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tion is a potential attractive stratagem for controlling HCV infection, Among them, CyPA is accepted to inter-
act with HCV nonstructural protein (NS) 5A, although interaction of CyPB and NS5B, an RNA-dependent RNA
polymerase (RdRp), was proposed first.

Methods: CyPA, CyPB, and HCV RdRp were expressed in bacteria and purified using combination column

HOV chromatography. HCV RdRp activity was analyzed in vitro with purified CyPA and CyPB.

RNA polymerase
Cyclophilin A
Cyclophilin B

Results: CyPA at a high concentration (50x higher than that of RdRp) but not at low concentration activated
HCV RdRp. CyPB had an allosteric effect on genotype 1b RdRp activation. CyPB showed genotype specificity
and activated genotype 1b and J6CF (2a) RdRps but not genotype 1a or JFH1 (2a) RdRps. CyPA activated

RdRps of genotypes 1a, 1b, and 2a. CyPB may also support HCV genotype 1b replication within the infected
cells, although its knockdown effect on HCV 1b replicon activity was controversial in earlier reports.
Conclusions: CyPA activated HCV RdRp at the early stages of transcription, including template RNA binding.
CyPB also activated genotype 1b RdRp. However, their activation mechanisms are different.

General significance: These data suggest that both CyPA and CyPB are excellent targets for the treatment of
HCV 1b, which shows the greatest resistance to interferon and ribavirin combination therapy.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Hepatitis C virus (HCV"), which belongs to the Flaviviridae family,
has a positive-strand RNA genome, and its replication is regulated by
viral and cellular proteins [1]. The genome encodes a large precursor
polyprotein that is cleaved by host and viral proteases to generate
at least 10 functional viral proteins: core, envelope 1 (E1), E2, p7,
nonstructural protein 2 (NS2), NS3, NS4A, NS4B, NS5A, and NS5B
[2]. NS5B is an RNA-dependent RNA polymerase (RARp) [3-5].

Abbreviations: BSA, bovine serum albumin; CsA cyclosponneA CyP, cyclophilin; DTT
dithiothreitol; E, envelope; EDTA, ethyl aacetic acid; GST,
S-transferase; HCV, hepatitis C virus; NS, nonstructural protein; PPI, peptidyl prolyt cis/
trans-isomerases; Peg-IFN, pegylated interferon-o;; PMSF, phenylmethanesulfonylfiuoride;
RT-PCR, reverse transcription polymerase chain reaction; RdRp, RNA-dependent RNA poly-
merase; SDS-PAGE, sodium dodecyl sulfate polyacrylamide gel electrophoresis analysis;
SVR, sustained virological response; APPI, PPI knockout; wt, wild type
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HCV frequently establishes a persistent infection that leads to
chronic hepatitis, liver cirrhosis, and hepatocellular carcinoma {6,7].
More than 170 million individuals worldwide are infected with HCV
[8], and the challenge of developing HCV treatment continues. First,
combination therapy with pegylated interferon o (Peg-IFNa) and
ribavirin led to a sustained virological response (SVR) in approxi-
mately 55% of patients infected with any HCV genotype and 42-46%
of patients with genotype 1 [9,10]. However, many patients could
not tolerate the serious adverse effects. Triple therapy consisting of
an NS3/NS4A protease inhibitor (boceprevir or telaprevir), Peg-IFN
(ai-2a or o-2b), and ribavirin was then introduced, and it has become
the standard regimen for genotype 1 infection. SVR improved signifi-
cantly (from 63% to 75%), and the treatment duration decreased from
12 to 6 months [11,12]. However, triple therapy is more toxic than
combination therapy [13]).

Nonimmunosuppressant cyclosporine A (CsA) analogues/CyP
inhibitors such as DEBIO-025 (Alisporivir) [14], NIM811 [15], and
SCY-635 [16] are also the most expected candidates for use as
anti-HCV drugs because their resistance selection is rare compared
with other direct-acting antiviral agents, and the HCV resistant to
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CyP inhibitors acquired mutations that allowed for reduced depen-
dence on CyPs [17,18].

CyP was originally discovered as a cellular factor with high affinity for
CsA [19]. CyPs comprise a family of peptidyl prolyl cis/trans-isomerases
(PPI) that catalyze the cis-trans interconversion of peptide bonds
amino terminal to proline residues, facilitating protein conformation
changes [20]. CyPs are potential antiviral targets because CyPA was
found to play a critical role in human immunodeficiency virus-1 infection
[21,22]. The role of human CyPs as cellular cofactors in HCV replication
was first suggested upon discovery of the anti-HCV effect of CsA
[23-26]. Although the completion of a binding assay and the mapping
of resistance initially suggested that NS5B was a viral target for CsA
[27~29], recent papers have pointed to CyPA and NS5A as the central
virus-host interaction involved in HCV replication [30-36]. Despite this
unfavorable evidence, we analyzed the effect of CyPA and CyPB on HCV
RdRp of various genotypes in vitro and found differences in genotype
specificity and the mechanism of HCV RdRp activation.

2, Materijals and methods
2.1. Purification of HCV RdRp

HCV RNA RdRps with C-terminal 21 amino acid deletion of 1a
(H77 and RMT), 1b (HCR6, NN, and Con1), and 2a (JFH1 and J6CF)
were expressed in E. coli Rosetta/pLysS and purified as described
previously {37-40}. The purified HCV RdRps (5 uM, >95% pure)
were stocked in 20 mM Tris-HCl (pH 8.0), 500 mM NaCl, 1 mM
ethylenediaminetetraacetic acid (EDTA), 5 mM dithiothreitol (DTT),
5% glycerol, and 1 mM phenylmethanesulfonylfluoride (PMSF) at
— 80 °C. The yield of HCV RdRps is approximately 1.7 mg from a 1-L
bacterial culture. The purified HCV RdRps were as shown in Fig. S1 of
Weng et al. [38]. The protein purities were determined by sodium
dodecyl sulfate polyacrylamide gel electrophoresis analysis (SDS-PAGE),
using ImageJ 1.46 (http://rsbweb.nih.gov/ij/).

2.2. Construction of CyP-expressing plasmids

Human CyPA and CyPB were cloned from total RNA extracted from
293T cells, using a reverse transcription-polymerase chain reaction
(RT-PCR) kit (Takara, Dalian, China) as published previously [29].
After being digested with BamHI and EcoRl, they were cloned into
the same site of pGEX-6P-3 (GE Healthcare, Bucks, UK), resulting in
PGEXCyPA and pGEXCyPB, respectively. CyPBAPP], the enzymatic in-
active mutant of CyPB, was PCR cloned into pGEX-6P-3 from
pCMV-CyPBAPPIFL [29], resulting in pGEXCyPBAPPI. CyPAAPPI was
produced by the introduction of the R55A and F60A mutations using
a QuickChangell Site-Directed Mutagenesis Kit (Stratagene, St. Clara,
CA, USA) and primers (5’-GTTCCTGCTTTCACGCCATTATTCCAGGGG
CCATGTGTCAGGGTG-3’ and 5'-CACCCTGACACATGGCCCCTGGAATAA
TGGCGTGAAAGCAGGAAC-3’).

2.3. Purification of CyPs

E. coli Rosetta were transformed using pGEXCyPA,
PGEXCyPAAPPI, pGEXCyPB, and pGEXCyPBAPPL GST-tagged CyPA,
CyPB, CyPAAPPI, and CyPBAPPI were induced with 1 mM isopropyl
B-p-1-thiogalactopyranoside at 18 °C for 4 h. The bacteria were
harvested and stocked at — 20 °C. After thawing on ice, the bacteria
were lysed in 4 packed cell volumes of phosphate-buffered saline,
0.1% Triton X-100, 1 mM EDTA, 1 mM DTT, and 1 mM PMSF. After
being clarified by centrifugation at 10,000 xg for 30 min at 4 °C and
filtered through a 0.45-pum nitrocellulose filter, the extract was incu-
bated with Glutathione Sepharose 4B (GE Healthcare) for 30 min at
4 °C. After the resin was washed with 50 mM Tris-HCl (pH 8.0),
500 mM NaCl, 1 mM EDTA, 1 mM DTT, and 1 mM PMSF, the
GST-CyP was eluted using 50 mM Tris-HCI (pH 8.0), 500 mM Nadl,

1 mM EDTA, 1 mM DTT, 10 mM reduced glutathione, and 1 mM
PMSF, followed by gel filtration through a Superdex 200 column
(GE Healthcare) in 20 mM Tris-HC! (pH 8.0), 500 mM NacCl, 1 mM
EDTA, 1 mM DTT, and 10% glycerol. The eluted GST-CyP were diluted
to 50 mM NaCl and applied to a MonoQ (GE Healthcare) in 20 mM
Tris-HCl (pH 9.0), 50 mM NaCl, 1 mM EDTA, 1 mM DTT, and 10%
glycerol. GST-CyPB and GST-CyPBAPP] were chromatographed
using a continuous NaCl gradient of 50-1000 mM. The purified
CyPs were stocked at —20 °C.

2.4. In vitro HCV transcription with CyPs

In vitro HCV transcription with CyPs was done as previously
described [37-40]. Briefly, the indicated amounts of the CyPs were in-
cubated in 50 mM Tris-HCl (pH 7.5), 200 mM monopotassium gluta-
mate, 3.5 mM MnCl,, 1 mM DTT, 0.5 mM GTP, 200 nM of a 184-nt in
vitro transcribed model RNA template (SL12-1S), 100 U/mL of human
placental RNase inhibitor, and 100 nM HCV RdRp at 29 °C for 30 min.
After preincubation, RdRp was incubated for an additional 90 min
with 50 M ATP, 50 uM CTP, or 5 uM [a->2PJUTP. The RNA products
were analyzed using 6% PAGE containing 8 M urea after being purified
by phenol/chloroform extraction and ethanol precipitation. The amount
of RNA products was analyzed using Typhoon Trio (GE Healthcare).

