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Viral infections activate cellular expression of type | interferons (IFNs). These responses are partly

. triggered by RIG-I and mediated by Cardif, TBK1, IKKe and IRF-3. This study analysed the

mechanisms of dsRNA-induced IFN responses in various cell lines that supported subgenomic
hepatitis C virus (HCV) replication. Transfection of dsRNA into Huh7, HeLa and HEK293 cells
induced an IFN expression response as shown by IRF-3 dimerization, whilst these responses

were abolished in corresponding cell lines that expressed HCV replicons. Similarly,
RIG-I-dependent activation of the IFN-stimulated response element (ISRE) was significantly
suppressed by cells expressing the HCV replicon and restored in replicon-eliminated cells.
Overexpression analyses of individual HCV non-structural proteins revealed that NS4B, as well as
NS34A, significantly inhibited RIG-I-triggered ISRE activation. Taken together, HCV replication
and protein expression substantially blocked the dsRNA-triggered, RIG-I-mediated IFN
expression response and this blockade was partly mediated by HCV NS4B, as well as NS34A.
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These mechanisms may contribute to the clinical persistence of HCV infection and could
constitute a novel antiviral therapeutic target.

INTRODUCTION

Type I interferon (IFN) plays a central role in eliminating
virus, not only following clinical therapeutic application
but also as a cellular immune response (Samuel, 2001;
Taniguchi & Takaoka, 2002). Hepatitis C virus (HCV)
infection is characterized by persistence and replication of
the virus in the liver, despite an intact host immune system
(Alter, 1997). Indeed, even after administration of the
currently most potent IFN reagents, as many as half of the
patients are refractory to the treatment and fail to eradicate
the virus (Fried et al., 2002). These features have led to
speculation that HCV escapes from or attenuates the host
antiviral response (Katze et al., 2002).

tThese authors contributed equally to this work,

Cellular antiviral responses are primarily mediated by IFN
and IFN-stimulated genes (ISGs), including 2,5-oligoade-
nylate synthetase, dsRNA-dependent protein kinase R
(PKR) and MxA proteins, as well as by as yet uncharacter-
ized genes (Itsui et al., 2006; Stark et al., 1998). A study of
experimental chimpanzee HCV infection has shown that
various cytokines and chemokines are induced in the liver
during the course of acute HCV infection and its clearance,
and that a considerable proportion of the genes is induced
by type I IFN (Bigger et al, 2001).

Control of expression of ISGs is mediated by binding of type
I'IFNs to their receptors. Following receptor binding, STAT1
and STAT2 are phosphorylated to form ISGF-3, which
translocates to the nucleus and binds the IFN-stimulated
response element (ISRE), located in the promoter/enhancer
region of ISGs, and activates transcription of ISGs (Samuel,
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2001; Taniguchi et al, 2001; Taniguchi & Takaoka, 2002).
ISRE-dependent gene expression is also mediated by binding
of the ISRE by molecules such as IRF-I, IRF-3 and IRF-7
(Kanazawa et al, 2004). IRF-3 is a transducer of virus-
mediated signalling and plays a critical role in the induction
of cellular antiviral responses (Lin et al, 1998; Sato et al.,
2000; Taniguchi et al, 2001; Yoneyama et al, 1998).
Transcriptional activation and suppression of IRF-3 are
inversely correlated with the level of HCV replication in vitro
(Yamashiro et al., 2006). Following virus infection, IRF-3 is
phosphorylated by two cytoplasmic kinases, TBK1 and IKKe
(Fitzgerald et al, 2003; Sharma et al, 2003). The
phosphorylated IRF-3 forms a homodimer, translocates to
the nucleus and predominantly activates expression of the
IFN-B gene and certain ISGs (Doyle et al,, 2002; Nakaya
et al., 2001; Taniguchi & Takaoka, 2002).

RIG-I is a recently identified cytoplasmic DExD/H box
RNA helicase that participates in recognition of virus-
related dsRNA as a pathogen-related molecular pattern
(Yoneyama et al, 2005). RIG-I contains two caspase-
recruitment domains (CARDs) in the N terminus and a
DExD/H box RNA helicase in the C terminus. MDA5 has
been identified as another CARD-containing DExD/H box
RNA helicase (Andrejeva et al.,, 2004). More recently, an
adaptor molecule of RIG-I and MDAS5, Cardif (also known
as IPS-I, MAVS and VISA), has been identified by four
independent groups (Kawai et al, 2005; Meylan et al,
2005; Seth et al., 2005; Xu et al., 2005). On association with
dsRNA, RIG-I or MDA5 causes conformational changes
and homo-oligomerization, and binds the CARD of Cardif
(Saito et al., 2007). Cardif subsequently recruits the kinases
TBK1 and IKKe, which catalyse phosphorylation and
activation of IRF-3 (Yoneyama et al., 1998).

The IRF-3-mediated IFN-f induction pathway could be a
target for viruses to counteract antiviral responses and
promote their replication in host cells. Ebola virus, bovine
viral diarrhea virus (BVDV) and influenza A virus interfere
with the activation of IRF-3 through interactions of their
virus-encoded proteins (Basler et al, 2003; Schweizer &
Peterhans, 2001; Talon et al, 2000). There are several
reports that HCV proteins interact with IFN-mediated
antiviral systems. The NS5A and E2 proteins have been
reported to interfere with the action of IFN by inhibiting
the activity of PKR (He & Katze, 2002). It was reported
recently that the HCV NS34A protease blocks virus-
induced activation of IRF-3, possibly by proteolytic
cleavage of Cardif (Foy et al, 2003; Meylan et al., 2005).

The HCV subgenomic replicon is an in vitro model that
simulates autonomous cellular replication of HCV geno-
mic RNA (Lohmann et al., 1999). Expression of the HCV
replicon can be abolished by treatment with small amounts
of type I and type II IFNs (Blight et al., 2000; Frese et al.,
2002; Guo et al, 2001), suggesting intact IFN receptor-
mediated cellular responses. In contrast, viral expression
persists in the absence of the exogenous IFN. Baseline
expression levels of ISG were substantially decreased in cells

expressing the HCV replicon compared with parental
Huh7 cells (Kanazawa et al., 2004). These findings led us
to speculate that intracellular virus-induced antiviral
responses are attenuated or caused to malfunction by the
expression of viral proteins.

