective siRNAs are shown in the lower panel. Values are normalized to GAPDH expression levels, and normalized
values in negative control cells have been arbitrarily set at 100%. E, stability of HCV E2 protein in EDEM1 knockdown cells. HCV-infected HuH-7 cells were
transfected with control or EDEM1 siRNA. Forty hours later, the cells were exposed to CHX (100 pg/ml) for 0, 12, 24, and 48 h, followed by immunoblotting.
Specific signals were quantified by densitometry, and the percent of HCV E2 remaining was compared with initial levels. The mean =+ S.D. (error bars) of two
independent experiments are shown.

on virus production was observed following EDEM2 gene
silencing (Fig. 44). On the other hand, no significant differ-
ences were observed with regard to intracellular HCV core pro-
tein levels among mock- and EDEM siRNA-transfected cells
(Fig. 4B), which indicates that replication of the viral genome is
not affected by EDEM proteins. To examine further whether
this effect on virus production was due to turnover of HCV
envelope proteins, we performed loss-of-EDEM-function
experiments in HuH-7 cells carrying HCV subgenomic repli-
cons. Because the replicons do not require envelope proteins,
they should be insensitive to the expression levels of
genes involved in the ERAD pathway. As expected,
siRNA-mediated knockdown of EDEMs resulted in little to
no change in genome replication (supplemental Fig. S44).
To investigate further the participation of EDEMs in the
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HCV life cycle, HCV-infected cells were examined 48 h after
transfection with an expression plasmid for either EDEM]1,
EDEM2, or EDEM3. As expected, exogenous expression of
EDEM1I in the infected cells led to a 2.4-fold decrease in virus
production compared with mock-transfected cells (p < 0.05)
(Fig. 4C). A moderate decrease of 1.7-fold was observed in
the cells overexpressing EDEM3 protein. Ectopic expression
of EDEMs and ER Manl did not cause any change in intra-
cellular HCV core protein levels (Fig. 4D). Similarly, little or
no change was observed in genome replication when plas-
mids carrying EDEMs were introduced into HCV sub-
genomic replicon cells (supplemental Fig. S4B). These
results indicate that EDEM1 and EDEMS3, particularly
EDEM]1, regulate virus production, possibly through post-
translational control of HCV glycoproteins.
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FIGURE 4. Role of EDEMs in HCV replication and production of infectious virus particles. A, HCV production in HuH-7 cells transfected with EDEM siRNAs.
Cells were infected with JFH-1 at a m.o.i. of 1. Twenty-four hours later, the cells were transfected with the indicated siRNAs at a final concentration of 10 nm. The
culture medium was harvested 48 h later and was used to infect naive HuH-7.5.1 cells seeded in a 96-well plate. Immunostaining using anti-HCV core antibodies
was performed at 72 h after infection, and focus-forming units were counted. B, siRNA-transfected and HCV-infected cells described in A harvested at 48 h after
infection. Intracellular HCV core protein was measured. The values were normalized to total protein in the cell lysate samples. C, HCV production in HuH-7 cells
transfected with plasmids carrying EDEM1-HA, EDEM2-HA, EDEM3-HA, or ER Manl-HA genes. D, intracellular HCV core protein within the cells described in C.
Expression levels of the EDEMs and ER Manl were determined by anti-HA immunoblotting. The mean * S.D. (error bars) of three independent experiments are

shown in all of the panels.

Chemical Inhibition of the ERAD Pathway Increases HCV
Production—XIF, a potent inhibitor of ER mannosidase, is
reported to inhibit the ERAD pathway. When HCV-infected
cells were treated with KIF, virus production increased in the
culture medium in a dose-dependent manner (Fig. 54, left), and
the steady-state level of E2 in the cells increased accordingly
(Fig. 54, right). No change was observed in intracellular HCV
core protein levels after KIF treatment (Fig. 54, center). Kinetic
analyses showed that E2 was stabilized dramatically in KIF-
treated cells (Fig. 5B), whereas the fate of HCV core protein, a
nonglycoprotein, was not affected by KIF treatment (supple-
mental Fig. S5). No effect on virus replication was observed
when the cells harboring JFH-1 subgenomic replicons were
treated with KIF (data not shown).