2.5. RNA filter-binding assay with CyPA and CyPB

An RNA filter-binding assay with CyPA and CyPB was performed as
previously described [37,38,40]. Briefly, [32P]-SL12-1$ was incubated
in 25 plL of 50 mM Tris-HCl (pH 7.5), 200 mM monopotassium gluta-
mate, 3.5 mM MnCl;, 1 mM DTT, and 5 pmol of HCV RdRp with
375 pmol (75x) of CyPA and 25 pmol (5x) of CyPB at 29 °C for
30 min.

2.6. Chemicals and radioisotopes

[a-*2PJUTP (800 Ci/mmol, 40 mCi/mL) was purchased from
PerkinElmer Life Sciences (Waltham, MA, USA). The nucleotides
were purchased from GE Healthcare. The human placental RNase
inhibitor T7 RNA polymerase and PrimeSTAR HS DNA polymerase
were purchased from Takara. The bacteria were purchased from
Novagen (Merck Chemicals, Darmstadt, Germany).

2.7. Statistical analysis

The statistical data were evaluated using Student's t test, with
p<0.05 indicating statistical significance.

3. Results
3.1. Purification of CyPA and B

First, glutathione S-transferase (GST)-tagged CyPA, CyPB, the PPI
inactive CyPA (CyPAAPPI), and CyPB (CyPBAPPI) were purified
using Glutathione Sepharose 4B affinity chromatography. CyPA and
CyPAAPPI were further purified through a Superdex 200 column
(Fig. S1). After the Superdex 200 gel filtration, to remove the contam-
inating nucleic acids, CyPB and CyPBAPPI were further purified
through MonoQ anion exchange chromatography by a continuous
NaCl gradient of 50-1000 mM because CyPB has a strong affinity for
nucleic acids. Each was eluted with 210-385 mM NaCl (Fig. S2). The
purification scheme and purified CyPs are shown in Fig. 1. The yields
of CyPA and CyPAAPPI were approximately 3 mg from a 1-L bacterial
culture. CyPA and CyPAAPPI were > 95% pure and stocked at 5 mg/mL
in 20 mM Tris-HCl (pH 8.0), 500 mM Nacl, 1 mM EDTA, 1 mM DTT,
and 10% glycerol. CyPB and CyPBAPPI were stocked at 5 mg/mL in
20 mM Tris-HCl (pH 9.0), 500 mM NaCl, 1 mM EDTA, 1 mM DTT,
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Fig. 1. Cyclophilin purification. The purification schemes of cyclophilin A (CyPA) and the peptidyl prolyl isomerase-inactive mutant protein of CyPA (CyPAAPPI) (A), cyclophilin B

(CyPB) and CyPBAPP! (B), and sodium dodecyl sulfate-polyacrylamide gel elec!

is (SDS-PAGE) (C) with 5 pmol each of purified glutathione S-transferase (GST; 28.3 kDa).

GST-CyPA (44.9 kDa), GST-CyPAAPPI (44.7 kDa), GST-CyPB (52.1 kDa), and GST-CyPBAPPI (52 kDa) were separated through 10% SDS-PAGE and stained with Coomassie brilliant
blue. The sizes of the molecular weight standards (M) are indicated on the right side of the gel. Their final elution profiles are shown in Figs. S1 and S2.

and 10% glycerol. The yields of CyPB and CyPBAPPI were approxi-
mately 1 mg from a 1-L bacterial culture. The purities of CyPB and
CyPBAPPI were >95% and >90%, respectively.

3.2. HCV 1b and JFH1 (2a) transcription in vitro with CyPA and CyPB

The dose-response effects of CyPA and CyPB were examined using
an in vitro transcription system of HCR6 (1b) and JFH1 (2a) RdRp
wild type (wt). CyPA and CyPB were added to the optimal HCV in
vitre transcription condition while the RNA synthesis was in the log
phase [4,37]. RdRp (100 nM) was incubated with 0, 50 (ratio to
RdRp: 0.5x), 100 (1x), 200 (2x), 500 (5x), and 1000 nM (10x)
CyPA and CyPB, GST, or bovine serum albumin (BSA) in GTP (the ini-
tiating nucleotide) and an RNA template for 30 min, followed by
elongation with ATP, CTP, and UTP for 90 min. CyPA enhancement
was further tested using 2 (20x), 5 (50x), 7.5 (75x), and 10
(100x) pM because the enhancement effect of CyPA under 1 pM
(10x) was unclear. Fig. S3 shows the autoradiography of HCV HCR6
(1b) and JFH1 (2a) RdRpwt with CyPA and CyPB, the graphs of
which were drawn using the data from 3 independent experiments
(Fig. 2).

The CyPA activation of both RdRps showed 2 reaction speeds. The
first-order ratio of CyPA to HCR6 (1b) RdRpwt<50x is fitted as a linear
regression curve, the equation for which is y=0.07x (CyPA-to-RdRp
ratio) +0.7. The linear regression curve fitting of the ratio >50x is
y=0.4x (CyPA-to-RdRp ratio) — 17 when calculated from 3 points.
That of CyPA to JFH1 (2a) RdRpwt is fitted to a similar linear regression,
y=0.09x (CyPA-to-RdRp ratio) + 0.9 (the CyPA-to-RdRp ratio<50x).
HCVR6 (1b) and JFH1 (2a) RdRps were activated by 100x CyPA to
25-40.2- and 19- & 1-fold, respectively.

The CyPB activation of HCR6 (1b) RdRpwt occurred in a
dose-dependent manner and fitted a sigmoid curve, and the enhance-
ment effect reached a plateau (9.4 x) at the ratio of 5x. Neither GST
nor BSA enhanced HCR6 (1b) RdRpwt. CyPB, GST, and BSA did not en-
hance JFH1 (2a) RdRpwt (<1.5x) at the concentrations described
earlier.

3.3. Effect of the PPl inactive mutant proteins of CyPA and CyPB

CyP has PP1 activity. To test the contribution of PPI activity to HCV
HCR6 (1b) and JFH1 (2a) RdRpwt activation, the activation effect of
the PPl inactive mutant proteins, CyPAAPP] at 100x (10 uM) and
CyPBAPPI at 2x (200 nM), were tested together with 100x (10 puM)
GST and BSA (Fig. 3). CyPA enhanced JFH1 (2a) RdRpwt 17.6x,
whereas CyPAAPPI enhanced it 16.2x. This difference is statistically
significant (Student’s ¢ test, p<0.05). CyPA enhanced HCR6 (1b)
RdRpwt activity 27.7x, whereas CyPAAPP! enhanced it 16.0x. BSA
slightly inhibited both RdRps at the same concentration in this exper-
iment. As shown in Fig. 2C and D, it can be concluded that BSA has no
effect on HCV transcription. GST enhanced JFH1 (2a) RdRpwt activity
5.0x, but it did not affect HCR6 (1b) RdRpwt activity. CyPB enhanced
HCRG (1b) RdRpwt activity 2.3x, whereas CyPBAPPI enhanced it 1.7x.
This difference is also statistically significant (Student's t test,
p<0.05). JFH1 (2a) RdRpwt was not activated by CyPB or CyPBAPPL

3.4. CyP activation steps of HCV transcription

The HCV transcription steps of CyP enhancement were analyzed
by the sequential addition of CyPs during in vitro transcription
(Fig. 4). CyPA enhanced HCRG (1b) and JFH1 (2a) RdRpwt, whereas
CyPB enhanced HCR6 (1b) RdRpwt when HCV RdRps were incubated
with them from the start of transcription (initiation). The CyP effect
was then tested after their addition during the elongation period
after HCV RdRps was initiated with GTP. CyPA (100x; 10 pM) and
CyPB (5x; 500 nM) were added to HCV RdRps after the 30-min incu-
bation with GTP, when 3 GTPs were incorporated at the 5’ end of the
products. CyPB did not enhance HCR6 (1b) or JFH1 (2a) RdRp when
added during the elongation period, although it enhanced HCV
RARp when added at the start of transcription. CyPA enhanced
HCR6 (1b) and JFH1 (2a) RdRp activity only 1.6x (Student's ¢ test,
p<0.05) and 2.1x (p<0.01), respectively, when added during the
elongation step. These results suggest that CyPA and CyPB activated
only the transcription initiation step of HCV RdRps.
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Fig. 2. Dose-response curve of cyclophilin A (CyPA) and cyclophilin B (CyPB) in hepatitis C virus (HCV) transcription in vitro. The dose-response curve of the HCV RdRp activation of
CyPA in HCR6 (1b) RdRpwt (A) and JFH1 (2a) RdRpwt (B) CyPB in HCR6 (1b) RdRpwt (C) and JFH1 (2a) RdRpwt was drawn from the image analysis of Fig. $3. Insets A and B in-
dicate that of 0, 0.5x, 1x, 2x, 5x, and 10x of CyPA to RdRp. The first-order ratio of the curves of A and B were fit by linear regression, and the calculated equations are indicated in
the graph. The mean relative polymerase activation ratio and standard deviation (error bar) were calculated from 3 independent measurements.

The effects of 75 x CyPA and 5x CyPB on the RNA-binding activity of
HCRG6 (1b) and JFH1 (2a) RdRp were then tested (Fig. 4E). The effects of
HCR6 (1b) and JFH1 (2a) RdRp with CyPA were 10.1- 4 0.56- and 6.6- +
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Polymerase activation ratio

RdRp CyPB CyPBdelPP!
Fig. 3. Effects of cyclophilin A (CyPA) and cyclophilin B (CyPB) with and without
peptidyl prolyl isomerases activity on hepatitis C virus (HCV) JFH1 (2a) and HCRG
(1b) RdRp. HCV HCRG (1b) and JFH1 (2a) RdRpwt (100 nM) were incubated with
100x (10 pM) of CyPA, CyPAAPP], glutathione S-transferase (GST), and bovine serum
albumin (BSA) (A). HCV RdRps were incubated with 5x (500 nM) of CyPB, CyPBAPPI,
GST, and BSA (B). The mean relative polymerase activity and standard deviation (error
bar) were calculated from 3 independent measurements. *p<0.01 (Student's t test).

0.68-fold of that without CyPA, respectively. The effect of HCR6 (1b)
RdRp with CyPB was 3.1-+0.3-fold of that without CyPB. The
RNA-binding activity of HCV RdRps was thus enhanced by the addition
of CyPA and CyPB.