In this study, we investigated cell lines that support
subgenomic HCV replication and HCV cell culture for the
dsRNA-induced cellular IFN expression pathway. Here, we
report that RIG-I- and Cardif-mediated IFN gene activa-
tion is uniformly attenuated in several replicon-expressing
cell lines of different lineages and, more importantly, that
the HCV NS4B protein is involved in the suppression of
antiviral IFN responses.

METHODS

Plasmids. Plasmids pEF-flagRIG-I and ARIG-I expressed full-length
and C-terminally truncated RIG-I protein, respectively (Yoneyama
et al., 2004). The plasmid pER-flagRIG-IKA (RIG-IKA) has a point
mutation in the putative ATP-binding site of the RIG-I helicase
domain and was used as a negative control for ARIG-I and RIG-I full
transfection assays. Expression plasmids for full-length Cardif
(Cardif), Cardif CARD (CARD) and CARD-truncated Cardif
(ACARD) were provided by Dr J. Tschopp (University of Lausanne,
Switzerland) (Meylan et al., 2005). Expression plasmids for toll-like
receptor 3 (TLR3) and TIR domain-containing adaptor inducing
IFN- (TRIF), the transmembrane receptor of dsRNA and the
adaptor molecule of TLR3, respectively, were provided by Dr S. Akira
(Osaka University, Japan). Plasmids expressing HCV NS345, NS3,
NS34A, NS4A, NS4B, NS5A and NS5B were amplified from HCV
pCV-J4-L4S (Yanagi et al., 1997) by PCR and subcloned. The DNA
fragments were inserted into the vector pcDNA4/TO/myc-His
(Invitrogen). Nucleotide sequences were confirmed by sequencing.
Plasmids TOPO-NS34A (HCV N), TOPO-NS4B (HCV N) and
pcDNA-NS4B (HCV JFH1) expressed Myc-tagged NS34A and NS4B
proteins derived from the HCV N (Beard et al., 1999) and HCV JFH1
(Wakita et al, 2005) strains, as indicated. Plasmid pISRE-TA-Luc
(Invitrogen) contained five copies of consensus ISRE motifs upstream
of the firefly luciferase gene. Plasmid pIFNB-Fluc was constructed by
cloning the human IFN-§ promoter region, spanning nt —110 to
—36, upstream of the firefly luciferase gene of pGL3 Basic (Promega).
Plasmid pcDNA3.1 (Invitrogen) was used as an empty vector for
mock transfection. pRL-CMV (Promega), which expressed the Renilla
luciferase protein, was used for correction of transfection efficiency.

Cell culture. HCV strain JFH1-infected Huh7.5.1, Huh7, Huh7.5.1
(kindly provided by Dr F. Chisari, The Scripps Institute, CA, USA;
Zhong et al., 2005), HeLa and HEK293 cells were maintained in
Dulbecco’s modified minimal essential medium (Sigma) supplemen-
ted with 2 mM L-glutamine and 10 % fetal calf serum at 37 °C with
5% CO,. Cells expressing the HCV replicon were cultured in medium
containing 100 ug G418 (Wako) ml™".

HCV replicon constructs and transfected cell lines. An HCV
subgenomic replicon plasmid, pHCVIbneo-delS (designated pRep-
N), was derived from an HCV clone of strain N, genotype 1b, and
pSGR-JFH1 was derived from HCV JFH1, genotype 2a {(Guo et al,
2001; Wakita et al, 2005). These replicons were reconstructed by
substituting the neomycin phosphotransferase gene with a fusion
gene comprising Renilla luciferase and neomycin phosphotransferase
to construct pRep-Reo-1b and pRep-Reo-2a, respectively (Tanabe
et al, 2004; Yokota et al, 2003). RNA was synthesized from the
replicons using T7 polymerase (Promega) and transfected into Huh?7,
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HeLla and HEK293 cells. After culture in the presence of G418, cell lines
stably expressing the replicon were established (Huh7/1bReo, Huh7/
2aReo, HeLa/2aReo and 293/2aReo). We have previously reported that
firefly luciferase activities of Feo-replicon-expressing cells correlate well
with HCV NS3, NS4A and NS5A protein expression levels and with the
levels of replicon RNA (Yokota et al., 2003).

Transient transfection. Transient DNA transfection was performed
using Lipofectamine 2000 (Invitrogen) according to the manufacturer’s
protocol. ISRE reporter assays were carried out as previously described
(Nakagawa et al., 2004). To analyse IFN expression in HCV JFHI cell
cultures, a total of 1 x 10° Huh7.5.1, JFH-1 infected Huh7.5.1 and IFN-
treated Huh7.5.1 cells were seeded into 24-well plates the day before
transfection. Plasmids pISRE-TA-Luc and ARIG-I (200 ng each) were
transfected using 1 pl Lipofectamine 2000. RIG-IKA was used as a
control. Luciferase assays were performed on day 3 post-transfection.

For further study, 400 ng of each non-structural protein was added to
1x 10* Huh7 or HEK293 cells that had been seeded into 96-well
plates the day before transfection. pISRE-TA-Luc and ARIG-I (40 ng
each) were transfected using 0.5 pl Lipofectamine 2000. RIG-IKA was
used as a control.

Western blotting. Preparation of the cytoplasmic and nuclear
fractions of cell lysates was carried out as described previously
(Tanabe et al., 2004). Protein (20 pg) was separated using NuPAGE
4-12% Bis/Tris gels (Invitrogen) and blotted onto an Immobilon
PVDF membrane (Roche). The membrane was immunoblotted with
anti-IRF-3 (Santa Cruz) and detected by chemiluminescence (BM
Chemiluminescence Blotting Substrate; Roche).

RT-PCR. Interleukin (IL)-8 mRNA was detected by RT-PCR as
described previously (Itsui et al., 2006). The primers used were IL8-S
(5'-GCACAAACTTTCAGAGACAGCAGAGCACAC-3') and IL8-AS
(5'-CAGAGCTGCAGAAATCAGGAAGGCTGCCAA-3').