On the basis of these findings, one may hypothesize that KIF
contributes to the stabilization of HCV glycoprotein(s) by
interfering with the interaction between (i) EDEMs and viral
proteins, or (ii) EDEMs and SEL1L. To address this, HCV E2
was co-expressed in 293T cells with EDEM1, EDEM2, EDEM3,
or ER Manl in the presence or absence of KIF, followed by
immunoprecipitation (Fig. 5C). E2 was shown to interact with
EDEM]1, EDEM2, and EDEM3, analogous to the data shown in
Fig. 34, and KIF did not block the interactions. Decreased elec-
trophoretic mobility of E2 was detected in KIF-treated cells,
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possibly due to a change in glycan composition caused by inhi-
bition of mannosidase activity. These findings led us to investi-
gate whether the glycans on HCV glycoproteins are required for
binding to EDEMs. We generated E1 and E2 mutants by replac-
ing their N-glycosylation sites with glutamine residues and ana-
lyzed their interaction with EDEMs. Removal of the glycans did
not inhibit the binding of E1 and E2 proteins to EDEM, dem-
onstrating that N-glycans on the surface of viral proteins are not
indispensible for an interaction between EDEMs and HCV gly-
coproteins to occur (supplemental Fig. S6). The effect of KIF on
the association of EDEMs with downstream ERAD machinery
was examined further. In cells co-expressing E2 and EDEMs,
the interaction of SEL1L with EDEM1 and EDEM3 was signif-
icantly reduced in the presence of KIF (p < 0.05) (Fig. 5C).
Consistent with these results, KIF abrogated the EDEM1- and
EDEM3-mediated ubiquitylation of HCV E2 protein (Fig. 5D).
This inhibitory effect of KIF on the SEL1L-EDEM interaction
was also observed in HuH-7 cells (supplemental Fig. S7). These
results suggest that KIF stabilizes HCV glycoproteins by inter-
fering with the SEL1L-EDEM interaction and thus leads to an
increase in virus production.

Role of ERAD in the Life Cycle of JEV—This study demon-
strates involvement of the ERAD pathway in HCV production.
However, the role of this pathway in the production of other
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FIGURE 5. Effect of KIF on HCV production and stability of E2. A, extracellular HCV titer, intracellular HCV core protein expression, and steady-state
level of HCV E2 in HuH-7 cells treated with different concentrations of KIF. B, CHX-based HCV protein stability assay of HCV E2 protein in KIF-treated cells
as described in Fig. 3E. E2 protein levels normalized to actin levels are shown in the graph on the right. The open and filled circles indicate KIF-treated and
nontreated cells, respectively. The mean * S.D. (error bars) of two independent experiments are shown. C, binding of EDEMs and ER Manl with HCV E2
and SEL1L in 2937 cells in the absence or presence of KIF. 293T cells were seeded in 6-well plates at a density of 3 X 10° cells/well. After overnight
incubation, the cells were co-transfected with plasmids carrying HCV E2-myc (1 ng) and EDEM1-HA, EDEM2-HA, EDEM3-HA, or ER Mani-HA proteins (1
g each). After 6 h, the culture medium was replaced with fresh or KIF-containing medium (100 um). Forty-eight hours later, the cells were harvested and
immunoprecipitated (IP) with anti-HA antibodies, after which Western blotting (/B) was performed with the indicated antibodies. Specific signals were
quantified by densitometry, and the ratio between HCV E2 and HA (right graph) and between SEL1L and HA (left graph) in the same lanes is plotted on
the graphs. The mean = S.D. of three independent experiments are shown. D, EDEM protein-mediated ubiquitylation of HCV E2 protein in 293T cells in
the absence or presence of KIF, The experimental procedure was the same as that described in Fig. 5C, except that immunoprecipitation was performed
with anti-HCV E2 antibodies.