3.5. Effect of CyP activation on RdRp of various HCV genotypes

The CsA sensitivity differed among the HCV genotypes [41]. There-
fore, we tested the effects of CyPA and CyPB activation on NN (1b),
H77 (1a), RMT (1a), and J6CF (2a) RdRp (Fig. 5). RdRp activity was
compared with and without 50x (5 M) CyPA and 5x (500 nM)
CyPB. At their respective concentrations, CyPA activated all of the
tested HCV RdRps by 3.9-5.3x, but CyPB activated only 1b RdRps
(8-10x). CyPB slightly activated J6CF (2a) RdRp (approximately
4x), but it did not activate the 1a or JFH1 (2a) RdRps (1.4-1.8x).

4. Discussion

Since CsA was discovered to inhibit HCV infection [23-26], the CyP
pathway contributing to HCV replication has been proposed as a po-
tential stratagem for controlling HCV infection. Reports about the
roles of CyPA in HCV replication via NS5A have been accumulating
[33-35,42-44]. However, the effect of CyP inhibitors varied on the
RNA-binding activity of NS5B [41,45], and DEBIO-025 decreased
CyPB levels in patients [46]. Controversial results of CyPA and CyPB
knockout experiments on HCV replicon activity were reported
[29,30,47}. Therefore, the effects of CyPA and CyPB on HCV RdRp
were carefully analyzed again in vitro.

In this study, we demonstrated that CyPA and CyPB activated HCV
1b RdRp in vitro by completely different kinetics using purified CyPs
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Fig. 4. Hepatitis C virus (HCV) RdRp activation effects of cyclophilin A (CyPA) and cyclophilin B (CyPB) on transcription initiation and elongation. The polymerase activation effect of
the timing of the CyPA or CyPB addition was examined. The sequence of the model RNA template (SL12-1S) and experimental design are shown in A. CyPA 100x (10 pM) was in-
cubated with HCR6 (1b) RdRpwt (A) and JFH1 (2a) (B) RdRp during preincubation with 0.5 mM GTP (initiation) or after preincubation (elongation). CyPB 5x {500 nM) was in-
cubated with HCVR6 (1b) RdRpwt during preincubation with 0.5 mM GTP {initiation) or after the preincubation (elongation) (C). The mean relative polymerase activation ratio
and standard deviation (error bar) were calculated from 3 independent measurements. The effect of the 100x CyPA and 5x CyPB on RNA template binding was examined (E).

and HCV RdRps (Fig. 2), which indicated that the mechanism of their
HCV RdRp activation differed despite their similar structures [48-50}.
Kinetic analysis of CyPA on HCR6 (1b) and JFH1 (2a) RdRp indicated
that it had a similar activation mechanism on both HCV RdRps. CyPA
did not activate HCV RdRp at low concentrations, but it did activate it
at >50x molar excess to it. The unusual dose of CyPA activating HCV
RdRp (Fig. 2) postulates that HCV RdRp may be surrounded by CyPA
in vitro and factors involving CyPA and HCV RdRp interaction, such as
NS5A, in the HCV replication complex of the infected cells
[27,28.31,36,51-53] because the interaction of CyPA and HCV RdRp
was weak (Fig. S4).

Although some controversial results were obtained from those of
Heck et al. [54), the studies agree that CyPB also activated HCV 1b
RdRp in vitro. The activation kinetics of CyPB on HCRG (1b) RdRp
showed a sigmoid-like curve (Fig. 2) that suggested an allosteric ef-
fect of CyPB on RdRp activity. CyPB may interact with HCV RdRp as
a cofactor and directly activate HCR6 (1b) RdRp. The HCV RdRp-
CyPB complex was likely to interact more with CyPB, and its activa-
tion plateaued at the CyPB/RdRp ratio of 5:1 (Fig. 2C). The CyPB

activation curves of Heck et al. [54] also plateaued. These data from
the 2 independent groups support the weak interaction between
CyPB and HCV 1b RdRp (Fig. S4).

CyPA did not show genotype specificity in the current study
(Fig. 5A), a finding that agrees with those of CyPA knockdown,
DEBIO-025, and CsA experiments [30,43,55]. CyPB activation showed
genotype specificity (Fig. 5B) [54]; CyPB activated 1b and J6CF (2a)
RdRp but did not activate 1a or JFH1 (2a) RdRp. Both reports agreed
with the finding that JFH1 (2a) subgenomic replicon was indepen-
dent of CyPB {41]. Although mutations accumulated in the NS5A re-
gion of CsA- or DEBIO-025-resistant HCV replicons, some mutations
were found in the NS5B region [18,27,28,33,45].

Another controversial result between that of Heck et al. [54] and
ours is the Mg?*-dependency of the CyPB activation. The Mg®* con-
centration in cells is 14-20 mM, and Mg®" ions are distributed al-
most equally throughout the nuclei, mitochondria, and cytosol/
endoplasmic reticulum [56]. The Mn** concentration in cells varies
from report to report [57,58]. The optimal Mn?* and Mg?* concen-
trations in the HCV in vitro transcription used in this study were
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Fig. 5. Activation effects of cyclophilin A (CyPA) and cyclophilin B (CyPB) on hepatitis C
virus (HCV) RNA polymerase of genotypes 1a, 1b, and 2a. The polymerase activation ef-
fects of CyPA and CyPB on HCV 1a (H77 and RMT), 1b (HCR6, NN, and Con1), and 2a
(J6CF and JFH1) were examined. HCV RdRp (100 nM) was incubated with 50x CyPA
and 5x CyPB. The mean relative polymerase activation ratio and standard deviation
(error bar) were calculated from 3 independent measurements.

different from the physiological concentrations in cells (4,37]. How-
ever, under the optimal HCV transcription condition, HCV RdRp acti-
vation was observed by CyPA and CyPB (Fig. 1).

The amount of CyPA varies by cell type [59]. In some cells, CyPB
may also contribute to, HCV 1b replication because it localizes in the
endoplasmic reticulum and plasma membranes [60,61], which form
a membrane web in which an HCV replication complex exists {1].

PPI activity of CyPs is essential for HCV replicon activation [32,53].
CyP inhibitors (DEBIO-025, NIM811, and SCY-635) inhibit PPl activity.
The PPl activity of CyPA contributed to HCV RdRp activation and
CyP-NS5A binding [36]. The PPI activity of CyPA partly contributed
to the activation of HCR6 (1b) RdRpwt in vitro (Fig. 3A, p<0.01).
The PPI activity of CyPB may not be essential for RARp activation be-
cause the activation ratio was not large between CyPB and CyPBAPP,
although the experiment showed a statistically significant difference
(Fig. 3B). There may be differences in the RdRp activation mecha-
nisms of CyPA with and without PP! activity. This finding will help
with the development of new CyPA inhibitors that target domains
other than PPI.

The mechanism of HCV RdRp activation by CyPs is not clear. In the
least, CyPA and CyPB enhanced the early stage of HCV transcription,
including the template RNA binding of HCV RdRp (Fig. 4) [29,41,45].
The productive template-polymerase binding is the late-limiting
step of transcription initiation by HCV RdRp in vitro, and a smali frac-
tion of HCV RdRp was active in vitro {62,63]. CyP may enhance this
step on many HCV RdRp molecules to show apparent activation of
RdRp in vitro.

Considering the controversial reports on CyP and HCV replication
[29,33,35,41,43,44]}, it can be concluded that CyPA is the major factor
of HCV genome replication and that the activation of HCV RdRp may
require other factors such as NS5A to condense CyPA around the
HCV RdRp. Although many HCV treatment approaches have been ap-
plied in addition to Peg-IFN, ribavirin, and NS3/NS4a protease inhibi-
tor [64-67], more effort has to be made to ensure an HCV cure, This

study and that of Heck et al. [54] demonstrated similar activation ki-
netics and genotype specificity of CyPB activation (Figs. 2 and 5).
CyPB also has the potential to activate HCV 1b genome replication
in a limited condition, and it should also be included as the target of
inhibitor development because HCV 1b is the genotype that is most
resistant to treatment [13}.
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Heat-shock protein 90 (Hsp90) is a molecular chaperone that plays a key role in the conformational
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maturation of various transcription factors and protein kinases in signal transduction. The hepatitis C virus
(HCV) internal ribosome entry site (IRES) RNA drives translation by directly recruiting the 40S ribosomal
subunits that bind to eukaryotic initiation factor 3 (elF3). Our data indicate that Hspg0 binds indirectly
to elF3 subunit ¢ by interacting with it through the HCV IRES RNA, and the functional consequence of
this Hsp90-elF3c-HCV-IRES RNA interaction is the prevention of ubiquitination and the proteasome-
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Fig. 1. Inhibition of IRES-mediated translation by an Hsp90 inhibitor. (A) The structure of the HCV replicon RNA molecules comprising the HCV 5-UTR, including the HCV
IRES, the neomycin phosphotransferase gene (Neot), and the coding region for the HCV proteins core to NSSB (in the HCV full-length replicon). (B) A schematic representation
of the bicistronic HCV IRES or EMCV IRES reporter construct pRenilla-HCV IRES-firefly luciferase (RL-HCV [RES-FL) or pRenilla-EMCV IRES-firefly luciferase (RL-EMCV IRES-FL)
driven by the CMV promoter to direct cap-dependent translation of renilla fuciferase (RL) and HCV IRES or EMCV IRES-dependent translation of firefly luciferase (FL). The
vector construct for HCV [RES-mediated translation of firefly luciferase, pHCV IRES-firefly luciferase (HCV IRES-FL) (Ujino et al,, 2010). (C) The structure of the Hsp90inhibitor
17-AAG (17-allylamino-17-demethoxygeldanamycin, Sigma-Aldrich Chemical Co.). (D) Inhibition of IRES-mediated translation by 17-AAG. Huh-7 cells (1x 10° cells/well
on 12-well plates) treated with 17-AAG (25 and 50 nM) and DMSO as a control for 24 h, and were then transfected with pRenilla-HCV IRES-firefly luciferase (RL-HCV IRES-
FL) using Lipofectamine 2000 (Invitrogen). At 24 h post-transfection, Renilla luciferase (cap-dependent translation) and firefly Juciferase (HCV IRES-dependent translation)
activities were measured with a Dual-Luciferase Reporter Assay System (Promega). The data represent the mean + standard deviations (SDs) from the experiments performed

Ie(lc}:);vzords‘ dependent degradation of elF3c. Hsp90 activity interference by Hsp90 inhibitors appears to be the result
Hsp90 of the dissociation of elF3c from Hsp90 in the presence of HCV IRES RNA and the resultant induction of the
HCV IRES degradation of the {ree forms of elF3c. Moreover, the interaction between Hsp90 and elF3c is dependent
17-AAG on HCV IRES RNA binding. Furthermore, we demonstrate, by knockdown of elF3c, that the silencing of

Translation initiation

elF3c results in inhibitory effects on translation of HCV-derived RNA but does not affect cap-dependent

translation. These results indicate that the interaction between Hsp90 and elF3¢ may play an important
role in HCV IRES-mediated translation,

© 2011 Elsevier B.V. All rights reserved.