Indirect immunofluorescence assay. Cells seeded onto tissue
culture chamber slides were fixed with cold acetone. The cells were
incubated with anti-protein disulphide isomerase (PDI) or anti-Myc
antibodies and subsequently with Alexa 488- or Alexa 568-labelled
secondary antibodies. Cells were mounted with VECTA SHIELD
Mounting Medium and DAPI (Vector Laboratories) and visualized by
fluorescence microscopy (BZ-8000; Keyence).

Luciferase reporter assays. Luciferase activity was measured using
a 1420 Multilabel Counter (ARVO MX; PerkinElmer) using a Bright-
Glo Luciferase Assay System (Promega) or a Dual Luciferase Assay
System (Promega). Assays were carried out in triplicate and the
results expressed as means % sp.

MTS assay. To evaluate cell viabilities, dimethylthiazol carboxy-
methoxyphenyl sulfophenyl tetrazolium (MTS) assays were per-
formed using a CellTiter 96 AQueous One Solution Cell Proliferation
Assay kit (Promega) according to manufacturer’s instructions.

Statistical analyses. Statistical analyses were performed using an

unpaired, two-tailed Student’s t-test. P values of less than 0.05 were
considered to be statistically significant.

RESULTS

IRF-3 dimer formation is attenuated in cells
expressing the HCV replicon

In the HCV replicon-expressing cell lines Huh7/Rep-Reo-2a,
Hela/Rep-Reo-2a and 293/Rep-Reo-2a, replicon expression

levels corresponded well to internal Renilla luciferase
activities. Expression of the HCV replicon was suppressed
by IFN in a dose-dependent manner (data not shown).

Activation of RIG-I or MDAS5 induces phosphorylation
and homodimerization of IRF-3. Following transfection of
poly(I: C) into Huh7, HeLa or HEK293 cells, IRF-3 dimers
were detected (Fig. 1). However, in cells supporting HCV
replicons, IRF-3 dimer formation was almost completely
abolished. These findings showed that expression of HCV-
proteins blocked activation of dsRNA-mediated IFN
expression and that these effects were consistently found
in several cell lines of different origin.

The HCV replicon suppresses RIG-1/Cardif-
induced IFN responses

ISRE reporter activities did not increase in naive Huh7,
HeLa or HEK293 cells following transfection of poly(I:C),
whilst overexpression of full-length RIG-I increased
poly(I: C)-mediated ISRE reporter activity in Huh7 and
HEK293 cells (data not shown). In RIG-I-overexpressing
Huh?7 cells, transduction with an HCV replicon abolished
the poly(I: C)-induced ISRE activation, and elimination of
the replicon by IFN treatment restored these ISRE responses
(Fig. 2a). Consistent results were obtained by overexpression
of ARIG-I, a constitutively active form. Transfection of
ARIG-I in Huh7 and HEK293 cells induced ISRE activation,
whilst these responses were abolished or significantly
suppressed in cell lines expressing HCV replicons and were
recovered by eliminating the replicon by IFN treatment
(data not shown). Similarly, ISRE activation by over-
expression of Cardif, an adaptor molecule of RIG-I, was
almost completely blocked in replicon-expressing cells and
was recovered by eliminating the replicon from the cells
(data not shown). The RIG-I-mediated IFN response was

Huh7 Hela

>

Poly(l:C) — + — + — + — + — + - 4 -~

Replicon —~ - 4+ + + 4+ = = + + = = 4

Fig. 1. Double-stranded RNA-induced IRF-3 dimer formation in
cell lines that support HCV subgenomic replication. Poly(l : C) was
transfected into naive Huh?7, Hela and HEK293 cells, and into
corresponding cell lines expressing the HCV replicon. Six hours
after transfection, cell lysates were prepared, separated in
polyacrylamide gels and blotted onto PVDF membrane. The
membrane was immunoblotted with anti-IRF-3 and visualized by
chemiluminescence (see Methods). The positions of the IRF-3
dimer (open arrowhead) and monomer (closed arrowhead) are
indicated.
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(a) The HCV replicon suppresses transcrip-
tional activation after poly(l : C) stimulation. The
RIG-I expression plasmid and pISRE-TA-Luc
were transiently transfected into the cell lines
indicated. The following day, the amounts of
poly(l: C) indicated were transfected into the
corresponding cell lines and dual luciferase
assays were carried out 8 h after transfection.
Filled bars indicate ISRE-regulated firefly
luciferase (F-luc) activities and open bars
indicate Renilla luciferase (R-luc) activities
representing replicon expression levels. In both
graphs, scales for the y-axis are shown as
relative values. Assays were carried out in
triplicate and results are shown as means % SD.
(b) Immunofluorescence microscopy results.
Huh7.5.1 cells infected with HCV JFH1
(Huh7.5.1/JFH1) and JFH1-infected cells from
which the virus had been eliminated by IFN
treatment (Huh7.5.1/JFH1 4IFN) were incu-
bated with anti-core primary antibodies fol-
lowed by Alexa Fluor-conjugated secondary
antibody (green). Nuclei were stained with
DAPI (blue). (c) ISRE activation by ARIG-i
overexpression. The plasmid pISRE-TA-Luc
was co-transfected with ARIG-I (filled bars)
+ or RIG-IKA (empty bars) into naive Huh7.5.1,
IFN Huh7.5.1/JFH1 or Huh7.5.1/JFH1 +IFN cells.
Luciferase assays were carried out 8 h after
transfection. The y-axis indicates ISRE-regu-
lated luciferase activity shown as relative
values. Assays were carried out in triplicate
and results are shown as means % sD.
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also suppressed in HCV JFH1 virus cell culture. In JFHI-
infected Huh7.5.1 cells, ARIG-I-induced ISRE reporter
activation was significantly suppressed, but was recovered
in IFN-treated, virus-eliminated cells (Fig. 2b and c). These
results demonstrated that RIG-1- and Cardif-mediated
antiviral responses were substantially suppressed by both
subgenomic and genomic viral replication in both hepato-
cyte- and non-hepatocyte-derived host cells.