viruses is still unknown. To this end, we examined its role in the
life cycle of JEV, another member of the Flaviviridae family. In
contrast to HCV, KIF treatment had little effect on JEV produc-
tion in infected cells (Fig. 6A) or the steady-state level of viral E
glycoprotein (Fig. 6B). Interaction of EDEMs with JEV E was
analyzed further. Neither EDEMs nor ER Manl was found to

DISCUSSION

Accumulating evidence points to a role of the ERAD pathway
in the pathogenesis of different genetic and degenerative dis-
eases. However, the involvement of ERAD in the life cycle of
viruses and infectious diseases remains poorly understood.

interact with JEV E in cells (Fig. 6C), indicating no significant
role of the ERAD pathway in the JEV life cycle. Altogether, these
results strongly suggest that the ERAD pathway is involved in
the quality control of glycoproteins of specific viruses, possible
through an interaction with EDEM(s), and subsequent regula-
tion of virus production.

OCTOBER 28, 2011 +VOLUME 286+NUMBER 43

Until recently, an experimental HCV cell culture infection sys-
tem has been lacking such that studies evaluating the effect of
HCYV infection on the ERAD pathway were performed by either
using HCV subgenomic replicons which lack structural pro-
teins or by ectopic expression of one or multiple structural pro-
teins (21, 22). However, this problem was solved by identifica-

JOURNAL OF BIOLOGICAL CHEMISTRY 37271

— 256 —



HCV Glycoproteins Are Targets of the ERAD Pathway

>

B

JEVE

Infectivity titer
(x108 ffu/mL)

Actin e S S g -

Mock 0 10 50 100

KIF (M)

C IP : anti-HA Input
EDEMIHA = + =~ =~ = - =~ 4 = -~ = -
EDEM2HA = - + - - - - =+ - - -
EDEM3-HA = ~ - * - - - - - + - -
ERManktHA - - =~ = % = = = = .~ 4+ =~

pCAGC105E + + + + + -

1B:
anti-JEV E

- anti-HA

FIGURE 6. Binding of JEV envelope glycoprotein with EDEMs and effect of
KIF on JEV production. A, JEV production in HuH-7 cells treated with KIF. The
mean = S.D. (error bars) of three independent experiments are shown. B,
effect of KIF on the steady-state level of JEV envelope protein. , binding of
EDEMs with the JEV envelope.

tion of an HCV clone, JFH-1, capable of replicating and
assembling infectious virus particles in cultured hepatocytes
(15). In the present study, we used JFH-1 to examine the effect
of HCV infection on activation of the ERAD pathway and its
role in the virus life cycle. Our results show that the ERAD
pathway is activated in HCV-infected cells, as evidenced by the
maturation of XBP1 mRNA to its active form and up-regulation
of EDEM1 (Fig. 1, A-D). Knocking down IRE1 reversed the
induction of EDEM1, indicating that HCV infection-induced
activation of the ERAD pathway is mediated through IRE1 (Fig.
1F). Loss- and gain-of-function analyses indicated that EDEM1
and EDEMS3, particularly EDEMI, are involved in the post-
translational control of HCV glycoproteins by which viral pro-
duction is down-regulated (Figs. 3, D and E, and 4A). Our
results suggest that EDEM1 and EDEM3 play a role in delivery
of viral glycoproteins to the SEL1L-containing ubiquitin-ligase
complex. It has recently been reported that coronavirus infec-
tion causes an accumulation of EDEM1 in membrane vesicles
which are sites of viral replication, but that EDEM1 is not
required for coronavirus replication (23). To our knowledge,
the present study is the first to demonstrate regulation of the
viral life cycle by ERAD machinery through interaction of
EDEMs with viral glycoproteins.