The hepatitis C virus (HCV), a member of the Flaviviridae
family, has a positive-strand RNA genome (Taylor et al., 1999;
Bartenschlager and Lohmann, 2001) encoding a large precursor
polyprotein that is cleaved by host and viral proteases to gen-
erate at least 10 functional viral proteins: core, envelope 1 (E1),
E2, p7, nonstructural protein (NS2), NS3, NS4A, NS4B, NS5A, and
NS5B (Grakoui et al., 1993; Hijikata et al., 1993). Ishii et al. iden-
tified an HCV replicon system in which the full HCV genomic
RNA autonomously replicates in the Huh-7 human hepatoma cell
line (Fig. 1A) (Ishii et al., 2006). This HCV replicon system allows
researchers to study HCV genome replication in cell culture. HCV
protein synthesis is initiated by the HCV RNA genome. This genome
contains a conserved structure in its 5'-untranslated region (5'-
UTR) that acts as an internal ribosome entry site (IRES) (Lukavsky,
2008). Briefly, the small ribosomal subunit (40S) and the eukary-
otic initiation factor elF3 bind specifically to the HCV IRES RNA,
allowing for direct recognition of the start codon present in the 5'-
UTR of the viral mRNA (Spahn et al., 2001; Collier et al,, 2002; Kieft
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et al, 2002; Fraser and Doudna, 2007; Julien et al., 2009). Consis-
tent with its diverse functions, eIF3 is the largest and most complex
initiation factor. The mammalian version, for example, contains 13
nonidentical subunits designated elF3a to eIF3m. The elF3 core sub-
unit (elF3a-c, g, and i) is essential for translation (Kieft et al., 2002;
Hinnebusch, 2006; Masutani et al., 2007; Zhou et al., 2008), and
elF3 specifically associates with the apical half of domain Iil of the
HCVIRES (Kieftet al., 2001, 2002; Siridechadilok et al., 2005; Fraser
and Doudna, 2007).

Hsp90 is a heat-shock protein that is abundant in the cytosol
of eukaryotes and prokaryotes. In contrast to other chaperones, a
number of substrates are known to contain Hsp90 (Schulte et al.,
1995). Studies of eukaryotes have revealed that these Hsp90 client
proteins include a variety of transcription factors (Coumailleau
et al, 1995; Garcia-Cardena et al., 1998; Nagata et al, 1999; Sato
et al,, 2000; Richter and Buchner, 2001; Xu et al., 2001; Waza et al.,
2005). Recently, many studies have reported that Hsp90 is involved
with not only HCV RNA replication and viral protein but also HCV
IRES-mediated translation (Waxman et al., 2001; Kim et al., 2006;
Okamoto et al., 2006; Nakagawa et al., 2007; Ujino et al,, 2009). In
the present study, we demonstrate that elF3 forms a complex with
Hsp90 that is critical for HCV IRES-mediated translation.

in triplicate.

To investigate the effects of the Hsp90 inhibitor 17-AAG on HCV
IRES translation, a bicistronic reporter system was used that con-
sisted of an upstream reporter, Renilla [uciferase (RL), expressed
by cap-dependent translation and a downstream reporter, fire-
fly luciferase (FL), which is under the translational control of the
HCV IRES. To construct pcDNA-HCV IRES-firefly Luc, pHCV IRES-
firefly Luc (HCV IRES-FL) (Ujino et al,, 2010) (Fig. 1B) was digested
with BamHI and Sall. The IRES-firefly Luc fragments were inserted
into the BamHI-Xhol site of pcDNA3.1 (Invitrogen, Carlsbad, CA).
To construct pRenilla-HCV IRES-firefly luciferase (RL-HCV IRES-FL),
Renilla luciferase fragments were amplified by PCR from a pFN11A
Flexi vector (Promega, Madison, W), and the PCR products were
inserted into the BamHI site of pcDNA-HCV IRES-firefly Luc. The
human hepatoma cell line Huh-7 was maintained in Dulbecco's
modified Eagle's medium (DMEM; Invitrogen) containing 10% fetal
bovine serum (FBS). The benzoquinone ansamycin, the antibiotic
geldanamycin (GA) and its less toxic analogue 17-allylamino-
17-demethoxygeldanamycin (17-AAG) (Fig. 1C) (Sigma-Aldrich
Chemical Co,, St Louis, MO) directly bind to the ATP/ADP binding
pocket of Hsp90, thus preventing ATP binding and the completion
of client protein refolding (Neckers, 2003). The client proteins of
Hsp90 appear to shift the role of the primary chaperone from Hsp90
to Hsp70in cells treated with Hsp90 inhibitors (Doong et al., 2003).
Itis also well known that 17-AAG causes a modest increase in Hsp70
levels (Morimoto, 1998; Bagatell et al., 2000; Guo et al,, 2005). In
our previous report, a significant induction of Hsp70 was detected
(Ujino et al., 2009).

For the reporter gene assay, Huh-7 cells were treated with dif-
ferent concentrations of the Hsp90 inhibitor, 17-AAG, or DMSO as

a control for 24 h. They were then transfected with the bicistronic
reporter construct RL-HCV IRES-FL using Lipofectamine 2000
(Invitrogen), which directs cap-dependent translation of the RL
gene and HCV IRES-dependent translation of FL genes (Invitrogen).
At 24h post-transfection, the Renilla luciferase (cap-dependent
translation) and firefly luciferase (HCV IRES-dependent translation)
activities were measured with a Dual-Luciferase Reporter Assay
System (Promega, Madison, WI). In cells treated with 50nM 17-
AAG, firefly luciferase activity was reduced by 55% with RL-HCV
IRES-FL, whereas Renilla luciferase activity was mostly maintained
(Fig. 1D). The inhibition of HCV IRES-mediated transiation occurred
in a dose-dependent manner. Recently, Kim et al. (2006) demon-
strated that Hsp90 regulates ribosomal function by maintaining the
stability of 40S ribosomal proteins such as rpS3 and rp$6. The inter-
action between the 40S ribosomal proteins and Hsp90 has also been
associated with ribosomal activities such as protein synthesis. We
also found that the Hsp90 inhibitor 17-AAG influences HCV IRES-
mediated luciferase activity, suggesting that 17-AAG inhibited HCV
RNA replication and HCV IRES-mediated translation.

The HCV IRES is recognized specifically by the small ribosomal
subunit and elF3 before the initiation of viral translation. Although
the degradation of rpS3, a component of the small ribosomal sub-
unit, hasbeen shown to occur in the presence of the HspS0 inhibitor
(Kim et al,, 2006), the influence of Hsp90 inhibition on elF3 is not
understood. To determine whether 17-AAG affects the expression
of the elF3 subunit, we analyzed elF3a, elF3b, elF3c, elF3g and
elF3i protein expression by western blot analysis. The HCV replicon
cell line NNC#2 (NN/1b/FL), which carries a full genome replicon,
was cultured in DMEM with 10% FBS, nonessential amino acids,
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Fig. 2. Effect of 17-AAG treatment on elF3 expression. (A) Western blot analysis of elF3 protein expression in Huh-7 or NNC#2 cells treated with 17-AAG (25 nM and 50nM).
The cell lysates were analyzed by western blot 48 h after treatment. The primary antibodies used were monoclonal or polyclonal antibodies against elF3a, elF3b, elF3c, elF3g,
and elF3i (Santa Cruz Biotechnology). Horseradish peroxidase-conjugated anti-rabbit antibody (Sigma-Aldrich Chemical Co.) was used as the secondary antibody. (B) The
reduction of elF3c expression was prevented by proteasome inhibitor treatment. NNC#2 cells treated with 17-AAG (50 nM) or DMSO as a control. After 8 h treatment, the cells
were treated with the proteasome inhibitor MG-132 (5 uM) or DMSO as a control. The cell lysates were analyzed by western blot 40 h after treatment. The primary antibody
used was the elF3c or B-actin (Santa Cruz Biotechnology). Horseradish peroxidase-conjugated anti-rabbit antibody (Sigma-Aldrich Chemical Co.) was used as the secondary
antibody. (C) elF3c degradation is mediated by the ubiquitin-dependent protease pathway. NNC#2 cells were transfected with pCMV-Myc-Ubi using Lipofectamine 2000
(Invitrogen). At 24 h post-transfection, the cells were treated with 17-AAG (50 nM) or DMSO as a control for 8 h and were then treated with the proteasome inhibitor MG-132
(5 M) for 16 h, The cell lysates were subjected to an immunoprecipitation assay using an anti-aMyc antibody (Cell Signaling) followed by an immunoblot analysis using
anti-elF3c¢ antibody.