NS34A and NS4B are responsible for suppressing
RIG-I-mediated IFN responses

We next sought to define which HCV proteins were
responsible for inhibition of the RIG-I- and IRF-3-
mediated IFN induction pathway. We constructed éxpres-
sion plasmids that expressed the non-structural proteins

NS345, NS3, NS34A, NS4A, NS4B, NS5A and NS5B
(Fig. 3a). We transfected each expression plasmid with
simultaneous activation of the RIG-I pathway by over-
expression of ARIG-I, Cardif, TBK1 and IKKe (Fig. 3b-e).
Expression of full-length non-structural (NS345) and
NS34A proteins inhibited ISRE activation mediated by
expression of RIG-1 and Cardif but not that mediated by
TBK1 and IKKe. Interestingly, it was found that NS4B also
inhibited ISRE activation mediated by expression of RIG-I
and Cardif, but not by TBK1 and IKKe. Consistent with
Fig. 3(b), overexpression of NS4B significantly suppressed
ARIG-I-induced activation of the authentic IFN-§ pro-
moter (Fig. 3f). :

Another group has studied IFN antagonism of flavivirus
non-structural proteins and has reported that HCV NS4B
did not affect IFN responses (Mufoz-Jordan et al., 2005).
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Fig. 3. Co-transfection analyses using plas-
mids that express individual HCV non-struc-
tural proteins. (a) Western blotting. Plasmids

B - ARIG-I expressing the indicated Myc-tagged HCV
[ + RIG-IKA proteins were transfected into Huh7 cells.
Western blotting was carried out using anti-
Myc antibody. {b—e) The following plasmids
were co-transfected into Huh7 cells: pISRE-
TA-Luc, pRL-CMV, the indicated plasmids
M + Cardif expressing ARIG-1 (b), Cardif (c), TBK1 (d)
(1 + acARD

and IKKe (e), and the indicated plasmids
expressing individual HCV non-structural pro-
teins. Plasmids RIG-IKA, ACARD or pcDNA
were used as negative controls as indicated.
Twenty-four hours after transfection, luciferase
activities were measured. The y-axis shows
relative values. Assays were carried out in
triplicate and results are given as means £ SD.
*, P<0.05. (f) pIFN-$ and pRL-CMV were co-
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B KK ’ ) -
£ + pcDNA transfected into Huh?7 cells, with plasmids
expressing individual HCV non-structural pro-
teins and plasmid expressing ARIG-I.
Luciferase activities were measured 24 h after
transfection. The y-axis shows relative values.
B ARG Assays were carried out in triplicate and
[ + RIG-IKA results are given as means+sD. *, P<0.05.

Plasmid RIG-IKA was used as a negative
" control.

To investigate strain-specific differences in the character-
istics of NS4B proteins, we performed co-transfection
assays using NS4B expression constructs from HCV N
(Beard et al., 1999) and JFH1 (Wakita et al., 2005) strains,
as well as HCV strain J4 (Fig. 4a and b). All NS4B
constructs suppressed ARIG-I- or Cardif-mediated ISRE
activation. These results suggested that the above-described
effects of NS4B were independent of HCV strain.

NS4B has been reported to induce an unfolded protein
response or endoplasmic reticulum (ER) stress through
ATF6 or IRE1-X box protein (XBP1) pathways (Zheng
et al., 2005). The ER stress induces production of IL-8,
which has been reported to interfere with the IFN system
(Polyak et al., 2001). Therefore, we detected expression of
IL-8 using RT-PCR in cells with and without over-
expression of NS4B. As shown in Fig. 4(c), no significant
difference was observed in IL-8 mRNA levels among mock-,
NS34A- and NS4B-transfected cells. These results showed
that NS4B overexpression in the present study did not
induce expression of IL-8 and that the IFN-antagonizing
effects of NS4B were independent of IL-8.

It has been reported that NS34A suppresses the TLR3-
mediated IFN response {Breiman et al., 2005; Ferreon et al.,
2005). However, overexpression of HCV non-structural
proteins did not suppress ISRE activation that was induced
by overexpression of TLR-3 or TRIF (Fig. 5a and b), nor
did NS34A from two different HCV strains, J4 and N, show
significant suppression of TRIF-mediated ISRE activation
(Fig. 5¢). Although strain-specific differences might be
involved, these data suggest that neither NS34A nor NS4B
affect the TLR3-triggered, TRIF-mediated IFN expression
signalling pathway.

The NS4B N terminus is involved in inhibition of
the RIG-I-mediated pathway

Given the result that NS4B suppressed the RIG-I-mediated
IFN expression pathway, we next investigated ‘which
domain of NS4B was responsible. We constructed plasmids
that expressed truncated NS4B in which the protein-coding
frame was truncated at four positions corresponding to the -
five transmembrane domains (Lundin et al., 2003) (Fig. 6a).
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Fig. 4. Co-transfection analyses of HCV NS4B proteins of
different origins. NS4B (J4), NS4B (N) and NS4B (JFH1) denote
HCV NS4B proteins that were cloned from HCV strains J4, N and
JFH1, respectively. The NS4B plasmids indicated were co-
transfected with plasmids expressing ARIG-I (a) or Cardif (b).
Luciferase activities were measured 24 h after transfection. The y-
axis shows relative values. Assays were carried out in triplicate and
results are given as means+ SD. *, P<0.05. (c) Semi-quantitative
detection of IL-8 mRNA by RT-PCR. cDNA was prepared from
Huh? cells transfected with empty vector or with NS34A or NS4B
expression plasmid.

Expression and subcellular localization of NS4B truncated
proteins were visualized by indirect immunofluorescence
assays (Fig. 7). Each of the NS§4B truncated proteins was
localized predominantly to the perinuclear rim as dense
spots. Some of the spots were similar to the staining of the
ER-resident host protein PDI, consistent with previous
reports (Lindstrém et al., 2006; Lundin et al., 2006). These
truncated expression plasmids were co-transfected with
Cardif expression plasmids into Huh7 cells. As shown in
Fig. 6(b), Cardif-mediated ISRE activation was significantly
suppressed by co-transfection of NS4Bt1-156 and NS4Bt1—
186, as well as full-length NS4B, whilst transfection of
NS4Bt90-260 and NS4Bt110-260 did not significantly
suppress Cardif-mediated ISRE activation. The shortest
construct, NS4Bt131-260, partially retained the ability to
reduce ISRE activity. These results suggested that the

N-terminal domain of NS4B, which includes aa 1-110,
might function directly to suppress RIG-I-mediated IFN
expression responses.