We propose that the mechanisms described here are impor-
tant during the early stages of establishing persistent HCV
infection. ER stress caused by high levels of HCV infection dur-
ing the acute phase presumably results in activation of the
ERAD pathway. Induced EDEMs enhance the degradation of
HCV envelope proteins, thereby reducing virus production.
Maintenance of moderately low levels of HCV in the infected
liver may contribute to the persistence of HCV infection, often
associated with a lengthy asymptomatic phase that can last for
decades. A range of viruses, including flaviviruses such as JEV,
dengue virus, and West Nile virus, have been reported to induce
XBP1 mRNA splicing triggered by ER stress (2, 3, 24). However,
we demonstrate here that, in contrast to HCV, the envelope
protein of JEV, which causes acute encephalitis, is not recog-
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nized by EDEMs, and the ERAD pathway does not control JEV
production.

N-Linked glycoproteins displaying the glycan precursor
Glc1Man9GIcNAc2 bind ER chaperones, such as calnexin or
calreticulin, which facilitates protein folding. Removal of the
terminal Glc from glycans disrupts this interaction with chap-
erones leading to Man trimming and delivery to ERAD machin-
ery. A glucosyltransferase can transfer the terminal Man-linked
Glc back to glycans, thereby allowing the “calnexin cycle” to
continue until the glycoproteins are properly folded (for review,
see Ref. 25). During this cycle, the decision of when to abandon
additional folding attempts for immature polypeptides and to
direct them instead toward the degradation pathway appears to
be a crucial element of protein quality control. The basis by
which this occurs, however, is not fully understood. Here, we
demonstrate that stabilization of HCV envelope proteins and
increased virus production occurs with KIF treatment (Fig. 5, A
and B) and with gene silencing of either EDEM1 or EDEM3
(Figs. 3, D and E, and 4A). It is generally accepted that ERAD
functions to eliminate proteins that are unable to adopt their
native structure after translocation into the ER. From our
results, however, one could argue that, during the HCV life
cycle, at least a fraction of the competently folded viral glyco-
protein intermediates may be released from the calnexin cycle
before maturation and thereby be recognized as ERAD sub-
strates. As suggested previously, the processes of protein fold-
ing and ERAD compete to some extent for newly synthesized
polypeptides (26, 27). Under conditions in which high concen-
trations of ERAD-related factors are found in the ER due to
induction of ER stress by viral infection, activated ERAD
machinery may efficiently capture protein intermediates with
folding/refolding capacity and cause premature termination of
chaperone-assisted protein folding.

EDEM1 has recently been found to bind SEL1L, which is
involved in the translocation of ERAD substrates from the ER to
the cytoplasm (20). Our results demonstrate efficient binding of
EDEM1 and EDEMS3 to SEL1L, whereas EDEM2 exhibits only
residual binding. In agreement with these results, increased
ubiquitylation of HCV E2 protein was observed in cells overex-
pressing EDEM1 and EDEMS3, but not in cells overexpressing
the EDEM2 ortholog (Fig. 3B). Furthermore, KIF inhibited the
binding of EDEM1 and EDEM3 with SEL1L, thus abrogating
the ubiquitylation and enhancing the stability of HCV E2 pro-
tein (Fig. 5, B and D). It has been reported that KIF inhibits the
interaction between EDEM1 and SEL1L, thus stabilizing ERAD
substrates (4). Therefore, our results confirm previous findings
and show that, along with EDEM1, KIF inhibits the binding of
SEL1L to EDEM3. Furthermore, we have been the first to show
that HCV E2 is a virus-derived ERAD substrate that can be used
to analyze the mechanisms of this pathway. Taken together, our
results indicate that EDEM1 and EDEMS3, but not EDEM2,
might be involved in targeting ERAD substrates to the translo-
cation machinery, which may partly explain the different roles
of the three EDEMs in HCV production. Although both
EDEM1 and EDEM3 bind SEL1L and HCV envelope proteins,
EDEML1 appears to have a larger role in regulation of HCV pro-
duction than EDEM3. This is supported further by the finding
that enhanced ubiquitylation of HCV E2 occurs in the presence
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of EDEM1 overexpression (Figs. 3B and 5D). In EDEM3-knock-
down cells, EDEM1 may take over the function of delivering
ERAD substrates to the translocation machinery. We also spec-
ulate that EDEM1 may function as a helper for EDEM3. This is
supported by the observation that EDEM1 and EDEM3 syner-
gistically increase HCV production when knocked down
together (data not shown). HCV glycoproteins are a suitable
means by which to investigate differences and redundancies
pertaining to the role of EDEMs in the ERAD pathway.