L-glutamine, penicillin/streptomycin, and 1mg/mL G418 (Invit-
rogen) at 37°C in 5% CO; (Ishii et al, 2006). For western blot
analysis, NNC#2 cells and Huh-7 cells were lysed in 1x chloram-
phenicol acetyltransferase (CAT) enzyme-linked immunosorbent
assay buffer (Roche, Basel, Switzerland). The cell lysates were
separated by 10% sodium dodecyl suifate-polyacrylamide gel elec-
trophoresis, transferred to nitrocellulose membranes, and blocked
with 5% skimmed milk. The primary antibodies used were mono-
clonal or polyclonal antibodies against FLAG-M2 (Sigma-Aldrich
Chemical Co.), Hsp90 (Cell Signaling Tech., Beverly, MA), elF3a,
elF3b, elF3c, elF3g, and elF3i (Santa Cruz Biotechnology, Santa
Cruz, CA). Horseradish peroxidase-conjugated anti-rabbit antibody
(Sigma-Aldrich Chemical Co.) was used as the secondary antibody.
When the HCV replicon cell line NNC#2 (NN/1b/FL) and Huh-7 cells
were treated with increasing doses of 17-AAG, the expression of
the elF3c¢ subunit was markedly reduced in NNC#2 cells, but the
expression in Huh-7 cells was unaffected (Fig. 2A). These results
suggest that Hsp90 is involved in elF3c stability through a physical
interaction in the presence of HCV IRES RNA.

Protein degradation in cells is mediated by several protease sys-
tems; however, the stability of most proteins is regulated by Hsp90,
and they appear to be degraded by proteasomes. To investigate
whether the reduction of elF3c was due to proteasomal degrada-
tion, we treated NNC#2 cells with a proteasome inhibitor, MG132,
to prevent the 17-AAG-induced degradation of elF3c. Our results
indicated that 17-AAG-induced elF3c degradation can be blocked
by proteasome inhibitors (Fig. 2B). Proteasome inhibitors substan-
tially prevented the degradation of elF3c in cells treated with
17-AAG. This is most likely because the disruption of Hsp90 by the
Hsp90 inhibitor treatment destabilized the elF3c protein. There-
fore, it is clear that proteasome-dependent degradation results in
the decreased level of elF3c protein. This indicates that the sta-
bility of elF3c was supported by Hsp90, and unstable elF3c was
removed by proteasomes. Furthermore, we investigated whether
the ubiquitination of elF3c was affected by the Hsp90 inhibitor,
17-AAG, We transfected pCMV-Myc-Ubi (provided by Dr. A. Ryo)
using Lipofectamine 2000 (Invitrogen) into NNC#2 cells, which

were then treated with 17-AAG (50 uM). After treatment, the cells
were then treated with 5uM MG132 and subjected to immuno-
precipitation with an anti-aMyc antibody (Cell Signaling) followed
by an immunoblot analysis using an anti-elF3c antibody. Notably,
polyubiquitinated forms of eiF3c was detected in cells treated with
17-AAG (Fig. 2C). These results suggest that the destabilized elF3c
protein is degraded by proteasome-dependent proteolysis medi-
ated by ubiquitin conjugation, and Hsp90 plays an important role
in maintaining the stable form of the elF3c protein in vivo.

To investigate the influence of elF3c silencing on HCV IRES-
mediated translation, Huh-7 cells were transfected with siRNA
targeted to elF3c at a concentration of 50 nM using Lipofectamine
2000 (Invitrogen), and they were then transfected with RL-HCV
IRES-FL. Control small interference RNA (siRNA) and elF3 p110
(eukaryotic translation initiation factor 3, subunit 8, 110kDa)
siRNA were purchased from Santa Cruz Biotechnology. The protein
levels of elF3c were examined by western blot analysis, and HCV
IRES-mediated translation was analyzed with a Dual-Luciferase
Assay. As demonstrated in Fig. 3A, when compared to Huh-7 cells
treated with control siRNA, the elF3c protein level was markedly
reduced in Huh-7 cells transfected with elF3 p110 siRNA targeting
elF3c. Furthermore, firefly luciferase activity in RL-HCV IRES-FL was
also reduced by approximately 63% in the cells treated with siRNA
targeted to elF3c, whereas Renilla luciferase activity was mostly
maintained (Fig. 3B). The inhibition of HCV IRES-mediated transla-
tion by siRNA against elF3¢ indicates that the suppression of HCV
IRES-mediated translation by Hsp90 inhibition leads to a reduction
in elF3c. To further characterize the HCV IRES inhibitory effect
of siRNA targeting elF3c, we used additional bicistronic reporter
plasmids for transient transfection assays with Huh-7 cells. Since
we were mainly interested in viral IRESs, we chose to investigate
the effect of the luciferase activities on translation derived from
the IRES of EMCV in place of the HCV IRES (Fig. 1B). To generate
pcDNA-EMCV IRES-firefly Luc, EMCV IRES fragments were created
by PCR using the following primers: 5'-GAC TGG ATC CCC CCC CCC
CCT AAC-3' and 5'-CAG TGG GCC CTA TTA TCG TGT TTT TCA AAG
GAA AAC C-3'. The PCR products were inserted into the BamHI and
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Fig.3. Knockdown of elF3c expression inhibits HCV IRES-mediated translation. (A) elF3¢ protein expression in Huh-7 cells transfected with control siRNA or elF3c siRNA at a
concentration of 50 nM using Lipofectamine 2000 (invitrogen). Cell lysates were analyzed by western blot 24 h post-treatment. elF3¢ or B-actin antibodies were used as the
primary antibodies (Santa Cruz Biotechnology). Horseradish peroxidase-conjugated anti-rabbit antibody (Sigma-Aldrich Chemical Co.) was used as the secondary antibody.
{B) Huh-7 cells were transfected with siRNA targeted to elF3c (50 nM) or nontarget control siRNA (50 nM) using Lipofectamine 2000 (Invitrogen). At 24 h post-transfection, the
cells were then transfected with RL-HCV IRES-FL or RL-EMCV IRES-FL using Lipofectamine 2000 (Invitrogen). At 24 h post-transfection, the Renilla luciferase {cap-dependent
translation) and firefly luciferase (HCV IRES or EMCV IRES-dependent translation) activities were measured with a Dual-Luciferase Reporter Assay System (Promega). Results
are repr ive of three ind dent experiments, and error bars indicate the + standard deviations (SDs) of the means, P>0.05 (Student's t-test). (C) HCV IRES-mediated
translational inhibition with elF3 p110 siRNA by HCV full-genome RNA (NN/1b/FL). Huh-7 cells were transfected with eIF3 p110 siRNA or control siRNA at a concentration of
50 nM using Lipofectamine 2000 (Invitrogen). At 24 h post-transfection, the cells were transfected with 2 ug of HCV full-genome RNA (NN/1b/FL) using Lipofectamine 2000
(Invitrogen). After 24 by, intracellular HCV core-protein levels were d using a fully d HCV core-protein antigen ¢ ilumi ent enzyme i

(CLEIA) according to the manufacturer’s instructions {Aoyagi et al., 1999). The relative cl ence units were d and used to determine the concentration of
the HCV core antigen according to a standard curve generated using recombinant HCV core antigen. The concentration was expressed in units of femtomole/L {(fmol/L). The

data represent the mean + standard deviations (SDs) from the experiments performed in triplicate.

Apal sites of pcDNA3.1, and firefly Luc fragments were cloned into
the Apal site of the resulting plasmid. To construct pcDNA-Renilla-
EMCV IRES-firefly Luc (RL-EMCV IRES-FL), pcDNA-Renilla-EMCV
IRES-firefly Luc was digested with BamH], and the renilla Luc frag-
ments were inserted into BamHlI site of pcDNA-EMCV IRES-firefly
Luc (Fig. 1B). Huh-7 cells were transfected with control small
interference RNA (siRNA) or elF3 p110 siRNA at a concentration of
50nM using Lipofectamine 2000 (Invitrogen) and then transfected
with RL-EMCV [RES-FL. Following transient transfection in Huh-7
cells, firefly fuciferase activity in RL-EMCV IRES-FL was also reduced
by approximately 43% in cells treated with siRNA targeting elF3c,
but Renilla luciferase activity was mostly maintained (Fig. 3B). The
knockdown of elF3c expression also resulted in inhibitory effects
on translation derived from HCV and EMCV (Fig. 3B) but did not
affect cap-dependent translation. These results indicate that elF3c
may play a more important initiation factor in IRES-mediated
translation than cap-dependent translation. However, it remains
the subject of future investigation to determine whether only
elF3c proteins are subject to the IRES-mediated translation.

We aiso examined the HCV IRES-mediated translational inhibi-
tion with elF3 p110 siRNA by HCV full-genome RNA ((NN/1b/FL)
(Ishii et al., 2006). Huh-7 cells were transfected with eIF3 p110

siRNA or contro} siRNA at a concentration of 50nM using Lipo-
fectamine 2000 (Invitrogen). At 24 h post-transfection, the cells
were transfected with HCV full-genome RNA (NN/1b/FL). After 24 h,
the intracellular HCV core-protein levels were measured using
a fully automated HCV core-protein antigen chemiluminescent
enzyme immunoassay (CLEIA) according to the manufacturer's
instructions (Aoyagi et al., 1999). The core-protein expression in
cells treated with elF3 p110 siRNA was reduced by approximately
61% when compared to cells treated with control siRNA (Fig. 3C).
These findings further confirmed that HCV IRES-mediated trans-
lational inhibition occurs through a reduction of elF3c expression
caused by the Hsp90 inhibitor-mediated disruption of the interac-
tion between elF3c and Hsp90 with HCV IRES RNA.