DISCUSSION

The recent discovery of cytoplasmic dsRNA sensor
molecules has resulted in rapid expansion of knowledge
about the IFN-mediated virus defence pathway (Yoneyama
et al., 2004). Several reports suggest that viruses target the
IFN system to establish replication in the host cells (Kato
et al., 2006). We have confirmed that the dsRNA-triggered,
IRF-3-mediated IFN activation pathway was blocked in
several replicon-supporting cell lines (Fig. 1). Similarly, the
dsRNA responses were substantially suppressed in HCV
JFH-1 cell culture compared with parental Huh7 cells
(Fig. 2b and c). Overexpression analyses showed that RIG-
I- and Cardif-mediated ISRE activation was significantly
suppressed in HCV replicon-expressing cells, which
recovered after elimination of the replicon by IEN
treatment (Fig. 2a). In contrast, TBK1- or IKKe-mediated
ISRE activation was not suppressed in replicon-expressing
cells. Overexpression of individual HCV non-structural
proteins revealed that not only NS34A but also NS4B
inhibited the ISRE activation signal (Figs 3, 4 and 5). These
results suggested that HCV non-structural proteins sup-
press the IFN induction pathway and that the target host
molecule could be Cardif or an unknown adaptor molecule
acting between Cardif and TBK1/IKKe.

NS4B protein is a 27 kDa hydrophobic integral membrane
protein that is localized in the ER with other non-structural
proteins. Studies on other flaviviruses such as Kunjin virus
and BVDV support the notion that NS4B may indeed be an
essential part of the replication mechanism (Grassmann et al.,
2001; Khromykh et al., 2000; Li & McNally, 2001; Qu et al,
2001). These systems have demonstrated that intact NS4B is
necessary in a cis configuration in the polyprotein for
maintaining viral replication (Grassmann et al, 2001;
Khromykh et al., 2000). Furthermore, single mutations in
NS4B alter the cytopathic effects of BVDV and even mediate
changes in the cellular tropism of Dengue virus (Hanley et al.,
2003; Qu et al, 2001). In HCV, the search for cell-culture-
adaptive mutations in HCV subgenomic replicons has led to
the generation of mutations in the NS4B region that confer
higher replication levels and resistance to IFNs, as well as
broadening the tropism for different cell lines (Lohmann
et al., 2003; Sumpter et al., 2004; Zhu et al., 2003). These
pieces of evidence may imply that NS4B is not only part of
the replication machinery but may also have other functions
that enable establishment of viral replication.

NS4B truncation assays showed that RIG-I/Cardif-
mediated ISRE activation was significantly suppressed by
expression of N terminus-containing constructs (Fig. 6).
These results imply that the N-terminal domain of NS4B,
which is located between positions 1 and 110, may be
essential for suppressing IFN expression responses in host
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cells. Lindstrom et al, (2006) investigated single point
mutations in NS4B that negatively affected expression
efficiency of the HCV replicon and reported that most of

the active mutations were located around the N-terminal
domain. A distinctive feature of NS4B is that it requires
membrane rearrangement to form its native structure
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NS48t 1-186 NN NN O 1 e
NS48t 50-260 N N O O 0
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NS4Bt 131-260 NV I I
(b)
s
r Cardif
.- Fig. 6. Co-transfection analyses using trun-
%‘g ® [} + acarD cated NS4B expression constructs. (a)
§§ 20 Truncated constructs of NS4B. The protein-
3:’}‘23 15 coding frame of NS4B was truncated in five
o i constructs corresponding to the five trans-
membrane domains, as reported by Lundin
5 et al. (2003). (b) The truncated NS4B plas-
mids, pISRE-TA-Luc and the Cardif- or
'§ g g 2 g g § § § ACARD-expressing plasmids indicated were
= 2 2] Q . - 8‘ 4 5' co-transfected into Huh7 cells. Luciferase
. 2 aQ Q @ % b activities were measured 24 h after transfec-
v ~ < tion. Results are given as means +sD.
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(Lindstrém et al., 2006; Lundin et al, 2006). The HCV
polyprotein is translated from a single reading frame and
subjected to proteolytic cleavage by the host signal
peptidase and two viral proteases (Grakoui et al, 1993).
The mature form of NS4B is localized in the ER and
constitutes a subcellular structure called the membrane-
associated focus (MAF) (Gretton et al, 2005). Once the
NS4B is cleaved, the N-terminal peptide of NS4B is
translocated from the cytoplasmic to the luminal side,
giving it a fifth transmembrane region (Lundin et al,
2006). The N-terminal amphipathic helix (AH) 1 of NS4B

is necessary for this translocation and for MAF formation;
NS4B molecules that were truncated at the AH1 lacked the
ability to create the MAF, to translocate and to replicate
(Elazar et al., 2004; Lindstrom et al., 2006).

In our assay, NS4Bt131-260 regained the ability to reduce
ISRE activity. As we confirmed that all mutants co-
localized with the ER, there may be some effect of the
N-terminal localization of this mutant. The precise
mechanism of NS4B suppression is still not clear and
further experiments are needed.