HCV-infected and TM-treated cells demonstrated the great-
est activation of EDEM1 transcript production among EDEMs
(Fig. 1, C and D, and supplemental Fig. S1). Although it is
known that XBP1 binds to specific ER stress-responsive cis-
acting elements to induce EDEMs (28, 29), the exact mecha-
nism of transcriptional regulation is not fully understood. It will
be interesting to examine regulatory mechanism(s) specific to
individual EDEM homologs in an ER stress-dependent or -in-
dependent manner.

These findings highlight the crucial role of the ERAD path-
way in the HCV life cycle. Further studies are needed to clarify
the details of this complex pathway. The data generated in this
work, however, further contribute to our understanding of the
mechanisms that govern the maturation and fate of viral glyco-
proteins in the ER.
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ARTICLE INFO ABSTRACT
Article history: Nonstructural protein 5A (NS5A) of hepatitis C virus (HCV) plays multiple and diverse roles in the viral
Received 26 May 2011 lifecycle, and is currently recognized as a novel target for anti-viral therapy. To establish an HCV cell cul-

Available online 6 June 2011 ture system with NS5A of various strains, recombinant viruses were generated by replacing NS5A of
strain JFH-1 with those of strains of genotypes 1 (H77; 1a and Con1; 1b) and 2 (J6CF; 2a and MA; 2b).
Keywords: All these recombinant viruses were capable of replication and infectious virus production. The replace-
HCV . ment of JFH-1 NS5A with those of genotype 1 strains resulted in similar or slightly reduced virus produc-
c?:l? :;'s:?;:’l; tion, whereas replacement with those of genotype 2 strains enhanced virus production as compared with
JFH-1 JFH-1 wild-type. A single cycle virus production assay with a CD81-negative cell line revealed that the
efficient virus production elicited by replacement with genotype 2 strains depended on enhanced viral

assembly, and that substitutions in the C-terminus of NS5A were responsible for this phenotype.

Pulse-chase assays revealed that these substitutions in the C-terminus of NS5A were possibly associated

with accelerated cleavage kinetics at the NS5A-NS5B site, Using this cell culture system with NS5A-

substituted recombinant viruses, the anti-viral effects of an NS5A inhibitor were then examined. A

300- to 1000-fold difference in susceptibility to the inhibitor was found between strains of genotypes

1 and 2. This system will facilitate not only a better understanding of strain-specific roles of NS5A in

the HCV lifecycle, but also enable the evaluation of genotype and strain dependency of NS5A inhibitors.

© 2011 Elsevier Inc. All rights reserved.

system with strain JFH-1 has enabled the study of the viral lifecycle
and research into anti-viral compounds [1]. However, the available
strains used in the HCV cell culture system are still limited to JFH-1
(genotype 2a) and H77S (genotype 1a) [2]. Thus, JFH-1 based re-
combinant viruses harboring specific regions of other strains
would be useful to assess the genotype or strain-specific sensitivity
to novel anti-HCV compounds.

1. Introduction

Approximately 3% of the world’s population is persistently in-
fected with hepatitis C virus (HCV) and at increased risk of fatal
chronic liver diseases such as decompensated liver cirrhosis and
hepatocellular carcinoma. HCV have significant diversity in their
genome and are grouped into six major genotypes. Among these

genotypes, genotypes 1 and 2 are distributed worldwide and are
predominant in Japan. The genotype is an important viral factor
to predict the outcome of interferon (IFN)-based therapy. Because
the efficacy of current therapy with pegylated IFN and ribavirin is
insufficient, there is great interest in the development of novel
HCV-specific inhibitors. The development of an HCV cell culture

* Corresponding author. Address: Department of Virology 11, National Institute of
Infectious Diseases, 1-23-1 Toyama, Shinjuku-ku, Tokyo 162-8640, Japan. Fax: +81
35285 1161.