To investigate the role of Hsp90 in HCV IRES-mediated transla-
tion further, we confirmed the interaction of elF3c and Hsp90 by
immunoprecipitation. The pFLAG-elF3c vector was constructed by
subcloning a DNA fragment encoding full-length human eiF3c into
the EcoRI and Xbal sites of the pFLAG CMV™.2 expression vec-
tor (Sigma-Aldrich Chemical Co.) so that the amino-terminal FLAG
epitope was fused in-frame with elF3c. The pFLAG-elF3c expres-
sion vector or the control vector pFLAG-CMV2 was transfected into
NNC#2 cells or Huh-7 cells. After 48h, the immunoprecipitates
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(A) Huh-7 NNC#2
FLAG-CMV2 + - + .
FLAG-elF3¢ - + -+
IP: anti-FLAG
1B: anti-Hsp90

iP: anti-FLAG
1B: anti-FLAG - E*j elF3c

(B) Huh-7
HCVIRESFL - - + +
17-ARG - + - +

©)

RNaseA - +

IP: anti-elF3c
1B: anti-Hsp90

1B: anti-Hsp90
1B: anti-elF3c

<D) Huh-7

HCVIRES-FL - +
IP: anti-elF3¢
IB: anti-Hsp90

iP: anti-Hsp90
IB: anti-elF3¢

1B: anti-Hsp90

IB: anti-elF3c

10% input

HCVIRES-FL - - + +
17-AAG -
MG132 +

IP: anti-elF3¢ [

1B: anti-Hsp90

1B: anti-Hsp90
1B: mni-elF3cE"’"E

10% input

Fig. 4. Aninteraction between elF3c and Hsp90 was induced by HCV IRES. (A) The pFLAG-elF3c vector was constructed by subcloning a DNA fragment encoding full-length
human eiF3c into the EcoRI and Xbal sites of the pFLAG CMV™.-2 expression vector (Sigma-Aldrich Chemical Co.) such that the amino-terminal FLAG epitope was fused
in-frame with elF3c¢. Huh-7 and NNC#2 cells were transfected with pFLAG-elF3c¢ or pFLAG-CMV2 control plasmids using Lipofectamine 2000 (Invitrogen). Cell lysates were
immunoprecipitated by the anti-FLAG M2 antibody 48 h after transfection. The precipitates were analyzed by western blot using the anti-Hsp90 antibody. (B) The Huh-7
cells were transfected with or without pHCV IRES-firefly luciferase (HCV IRES-FL) (Fig. 1B} and then treated with or without 17-AAG (50 nM). Cell lysates were analyzed
by western blot 48 h post-treatment with an elF3¢ primary antibody (Santa Cruz Biotechnology). Horseradish peroxidase-conjugated anti-rabbit antibody (Sigma-Aldrich
Chemical Co.) was used as the secondary antibody, (3-Actin was used as an internal control. (C} The interruption of Hsp90-clF3c interaction by RNase A treatment. NNC#2
cell lysates were treated with RNase A (5 U/ulL) (Sigma-Aldrich Chemical Co.). After 4 h, the cell lysates were subjected to immunoprecipitation using an anti-elF3¢ antibody.
followed by immunoblot analysis using an anti-Hsp90 antibody. (D) elF3c¢ or Hsp90 co-immunoprecipitates with Hsp90 or elF3c¢ from cells transfected or untransfected with
PHCV [RES-FL. Huh-7 cells were transfected with pHCV IRES-FL using Lipofectamine 2000 (Invitrogen) and subject to immunoprecipitation using the indicated antibodies at
24 h post-transfection. The precipitates were analyzed by western blot using the indicated antibodies. (E) The inhibitor 17-AAG dissociates Hsp90 and elF3c from the HCV
IRES complex. Huh-7 cells were transfected with pHCV IRES-FL using Lipofectamine 2000 ({nvitrogen). At 24 h post-transfection, cells were treated with 17-AAG (50nM)
or DMSO as a control for 8 h and were then treated with MG132 (5 uM) for 16 h. Cell lysates were subjected to mmmnopreclpualmn using an anti-elF3c antibody, and the

precipitates were analyzed by western blot using the anti-Hsp90 antibody.

(anti-FLAG antibody) were determined by western blot analysis
(Fig. 4A). The western blot analysis clearly indicated that elF3c
and Hsp90 coprecipitated in NNC#2 cells, whereas they did not
coprecipitate in Huh-7 cells, suggesting that elF3c was bound to
the chaperone complex that formed with Hsp90 in NNC#2 cells
(Fig. 4A). This interaction between Hsp90 and elF3c in NNC#2 cells
suggests that HCV translation is due to the interaction between
elF3c and Hsp90. Given the observed binding of elF3 with the
HCV IRES RNA, this Hsp90-elF3c interaction occurring in HCV
replicon cells was likely mediated by HCV IRES RNA. To address
this question, Huh-7 cells were transfected with pHCV IRES-firefly
luciferase (HCV IRES-FL) (Fig. 1B) using Lipofectamine 2000 (Invit-
rogen)and then treated with 17-AAG (50 nM) or DMSO as a control.
After treatment, the cell lysates were analyzed by western biot
(Fig. 4B). The level of elF3c was reduced by the 17-AAG treat-
ment in cells transfected with pHCV IRES-FL compared to control
DMSO, but elF3c was not reduced in cells transfected with pHCV
IRES-FL. The disruption of Hsp90 activity by the Hsp90 inhibitor,
17-AAG, appears to dissociate elF3c from the Hsp90-elF3c-HCV
IRES complex and induce the degradation of the free forms of
elF3c. To verify this result, NNC#2 cell lysates were further treated
with RNase A (5U/pL) (Sigma-Aldrich Chemical Co.). After treat-
ment, anti-elF3c antibody immunoprecipitates were determined
by western blot analysis (Fig. 4C). The analysis clearly indicated
that elF3c and Hsp90 coprecipitated in NNC#2 cell lysates, whereas

they did not coprecipitate in NNC#2 cells lysates treated with
RNase A. The interaction between Hsp90 and elF3c was inter-
rupted by RNase A treatment. These results suggest that the
interaction of elF3c and Hsp90 is dependent on HCV IRES bind-
ing. Next, to further demonstrate whether HCV IRES is required
for the interaction between elF3c and Hsp80, we performed a co-
immunoprecipitation assay using the extracts of cells transfected
with pHCV IRES-FL. elF3c co-immunoprecipitated with anti-Hsp90
(Fig. 4D). The interaction of elF3c and Hsp90 was further con-
firmed by reverse co-immunoprecipitation of Hsp90 and elF3c
(Fig. 4D). These results also indicated that the interaction of elF3c
and Hsp90 was supported by the HCV IRES. Furthermore, we per-
formed an immunoprecipitation assay to confirm that eiF3c¢ and
Hsp90 interaction was influenced by the treatment with 17-AAG in
cells transfected with pHCV IRES-FL. Huh-7 cells were transfected
with pHCV IRES-FL using Lipofectamine 2000 (Invitrogen). At 24 h
post-transfection, the cells were treated with 17-AAG (50 nM) or
DMSO as a control for 8h and then MG132 (5 uM) for 16 h. An
immunoprecipitation assay with the cell lysates was performed
using the anti-elF3c antibody, and the precipitates were analyzed
by western blot using the anti-Hsp90 antibody. Although treat-
ment with both 17-AAG and MG132 in cells transfected with pHCV
IRES-FL resulted in a reduction in the interaction of Hsp90 and
elF3c, elF3c expression recovered upon treatment with the pro-
teasome inhibitor MG132 (Fig. 4E), but the interaction between
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Hsp90 and elF3c was not restored (Fig. 4E). Furthermore, elF3c
was not detected in cells not treated with MG132 (Fig. 2B), which
indicates that elF3c is a client protein for active Hsp90 (Fig. 2C).
In contrast, an interaction between Hsp90 and elF3c was observed
in cells not treated with 17-AAG (Fig. 4E). These results suggest
that the interaction between Hsp90 and elF3c is specific to HCV
IRES-expressing cells. However, the interaction of Hsp90 and elF3c
in the presence of 17-AAG, which blocks the association of Hsp90
with elF3c, may dissociate Hsp80 and elF3c from the overall HCV
IRES complex (Figs. 2B and C, and 4B and E).

In conclusion, our results demonstrate that HCV IRES-mediated
translational inhibition occurs through a reduction of elF3c expres-
sion caused by the Hsp90 inhibitor-mediated disruption of the
interaction between elF3c and Hsp90 with HCV IRES RNA. Fur-
thermore, the interaction between Hsp90 and elF3c requires HCV
IRES RNA. Taken together, our results suggest that the interac-
tion between Hsp90 and elF3c plays an important role in HCV
IRES-mediated translation. More experiments are needed to ver-
ify the relationship between eukaryotic initiation factor 3 (elF3)
and Hsp90. )
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Hepatitis C virus (HCV) infection causes not only intrahepatic diseases but also extrahepatic
manifestations, including metabolic disorders. Chronic HCV infection is often associated
with type 2 diabetes. However, the precise mechanism underlying this association is still
unclear. Glucose is transported into hepatocytes via glucose transporter 2 (GLUT2). Hepato-
cytes play a crucial role in maintaining plasma glucose homeostasis via the gluconeogenic
and glycolytic pathways. We have been investigating the molecular mechanism of HCV-
related type 2 diabetes using HCV RNA replicon cells and HCV J6/JFH1 system. We found
that HCV replication down-regulates celf surface expression of GLUTZ2 at the transcrip-
tional level. We also found that HCV infection promotes hepatic gluconeogenesis in HCV
J6/JFH1-infected Huh-7.5 cells. HCV infection transcriptionally up-regulated the genes for
phosphoenolpyruvate carboxykinase (PEPCK) and glucose 6-phosphatase (G6Pase), the
rate-limiting enzymes for hepatic gluconeogenesis. Gene expression of PEPCK and G6Pase
was regulated by the transcription factor forkhead box O1 (FoxO1) in HCV-infected cells.

Phosphorylation of FoxO1 at Ser319 was markedly diminished in HCV-infected cells, result-
ing in increased nuclear accumulation of FoxO1. HCV NSBA protein was directly linked with
the FoxO1-dependent increased gluconeogenesis. This paper will discuss the current model
of HCV-induced glucose metabolic disorders.

Key : HCV, diab {

INTRODUCTION

Hepatitis C virus (HCV) is a positive-sense, single stranded RNA
virus that belongs to the genus Hepacivirus of the family Flaviviri-
dae. The approximately 9.6-kb HCV genome encodes a unique
open reading frame that is translated into a polyprotein of about
3,000 amino acids, which is cleaved by cellular signalases and viral
proteases to generate at least 10 viral proteins, such as core, enve-
lope 1 (E1) and E2, p7, NS2, NS3, NS4A, NS4B, NS5A, and NS5B
(Choo et al., 1991; Lemon et al., 2007).