NS4B full
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NS4Bt1-186

NS4Bt90-260 |
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Fig. 7. Indirect immunofluorescence analysis of truncated NS4B proteins. The NS4B constructs indicated were transiently
transfected into Huh?7 cells. After 48 h, cells were labelled with anti-Myc or anti-PDI antibody. NS4B proteins were
immunostained with Alexa Fluor 488-labelled goat anti-mouse 1gG, whilst PDI was stained with Alexa Fluor 568-labelled goat
anti-rabbit IgG. DAPI staining revealed the nuclear chromatin. Representative immunofluorescence images derived from a
number of experiments are shown as four images of a single focal plane of Huh7 cells, showing NS4B proteins (green), PDI
(red), DAPI staining (blue) and the superimposed images (merge).
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NS4B has been reported to induce an unfolded protein
response or ER stress (Zheng et al., 2005). Accumulation of
unfolded or misfolded proteins in the ER is detected by three
ER sensor proteins, ATF6, IRE-1 and PKR-like ER kinase
(PERK), and triggers the unfolded protein response as a
stress response and induces expression of molecular
chaperon proteins, global shut-off of protein translation
and apoptotic cell death (Mori, 2000). Therefore, it may be
possible that transgenic overexpression of NS4B induces ER
stress and suppresses overall protein synthesis, including
that of IFNs. In our experiments, however, NS4B suppressed
the ISRE-mediated IFN gene activation but did not suppress
non-specific protein expression, as demonstrated by Renilla
luciferase activity in the control plasmid driven by the herpes
simplex thymidine kinase promoter. In addition, the growth
and viability of cells that overexpressed NS4B did not differ
from untransfected cells or from those transfected with the
other HCV proteins. IL-8 overproduction induced by ER
stress was not observed in our NS4B-overexpressing cells
(Fig. 4c). These findings indicated that the inhibitory effect
of NS4B is specific to the IFN induction pathway and is not a
non-specific effect through ER stress.

In conclusion, we have shown that dsRNA-induced IFN
expression was suppressed by NS4B. These virus-host
interactions probably contribute to HCV persistence and to
the pathogenesis of HCV-associated liver disease.
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Introduction

Abstract

Background and Aim: We have reported previously that synthetic small interfering RNA
(siRNA) and DNA-based siRNA expression vectors efficiently and specifically suppress
hepatitis C virus (HCV) replication in vitro. In this study, we investigated the effects of the
siRNA targeting HCV-RNA in vivo.

Methods: We constructed recombinant retrovirus and adenovirus expressing short hairpin
RNA (shRNA), and transfected into replicon-expressing cells in vitro and transgenic mice
in vivo.

Results: Retroviral transduction of Huh7 cells to express shRNA and subsequent trans-
fection of an HCV replicon into the cells showed that the cells had acquired resistance to
HCYV replication. Infection of cells expressing the HCV replicon with an adenovirus
expressing shRNA resulted in efficient vector delivery and expression of shRNA, leading
to suppression of the replicon in the cells by ~107%, Intravenous delivery of the adenovirus
expressing shRNA into transgenic mice that can be induced to express HCV structural
proteins by the Cre/loxP switching system resulted in specific suppression of virus protein
synthesis in the liver.

Conclusion: Taken together, our results support the feasibility of utilizing gene targeting
therapy based on siRNA and/or shRNA expression to counteract HCV replication, which
might prove valuable in the treatment of hepatitis C.

successful suppression of various human pathogens by RNAI have
been reported, including human immunodeficiency viruses,>®

Hepatitis C virus (HCV), which affects 170 million people world-
wide, is one of the most important pathogens causing liver-related
morbidity and mortality." The difficulty in eradicating HCV is
attributable to limited treatment options against the virus and their
unsatisfactory efficacies. Even with the most effective regimen
with pegylated interferon (IFN) and ribavirin in combination, the
efficacies are limited to less than half of the patients treated.?
Given this situation, the development of safe and effective anti-
HCYV therapies is one of our high-priority goals.

RNA interference (RNAI) is a process of sequence-specific,
post-transcriptional gene silencing that is initiated by double-
stranded RNA.>* Because of its potency and specificity, RNAi
rapidly has become a powerful tool for basic research to analyze
gene functions and for potential therapeutic applications. Recently,

Journal of Gastroenterology and Hepatology (2007) © 2007 The Authors

poliovirus,” influenza virus,® severe acute respiratory syndrome
(SARS) virus® and hepatitis B virus (HBV).'*-"?

We and other researchers have reported that appropriately
designed small interfering RNA (siRNA) targeting HCV genomic
RNA can efficiently and specifically suppress HCV replication
in vitro."'"> We have tested siRNA designed to target the well-
conserved 5'-untranslated region (5"-UTR) of HCV-RNA, and
identified the most effective target, just upstream of the translation
initiation codon. Furthermore, transfection of DNA-based vectors
expressing siRNA was as effective as that of synthetic siRNA in
suppressing HCV replication."

In this study, we explored the further possibility that efficient
delivery and expression of siRNA may be effective in suppression
and elimination of HCV replication and that delivery of such
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EMCV-
SUTR IRES 3UTR
pRep-Feo  [}—{TFuc Jneo}-{ NS3 | Ns4 | NSsA |  NS5B__pwa
pT7 AC Feo
EMCV-
S'UTR IRES 3'UTR
pRep-Fluc  [J—{I Fluc }~{ NS3 | N34 | NsS5A | __NS&B__ P~
pT7 AC
EMCV-
5'UTR IRES JUTR
pRep-BSD [J~—{IBSD}—{ N53 | NS4 | NS6A__| NS58__pwa

pT7 AC

Figure 1 Structures of HCV replicon plasmids. The pRep-Feo
expressed a chimeric reporter protein of firefly luciferase (Fluc) and
neomycin phosphotransferase (GenBank accession No. AB119282).'420
The pRep-Fluc expressed the Fluc protein. The pRep-BSD expressed
the blasticidin S (BSD) resistance gene. pT7, T7 promoter; 5’UTR, HCV
5”-untranslated region; AC, truncated HCV core region (nt. 342-377);
neo, neomycin phosphotransferase gene; EMCV, encephalomyocarditis
virus; NS3, NS4, NS5A and NSS5B, genes that encode HCV non-
structural proteins; 3°UTR, HCV 3’-untranslated region.

HCV-directed siRNA in vivo may be effective in silencing viral
protein expression in the liver. Here, we report that HCV replica-
tion was suppressed in vitro by recombinant retrovirus and aden-
ovirus vectors expressing short hairpin RNA (shRNA) and that the
delivery of the adenovirus vector to mice in vivo specifically inhib-
ited viral protein synthesis in the liver.