E-mail address: takato@nih.go.jp (T. Kato).

0006-291X/$ - see front matter © 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2011.05.144

Although NS5A is an essential and involved in HCV RNA replica-
tion and virus assembly [3,4], it has been reported to be tolerable
for trans-complementation in replication-defective mutants due
to critical mutations in NS5A [5]. We hypothesized that the NS5A
of strain JFH-1 could be replaced with those of other strains. In
the present study, we developed a cell culture system with JFH-1
based intra- and inter-genotypic recombinant HCV harboring
NS5A of strains H77 (genotype 1a) [6], Cont (genotype 1b) [7],
J6CF (genotype 2a) [8], and MA (genotype 2b) [9]. Through the
use of these recombinant viruses, we evaluated the effects of
NSSA replacement on the HCV lifecycle and susceptibility to the
NS5A inhibitor BMS-790052.
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2. Materials and methods
2.1. Cell culture

The human hepatoma cell line, HuH-7, and derivative cell lines,
Huh7.5.1 [10] and Huh7-25 [11], were cultured in complete
growth medium as described previously [1,11].

2.2. Plasmid construction

Plasmids containing the full-genome of HCV strain JFH-1
(pJFH1) and of a replication defective mutant (pJFH1/GND) have
been described previously [1]. The construction of the NS5A re-
placed recombinant viruses and subgenomic reporter replicons
was described in Supplementary materials.

2.3. In vitro RNA synthesis and RNA transfection

In vitro synthesis of HCV RNA and RNA transfection were per-
formed as described elsewhere [1].

2.4. Quantification of HCV core protein, luciferase activity, and extra-
and intra-cellular infectivity

Quantification of these values was described in Supplementary
materials.

2.5, Inhibition of HCV production by a specific NS5A inhibitor

Huh7.5.1 cells (3 x 10%) were electroporated with 3 ug of syn-
thetic HCV RNA, suspended in 15 mL complete growth medium,
and seeded into 24-well plates. At 4 h after electroporation, the
culture medium was replaced with medium containing 0.1% di-
methyl sulfoxide (DMSO) with or without various concentrations
of the specific NS5A inhibitor BMS-790052 (provided from Bris-
tol-Myers Squibb Company, Plainsboro, NJ) [12]. After 44 h incuba-
tion, cells were harvested and HCV core protein was quantified.

2.6. Statistical analysis

Unpaired 2-tailed t-test was performed to evaluate the signifi-
cance of results, and p < 0.05 was considered significant.

3. Results
3.1. Development of recombinant HCV with NS5A of genotypes 1 and 2

To establish an HCV cell culture system with NS5A of various
strains, we generated recombinant viruses by replacing NS5A of
strain JFH-1 with those of genotypes 1 and 2 strains. By transfec-
tion of in vitro transcribed RNA, efficient production of HCV core
protein was detected in JFH-1 wild-type (JFH1/wt) and other re-
combinant viruses, but not in the replication defective mutant
JFH1/GND (Fig. 1A). When compared between JFH1/wt and other
recombinant viruses, intracellular core protein levels were compa-
rable at days 2 and 3 after transfection, while extracellular core
protein levels were very different. The extracellular core protein le-
vel of JFH1/wt-transfected cells increased exponentially up to
23,515+ 1790 fmol/L at day 3. Similar kinetics was observed in
JFH1/5A-H77-transfected cells. However, the extracellular core
protein level of JFH1/5A-Con1-transfected cells was approximately
2.5-fold lower than that of JFH1/wt at days 2 and 3. Interestingly,
the extracellular core protein levels of intra-genotypic recombi-
nant viruses, JFH1/5A-J6CF and 5A-MA, were 2.5- to 3.5-fold higher
than that of JFH1/wt at days 2 and 3. To evaluate the effect of these

NS5A replacements on HCV replication, we used recombinant sub-
genomic reporter replicons, SGR-JFH1/RLuc/wt, 5A-H77, 5A-Con1,
5A-J6CF, and 5A-MA. The Renilla luciferase activities of these re-
combinant subgenomic replicons were comparable to that of
SGR-JFH1/Rluc/wt, suggesting similar levels of replication effi-
ciency (Fig. 1B).