Hepatitis C virus is the main cause of chronic hepatitis, liver cir-
rhosis, and hepatocellular carcinoma. More than 170 million peo-
ple worldwide are chronically infected with HCV (Poynard et al.,
2003). Persistent HCV infection causes not only liver diseases but
also extrahepatic manifestations. It is well established that HCV
perturbs the glucose metabolism, leading to insulin resistance and
type 2 diabetes in predisposed individuals. Several epidemiologi-
cal, clinical, and experimental data suggested that HCV infection
serves as an additional risk factor for the development of dia-
betes (Mason et al., 1999; Negro and Alaei, 2009; Negro, 2011).
HCV-related glucose metabolic changes and insulin resistance and
diabetes have significant clinical consequences, such as accelerated
fibrogenesis, increased incidence of hepatocellular carcinoma, and
reduced virological response to interferon (IFN)-u-based therapy
(Negro, 2011). Therefore, it is very important to clarify the mol-
ecular mechanism of HCV-related diabetes. However, the precise
mechanisms are poorly understood.

Experimental data suggest a direct interference of HCV with
the insulin signaling pathway. Transgenic mice expressing HCV

is, GLUTZ, Fox01, JNK, NS5A

core gene exhibit insulin resistance (Shintani et al., 2004; Koike,
2007). In this transgenic mice model, both tyrosine phospho-
rylation of the insulin receptor substrate (IRS)-1 and IRS-2 are
decreased. These decreases are recovered when the proteasome
activator PA28y is deleted, suggesting that the HCV core protein
suppresses insulin signaling through a PA28y-dependent pathway
(Miyamoto et al., 2007). Several other reports also showed a link
of the HCV core protein with insulin resistance (Kawaguchi et al.,
2004; Pazienza et al., 2007).

Hepatocytes play a crucial role in maintaining plasma glucose
homeostasis by adjusting the balance between hepatic glucose
production and utilization via the gluconeogenic and glycolytic
pathways, respectively. Gluconeogenesis is mainly regulated at the
transcriptional level of the glucose 6-phosphatase (G6Pase) and
phosphoenolpyruvate carboxykinase (PEPCK) genes, whereas gly-
colysis is mainly regulated by glucokinase (GK). Gluconeogenesis
and glycolysis are coordinated so that one pathway is highly active
within a cell while the other is relatively inactive. It is well known
that increased hepatic glucose production via gluconeogenesis is a
major feature of type 2 diabetes (Clore et al., 2000).

To identify a novel mechanism of HCV-related diabetes, we
have been investigating the effects of HCV on glucose produc-
tion in hepatocytes using HCV RNA replicon cells (Lohmann
et al., 1999) and HCV J6/JFH1 cell culture system (Lindenbach
et al., 2005; Wakita et al., 2005; Bungyoku et al., 2009). We pre-
viously reported that HCV replication suppresses cellular glucose
uptake through down-regulation of cell surface expression of glu-
cose transporter 2 (GLUT2; Kasai et al., 2009). Furthermore, we
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recently reported that HCV promotes hepatic gluconeogenesis via
an NS5A-mediated, forkhead box O1 (FoxO1)-dependent path-
way, resulting in increased cellular glucose production in hepato-
cytes {Deng et al., 2011). This paper discusses our current model
for HCV-induced glucose metabolic disorders.

HCV REPLICATION DOWN-REGULATES CELL SURFACE
EXPRESSION OF GLUT2

The uptake of glucose into cells is conducted by the facilitative
glucose carrier, glucose transporters (GLUTs). GLUTs are inte-
gral membrane proteins that contain 12 membrane-spanning
helices. To date, a total of 14 isoforms have been identified in the
GLUT family (Wu and Freeze, 2002; Macheda et al., 2005; Godoy
et al., 2006). Glucose is transported into hepatocytes by GLUT2.
We previously reported that HCV J6/JFH! infection suppresses
hepatocytic glucose uptake through down-regulation of surface
expression of GLUT2 in human hepatoma cell line, Huh-7.5 cells
(Kasai et al., 2009). We also demonstrated that GLUT2 expres-
sion in hepatocytes of the liver tissues from HCV-infected patients
was significantly lower than in those from patients without HCV
infection. Our data suggest that HCV infection down-regulates
GLUT?2 expression at transcriptional level. We are currently ana-
lyzing transcriptional control of human GLUT2 promoter in HCV
replicon cells as well as in HCV J6/JFH I-infected cells.

HCV INFECTION PROMOTES HEPATIC GLUCONEOGENESIS

Then we analyzed hepatic glucose production and expression of
transcription factors using HCV replicon cells and HCVcc system
in order to clarify a role of HCV infection in glucose meta-
bolic changes. Hepatic glucose production is usually regulated by

gluconeogenesis and glycolysis. Therefore, we examined whether
HCV infection induces gluconeogenesis or glycolysis. We found
that the PEPCK and G6Pase genes were transcriptionally up-
regulated in J6/JFH1-infected cells (Figure 1). On the other
hand, the GK gene was transcriptionally down-regulated in HCV-
infected cells. We obtained similar data in HCV replicon cells (both
in subgenomic replicon cells and full-genomic replicon cells).
When HCV replication was suppressed by IFN treatment, the
up-regulation of PEPCK and G6Pase gene expression as well as
the down-regulation of GK gene expression were canceled. From
these results, HCV infection selectively up-regulates PEPCK and
G6Pase genes, whereas HCV infection down-regulates GK gene
(Dengetal., 2011).

Both HCV replicon cells and HCV-infected cells produced
greater amounts of glucose than the control cells. IFN treatment
canceled the enhanced glucose production in HCV replicon cells
as well as in HCV-infected cells. G6P is an important precur-
sor molecule that is converted to glucose in the gluconeogenesis
pathway (Figure 1). Our metabolite analysis showed that a sig-
nificantly higher level of G6P was accumulated in HCV-infected
cells than in the control cells, suggesting that HCV indeed pro-
motes hepatic gluconeogenesis to cause hyperglycemia. There is a
trend toward an increase in gluconeogenesis in HCV-infected cells
(Figure 1).

HCV SUPPRESSES Fox01 PHOSPHORYLATION AT Ser319,
LEADING TO THE NUCLEAR ACCUMULATION OF Fox01

It has been reported that G6Pase, PEPCK, and GK are regu-
lated by certain transcription factors, including FoxO1 (Hirota
et al., 2008), hepatic nuclear factor 4a (HNF-4a; Hirota et al.,
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rate-limiting enzymes for hepatic gluconeogenesis, and transcriptional
down-regulation of the gene for GK, the rate-limiting enzyme for hepatic
glycolysis.
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2008), Kriippel-like factor 15 (KLF15; Takashima et al., 2010}, and
cyclic AMP (cAMP) response element binding protein (CREB;
Rozance et al., 2008). While we were analyzing these factors in
both HCV replicon cellsand HCV J6/]FH 1-infected cells, we found
the involvement of the FoxO1 in the transcriptional activation of
G6Paseand PEPCK (Deng etal,, 2011). It is known that the FoxO1
enhances gluconeogenesis through the transcriptional activation
of various genes, including G6Pase and PEPCK (Gross et al., 2008).
The function of FoxO1 is regulated by post-translational modifi-
cations, including phosphorylation, ubiquitylation, and acetyla-
tion (Tzivion et al, 2011). The phosphorylated form of FoxOl
is exported from the nucleus to the cytosol, resulting in loss
of its transcriptional activity (Figure 2). Phosphorylation sta-
tus of FoxOl at Ser319 is critical for FoxO1 nuclear exclusion
(Zhao et al.,, 2004). Although the total amounts of FoxO1 protein
were unchanged, FoxO1 phosphorylation at Ser319 was markedly
suppressed in HCV-infected cells compared to that in the mock-
infected cells. It is known that the FoxO1 is phosphorylated by the
protein kinase Akt and is exported from the nucleus to the cytosol,
resulting in loss of its transcriptional activity ( Tzivion et al., 2011).
The majority of FoxO1 was accumulated in the nuclear fraction in
HCV-infected cells, whereas in control cells FoxO1 was distributed
in both the nuclear and cytoplasmic fractions. Akt phosphoryla-
tion was enhanced in HCV-infected cells, although the protein
levels of total Akt protein were comparable, which is consistent
with the report by Burdette et al. (2010). Our findings suggest
an interesting scenario in which the HCV-mediated suppression
in FoxO1 phosphorylation is caused by an unknown mechanism
independent of Akt activity.

HCV-INDUCED JNK ACTIVATION IS INVOLVED IN THE
SUPPRESSION OF Fox01 PHOSPHORYLATION

It is known that the stress-sensitive serine/threonine kinase JNK
regulates FoxO at multiple levels (van der Horst and Burgering,
2007; Karpac and Jasper, 2009). We demonstrated that HCV infec-
tion induces phosphorylation and activation of JNK in a time-
dependent manner, which is similar to that observed for the sup-
pression of FoxO1 phosphorylation. As a result, c-Jun, a key sub-
strate for JNK, got phosphorylated and activated in HCV-infected
cells. The JNK inhibitor SP600125 clearly prevented the phospho-
rylation of c-Jun, and concomitantly recovered the suppression
of FoxO1 phosphorylation in HCV-infected cells, suggesting that
HCV activates the JNK/c-Jun signaling pathway, resulting in the
nuclear accumulation of FoxO1 by reducing its phosphorylation
status. The detailed mechanisms of HCV-induced suppression
of FoxOl1 phosphorylation via the JNK/c-Jun signaling pathway
remain to be explored. There are at least two possibilities. The
JNK/c-Jun signaling pathway (1) suppresses a protein kinase, or
(2) activates a protein phosphatase to reduce phosphorylation of
FoxO1.