Methods

Cells and cell culture

Huh7 and Retro Pack PT67 cells (Clontech, Palo Alto, CA, USA)
were maintained in Dulbecco’s modified minimal essential
medium (Sigma, St. Louis, MO, USA) supplemented with 10%
fetal calf serum at 37°C under 5% CO,. To maintain cell lines
carrying the HCV replicon, G418 (Wako, Osaka, Japan) was added
to the culture medium to a final concentration of 500 pg/mL.

HCV replicon constructs and transfection

HCV replicon plasmids, pRep-Feo, pRep-Fluc and pRep-BSD
were constructed from were constructed from a virus, HCV-N
strain, genotype 1b.2! The pRep-Feo expressed a chimeric reporter
protein of firefly luciferase (Fluc) and neomycin phosphotrans-
ferase.'*? The pRep-Fluc and the pRep-BSD expressed the Fluc
and blasticidin S (BSD) resistance genes, respectively (Fig. 1).
The replicon RNA synthesis and the transfection protocol have
been described previously.?

Synthetic siRNA and siRNA-expression plasmid

The design and construction of HCV-directed siRNA vectors have
been described." Briefly, five siRNA targeting the 5’-UTR of HCV
RNA were tested for their efficiency to inhibit HCV replication,
and the most effective sequence, which targeted nucleotide posi-
tion of 331 though 351, was used in the present study. To construct
shRNA-expressing DNA cassettes, oligonucleotide inserts were
synthesized that contained the loop sequence (5'-TTC AAG AGA-

N Sakamoto et al.

3") flanked by sense and antisense siRNA sequences (Fig. 2a).
These were inserted immediately downstream of the human U6
promoter. To avoid a problem in transcribing shRNA because of
instability of the DNA strands arising from the tight palindrome
structure, several C-to-T point mutations, which retained com-
pletely the silencing activity of the sShRNA, were introduced into
the sense strand of the shRNA sequences (referred to as ‘m’).?
A control plasmid, pUC19-shRNA-Control, expressed shRNA
directed towards the Machado—Joseph disease gene, which is a
mutant of ataxin-3 gene and is not normally expressed. We have
previously described the sequence specific activity of the shRNA-
Control. %

Prior to construction of the virus vectors, we tested silencing
efficiency of five shRNA constructs of different lengths that
covered the target sequence (Fig.2a). The shRNA-HCV-19,
shRNA-HCV-21 and shRNA-HCV-27 had target sequences of 19,
21 and 27 nucleotides, respectively. Transfection of these sShRNA
constructs into Huh7/pRep-Feo showed that shRNA with longer
target sequences had better suppressive effects (Fig. 2b). There-
fore, we used shRNA-HCV-27m (abbreviated as sSIRNA-HCV) in
the following study.

Recombinant retrovirus vectors

The U6-shRNA expression cassettes were inserted into the Srul/
HindII site of a retrovirus vector, pLNCX2 (Clontech) to con-
struct pLNCshRNA-HCV and pLNCshRNA-Control (Fig. 2c).
The plasmids were transfected into the packaging cells, Retro Pack
PT67. The culture supernatant was filtered and added onto Huh7
cells with 4 pg/mL of polybrene. Huh7 cell lines stably expressing
shRNA were established by culture in the presence of 500 pug/mL
of G418.

Recombinant adenovirus

Recombinant adenoviruses expressing shRNA were constructed
using an Adenovirus Expression Vector Kit (Takara, Otsu, Japan).
The U6-shRNA expression DNA cassette was inserted into
the Swal site of pAxcw to construct pAxshRNA-HCV and
pAxshRNA-Control. The adenoviruses were propagated
according to the manufacturer’s protocol (AxshRNA-HCV and
AxshRNA-Control; Fig. 2¢). A ‘multiplicity of infection’ (MOI)
was used to standardize infecting doses of adenovirus. The MOI
stands for the ratio of infectious virus particles to the number of
cells being infected. An MOI =1 represents equivalent dose to
introduce one infectious virus particle to every host cell that is
present in the culture.

Plasmids for assays of interferon responses

pISRE-TA-Luc (Invitrogen, Carlsbad, CA, USA) contained five
copies of the consensus interferon stimulated response element
(ISRE) motifs upstream of the Fluc gene. pTA-Luc (Invitrogen),
which lacks the enhancer element, was used for background deter-
mination. The pcDNA3.1 (Invitrogen) was used as an empty
vector for mock transfection. pPRL-CMYV (Promega, Madison, WI,
USA), which expresses the Renilla luciferase protein, was used for
normalization of transfection efficiency.”® A plasmid, peGFPneo
(Invitrogen), was used to monitor percentages of transduced cells.
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(a)

~—{ U6 promoter sense sequence HTT-Loop | anti-sense sequence

EcoRl Hindlll
shRNA-HCV-19 5’ - GGTCTCGTAGACCGTGCAC iTTCAAGAGA {GTGCACGGTCTACGAGACCTTTTT -3’
shRNA-HCV-21 5’ - GGTCTCGTAGACCGTGCACCA {TTCAAGAGA {TGGTGCACGGTCTACGAGACCTTTTT -3’
shRNA-HCV-21m 5’ - GGTTTCGTAGACTGTGTACCA i TTCAAGAGA {TGGTGCACGGTCTACGAGACCTTTTT -3°
shRNA-HCV-27 5’ - iGGGAGGTCTCGTAGACCGTGCACCATG i TTCAAGAGA iCATAGTACACGATCTACGAAACCTCCCTTTTT: -3/
shRNA-HCV-27m 5’ - {GGGAGGTTTCGTAGACTGTGTACTATG i TTCAAGAGA {CATGGTGCACGGTCTACGAGACCTCCCTTTTT: -3
shRNA-Control-27m 5’ - {GCAGCAGTAGCAGTGGGATCTATTAGG iTTCAAGAGA (CCTGATAGGTCCCGCTGCTGCTGCTGCTTTTT: -3/

Figure 2

(b) 10 F

02r

Relative luciferase activities
*
*
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Structure of shRNA-expression constructs and shRNA sequences. (a) Structure of shRNA-expression cassette and shRNA sequences.