To further assess whether NS5A replacement affected other
steps of the viral lifecycle, we used a single cycle virus production
assay with Huh7-25 cells, a HuH-7-derived cell line lacking CD81
expression on the cell surface [11]. This cell line can support repli-
cation and infectious virus production upon transfection of HCV
genomic RNA, but cannot be reinfected by produced HCV, therefore
allowing the observation of a single cycle of infectious viral pro-
duction without the confounding effects of reinfection [13]. As
shown in Fig. 1C, JFH1/wt yielded an extracellular infectivity titer
of 1585 + 436 FFU/well at day 2 after transfection. JFH1/5A-H77
and 5A-Con1 showed significantly lower titers, while JFH1/5A-
J6CF and 5A-MA showed significantly higher intracellular infectiv-
ity titers compared to JFH1/wt (p < 0.05). These data were consis-
tent with the extracellular core protein levels of JFH1/wt and
recombinant viruses (Fig. 1A). A similar tendency was observed
in the intracellular infectivity titers of JFH1/wt and recombinant
viruses (Fig. 1C). To estimate the efficiency of viral particle assem-
bly, we determined the intracellular specific infectivity by calculat-
ing the ratio of the intracellular infectivity titer over the
intracellular HCV core protein level. The intracellular specific infec-
tivities of JFH1/5A-H77 and 5A-Con1 were 2.5- and 8-fold lower
than that of JFH1/wt, respectively, while JFH1/5A-J6CF and 5A-
MA showed 12- and 4-fold higher infectivities compared to JFH1/
wt, respectively, suggesting a low assembly efficiency of JFH1/
5A-H77 and 5A-Con1, and a high assembly efficiency of JFH1/5A-
J6CF and 5A-MA (Fig. 1D). Taken together, all recombinant viruses
could replicate and yielded infectious virus. Intra-genotypic re-
combinant viruses, JFH1/5A-J6CF and 5A-MA, had a higher ability
to produce infectious virus than JFH1/wt in cultured cells.

3.2. The C-terminus of NS5A is responsible for enhanced viral assembly

The efficient infectious virus production of intra-genotypic re-
combinant viruses was unexpected. This prompted us to search
for causes of the enhancement. To analyze the enhanced virus
assembly of JFH1/5A-J6CF and 5A-MA, we focused on the C-termi-
nus of NS5A of these strains, because this region influence the
cleavage between NS5A and NS5B, and the cleavage is reported
to be involved in virus assembly [14]. We generated recombinant
JFH-1 viruses harboring 10 amino acids of the C-terminus of
NS5A of J6CF and MA (JFH1/5AcJ6 and 5AcMA, respectively), and
investigated replication and infectious virus production. In these
10 amino acids of the C-terminus of NS5A, JFH1/5AcJ6 and 5AcMA
contain 2 and 6 substitutions, respectively, as compared with JFH1/
wt, and 2 of them, T2438S and T2439V, are common (Fig. 2A). As
shown in Fig. 2B, the extracellular core protein level of JFH1/
5Acj6-transfected cells was higher than those of JFH1/wt- and
5A-J6CF-transfected cells at the examined time points. A similar
tendency was observed between JFH1/5AcMA and JFH1/wt or 5A-
MA (Fig. 2C). In contrast to the extracellular core protein levels,
the intracellular core protein levels were comparable for all NS5A
recombinants at the examined time points.

We next assessed the replication of recombinant subgenomic
luciferase reporter replicons on the basis of JFH1/5AcJ6 and 5AcMA
(Fig. 2D). JFH1/5AcJ6 and 5AcMA showed similar levels of replica-
tion to JFH1/wt at day 2 after transfection. To investigate the ef-
fects of substitutions at the C-terminus of NS5A on infectious
viral particle assembly, we determined the extra- and intracellular
infectivity with the single cycle virus production assay with Huh7-
25 cells. As shown in Fig. 2E, extra- and intracellular infectivities of
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