TT-Loop, the loop sequence. The shRNA-Control was directed toward an unrelated target, Machado-Joseph disease gene. Underlined letters indicate
C-to-T point mutations in the sense strand. {b) The shRNA-expression plasmids were transfected into Huh7/pRep-Feo cells, and internal luciferase
activities were measured at 48 h of transfection. Each assay was done in triplicate, and the values are displayed as mean + SD. *P < 0.05. (c)
pLNCshRNA, structure of a recombinant retrovirus expressing shRNA. W, the retroviral packaging signal sequence. AxshRNA, structure of a
recombinant adenovirus expressing shRNA.
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Real-time RT-PCR analysis

Total cellular RNA was extracted from cultured cells or liver tissue
using ISOGEN (Nippon Gene, Tokyo, Japan). Total cellular RNA
(2 pg) was used to generate cDNA from each sample using the
SuperScript II reverse-transcriptase (Invitrogen). The mRNA
expression levels were measured using the Light Cycler PCR and
detection system (Roche, Mannheim, Germany) and Light Cycler
Fast Start DNA Master SYBR Green 1 mix (Roche).

Luciferase assays

Luciferase activity was measured using a luminometer, Lumat
LB9501 (Promega) and the Bright-Glo Luciferase Assay System
(Promega) or the Dual-Luciferase Reporter Assay System
(Promega).

Northern and western hybridization

Total cellular RNA was separated by denaturing agarose-
formaldehyde gel electrophoresis, and transferred to a nylon mem-
brane. The membrane was hybridized with a digoxigenin-labeled
probe specific for the full-length replicon sequence, and subse-
quently with a probe specific for beta-actin. The signals were
detected by chemiluminescence reaction using a Digoxigenin
Luminescent Detection Kit (Roche), and visualized by Fluoro-
Imager (Roche). For the western blotting, 10 pig of total cell lysate
was separated on NuPAGE 4.12% Bis-TrisGel (Invitrogen), and
blotted onto an Immobilon PVDF Membrane (Roche). The mem-
brane was incubated with monoclonal antibodies specific for
HCV-NS5A (BioDesign, Saco, ME, USA), NS4A (Virogen,
Watertown, MA, USA), or beta-actin (Sigma), and detected by a
chemiluminescence reaction (BM Chemiluminescence Blotting
Substrate; POD, Roche).

Transient-replication assays

Areplicon, pRep-Fluc, was transfected into cells and the luciferase
activities of the cell lysates were measured serially. To correct the
transfection efficiency, each value was divided by the luciferase
activity at 4 h after the transfection.

Stable colony formation assays

Cells were transfected with a replicon, pRep-BSD, and were cul-
tured in the presence of 150 pg/mL of BSD (Invitrogen). BSD-
resistant cell colonies appeared after ~3 weeks of culture, and were
counted.

HCV-JFH1 virus cell culture

An in-vitro transcribed HCV-JFH1 RNA?® was transfected into
Huh7.5.1 cells.*” Naive Huh7.5.1 cells were subsequently infected
by the culture supernatant of the JFH1-RNA transfected Huh-7.5.1
cells, and subjected to siRNA or drug treatments. Replication
levels of HCV-RNA were quantified by the realtime RT-PCR by
using primers that targeted HCV-NS5B region, HCV-JFH1 sense:
5-TCA GAC AGA GCC TGA GTC CA-3’, and HCV-JFH1 anti-
sense: 5-AGT TGC TGG AGG GCT TCT GA-3'.
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Mice and adenovirus infection

Transgenic mice, CN2-29, inducibly express mRNA for the HCV
structural proteins (genotypelb, nucleotides 294-3435) by the
Cre/loxP switching system.” The transgene does not contain full-
length HCV 5’-UTR, but shares the target sequence of the shRNA-
HCV. Although the transgenic mouse CN2 has been previously
reported as expressing higher levels of the viral proteins, the
expression levels of the viral core protein in the CN2-29 mice are
modest and similar to that in the liver of HCV patients. Thus, we
chose CN2-29 mice in the present study.

The mice were infected with AxshRNA-HCV or controls
(AxshRNA-Control or AxXCAwl) in combination with AXCAN-
Cre, which expressed Cre recombinase. Three days after the
infection, the mice were killed and HCV core protein in the liver
was measured as described below. The BALB/c mice were
maintained in the Animal Care Facility of Tokyo Medial and
Dental University, and transgenic mice were in the Tokyo Met-
ropolitan Institute of Medical Science. Animal care was in accor-
dance with institutional guidelines. The review board of the
university approved our experimental animal studies and all
experiments were approved by the institutional animal study
committees.

Measurement of HCV core protein in
mouse liver

The amounts of HCV core protein in the liver tissue from the mice
was measured by a fluorescence enzyme immunoassay (FEIA)®
with a slight modification. Briefly, the 5FI1 monoclonal anti-
HCV-core antibody was used as the first antibody on the solid
phase, and the 5E3 antibody conjugated with horseradish peroxi-
dase was the second antibody. This FEIA can detect as little as
4 pg/mL of recombinant HCV-core protein. Contents of the HCV
core protein in the liver samples were normalized by the total
protein contents and expressed as pg/mg total protein.

immunohistochemical staining

Liver tissue was frozen with optimal cutting temperature (OTC)
compound (Tissue Tek; Sakura Finetechnical, Tokyo, Japan).
The sections (8 um thick) were fixed with a 1:1 solution of
acetone : methanol at —20°C for 10 min and then washed with
phosphate-buffered saline (PBS). Subsequently, the sections were
incubated with the 1gG fraction of an anti-HCV core rabbit poly-
clonal antibody (RR8) in blocking buffer or antialbumin rabbit
polyclonal antibody (Dako Cytomation, Glostrup, Denmark) in
PBS overnight at 4°C. The sections were incubated with secondary
antibody, Alexa-antirabbit IgG (Invitrogen) or TRITIC-antirabbit
IgG (Sigma), for 2 h at room temperature. Fluorescence was
observed using a fluorescence microscope.

Statistical analyses

Statistical analyses were performed using Student’s r-test;
P-values of less than 0.05 were considered to be statistically
significant.
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