HCV-INDUCED MITOCHONDRIAL REACTIVE OXYGEN
SPECIES PRODUCTION IS INVOLVED IN INCREASED
GLUCOSE PRODUCTION THROUGH JNK ACTIVATION
Hepatitis C virus infection increases mitochondrial reactive oxy-
gen species (ROS) production (Deng et al.,, 2008). N-acetyl cys-
teine (NAC; a general antioxidant) clearly prevented the phos-
phorylation of JNK, and concomitantly canceled the suppression
of FoxO1 phosphorylation in HCV-infected cells, suggesting that

type 2

FIGURE 2 | A proposed h of HGV-induced glucose metaboli
disorders. HCV infection down-regulates cell surface expression of GLUTZ in
hepatocytes at the transcriptional level. HCV down-regulates a transcription
factor involved in GLUT2 gene expression through an unknown mechanism.
HCV infection induces mitochondria damage and ROS production, leading to
JNK activation. HCV NS4A protein is involved in mitochondrial damage. HCV

*| diabetes

PEPCK, Gé6Pase

gluconeogenesis |

o

NSBA protein is involved in ROS production. HCV-induced ROS production
causes JNK activation, resulting in the decreased phosphorylation and nuclear
accumulation of FoxO1. Nuclear accumulation of FoxO1 up-regulates gene
expression of PEPCK and G6Pase, leading eventually to increased glucose
production by gluconeogenesis. High glucose levels in the hepatocytes may
confer an advantage in efficient replication of HCV.
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HCV-induced ROS production is involved in the JNK activation.
There was no significant difference in HCV RNA replication or
infectious virus release between SP600125- or NAC-treated HCV-
infected cells and non-treated HCV-infected cells. These results
suggest that ROS-mediated JNK activation plays a key role in the
suppression of FoxO1 phosphorylation, nuclear accumulation of
FoxO1, and enhancement of glucose production in HCV-infected
cells (Deng et al., 2011).

HCV NS5A IS INVOLVED IN THE ENHANCEMENT OF
GLUCOSE PRODUCTION

Then we sought to determine which HCV protein(s) is involved
in the enhancement of glucose production. Transient expres-
sion of NS5A protein in Huh-7.5 cells significantly promoted
the gene expression levels of G6Pase and PEPCK determined
by real time quantitative RT-PCR. Promoter assay revealed that
the level of PEPCK promoter activity was significantly higher in
NS5A-expressing cells than in the control cells. Our results suggest
that NS5A activate both the PEPCK promoter and the G6Pase
promoter, leading to an increase in glucose production (Deng
et al,, 2011). The study by Banerjee et al. (2010) suggests that
the HCV core protein modulates FoxO1 and FoxA2 activation
and affects insulin-induced metabolic gene regulation in human
hepatocytes. Our results, however, suggest that the HCV core pro-
tein is not significantly involved in the increased gluconeogenesis
(Deng etal., 2011). The difference between these two studies needs
to be explored.

There were previous reports suggesting that ROS production
is induced in NS5A-expressing cells (Dionisio et al., 2009) or in
hepatocytes of NS5A transgenic mice (Wang ctal., 2009). We there-
fore sought to determine whether NS5A contributes to increased
hepatic gluconeogenesis through the induction of ROS produc-
tion. NS5A-expressing cells displayed a much stronger signal of
ROS than in control cells. NS5A-expressing cells promoted phos-
phorylation level at Ser63 of c-Jun and suppressed FoxO1 phos-
phorylation at Ser319, suggesting that NS5A mediates JNK/c-Jun
activation and FoxO1 phosphorylation suppression. These results
suggest that NS5A play a role in the HCV-induced enhancement of
hepatic gluconeogenesis through JNK/c-Jun activation and FoxO1
phosphorylation suppression.

CONCLUSION AND FUTURE PERSPECTIVES

Taken together, we propose a model of HCV-induced glucose
metabolic disorders as shown in Figure 2. HCV infection down-
regulates cell surface expression of GLUT2 in hepatocytes at the
transcriptional level. HCV down-regulates a transcription fac-
tor involved in GLUT2 gene expression through an unknown
mechanism. As GLUT2 is a facilitative GLUT, it ensures large
bidirectional fluxes of glucose in and out the cell due to its low
affinity and high capacity (Leturque et al., 2009). Down-regulated
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Abstract

The lack of a culture system that efficiently produces progeny virus has hampered hepatitis C virus (HCV) research. Recently, the discovery
of a novel HCV isolate JFH1 and its chimeric derivative J6/JFHI has led to the development of an efficient virus productive culture system. To
construct an easy monitoring system for the viral life cycle of HCV, we generated bicistronic luciferase reporter virus genomes based on the
JFHI and J6/JFH1 isolates, respectively. Transfection of the J6/JFH1-based reporter genome to Huh7.5 cells produced significantly greater levels
of progeny virus than transfection of the JFHI genome. Furthermore, the expression of dominant-negative Vps4, a key molecule of the
endosomal sorting complex required for transport machinery, inhibited the virus production of JFH1, but not that of J6/JFHI1. These results may
account for the different abilities to produce progeny virus between JFH1 and J6/JFH 1. Using the J6/JFH1/Luc system, we showed that the two
polyanions heparin and polyvinyl suifate decreased the infectivity of J6/JFH1/Luc virus in a dose-dependent manner. We also analyzed the
function of microRNA on HCV replication and found that miR-34b could affect the replication of HCV. The reporter virus generated in this
study will be useful for investigating the nature of the HCV life cycle and for identification of HCV inhibitors.
© 2011 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.

Keywords: HCV; Reporter virus; Virus production; ESCRT; microRNA

1. Introduction

Hepatitis C virus (HCV) is an cnveloped virus and has
a positive-stranded RNA genome of about 9.6 kb [1,2]. HCV
persistently infects hepatocytes, and the persistent infection
can lead to liver cirrhosis and hepatocellular carcinoma.
Considering that approximately 170 million people arc
infected with HCV worldwide [3], HCV is a major public
health problem throughout the world. A combination therapy
of pegylated interferon-¢ and ribavirin has been established as
the standard of care for treating HCV infection [3.,4].

* Corresponding author. Division of Microbiology, Kobe University, Grad-
uate School of Medicine. 7-5-1 Kusunoki-cho, Cyuo-ku, Kobe, Hyogo
650-0017, Japan. Tel.: +-81 78 382 5500: fax: +-81 78 382 5519.

E-mail address: hotta@kobe-u.ac.jp (H. Hotta).

Nonctheless, approximately 50% of individuals with chronic
HCYV infection are still unable to resolve infection {4,5]. For
this reason, more cffective therapies are greatly needed against
the discase caused by HCV infection [6].

The HCV genome encodes a 3000 amino acid polyprotein
which is cleaved by host and viral proteases to yicld the
mature structural proteins, composed of core and glycoprotein
El and E2, and the non-structural proteins p7, NS2, NS3,
NS4A, NS4B, NSSA, and NS5B {1-3]. Translation of the
HCV open reading frames is mediated via the 5’ untranslated
region and a part of the core coding region carrying the
internal ribosome entry site (IRES) [1,7].

In 1999, Bartenschlager and his colleagues produced the
HCV replicon system, a tissue culture system that recapitu-
lated the RNA replication of HCV in a human hepatoma cell
linc [8). In the initial subgenomic replicon system, genes

1286-4579/$ - see front matter © 2011 Institut Pasteur. Published by Elsevier Masson SAS. All rights reserved.
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unessential for RNA replication that contained the core, El,
E2, p7 and NS2 of the HCV genome were replaced with
a genetic casselie carrying an antibiotics resistance gene and
IRES from cncephalomyocarditis virus (EMCV). The devel-
opment of a subgenomic replicon system became a driving
force for the studics on the mechanism of HCV replication,
and thesc studics revealed numerous biological fcatures of
HCV replication. However, the resulting systems were unable
to producc progeny virus. Therefore, the nature of the HCV,
i.c., the virus production and virus cntry, remained unclear for
a long while.

Wakita and his collcagues isolated a [ull-length HCV
genome from the sera of a patient with fulminant hepatitis [9].
The HCV strain, designated JFHI1, belongs to genotype 2a.
The transfection of the Huh7 hepatoma cell line with the JFHI
genome yields a progeny virus called HCVec that is infectious
both in vivo and in vitro. The HCVcece system allowed us to
perform virological studics to investigate the nature of HCV
[9,10]. However, the analyscs using HCVcc have not been
suitable for carrying out high-throughput screcning due to the
labor-intensive  quantitative  reverse  transcription-PCR
methods used in screening and the difficulties presented by
the low signal-to-noise ratios.

In this study, to develop a robust tool for use in the
screening of HCV replication, we have constructed a genome-
length luciferase reporter HCV derived from the JFH1 and J6/
JFHLI strains, and used it to analyze the intra-cellular RNA
replication and extra-cellular progeny virus production. We
demonstrated here that our recombinant reporter HCV system
was uselul for studying viral genome replication, virus entry,
and virion production of HCV.

2. Materials and methods
2.1. Plasmids

The plasmid pFGR-JFH1/Luc, which cncodes bicistronic
constructs of HCV IRES-driven firefly luciferase reporter
genes and the EMCV IRES-driven full-genomic JFHI
genome, was constructed by insertion of the JFHI full genome
of pJFHI1 (9] into pSGR-JFH1 [11]. The plasmid pFL-J6/
JFH1, which contains a chimeric full-genome composed of
the 5NCR to NS2 region derived from J6 and NS3 to the
3'NCR region from JFHI {10}, was kindly supplied by C.M.
Rice of the Center for the Study of Hepatitis C, Rockefeller
University. To yicld the bicistronic luciferase reporter
construct composed of full-length J6/JFHI, the JFHI full
genome of pFGR-JFH1/Luc was replaced with the JO/JFHI
full genome of pFL-J6/JFH1 by digestion with BstZ171, and
the resultant plasmid was designated as pFGR-J6/JFHI/Luc.
As a ncgalive control for the HCV replication, a non-
synonymous mutation at NSS5B (GDD to GND), which
disrupts NS5B polymerasc activity, was introduced into the
pFGR-J6/JFH1/Luc NS5B region by site-dirccted mutagen-
esis, and the resultant plasmid was designated pFGR-J6/JFH1/
Luc (GND).

2.2. Cell culture and indirect immunofluorescence

All experiments described in this study were performed by
using Huh7.5 human hepatoma cells, a highly HCV-susceptible
subclone of Huh7 cells. The cells were cultured in Dulbecco’s
minimum essential medium (DMEM) supplemented with 10%
heat-inactivated fetal bovine serum, 2 mM glutamine, and
0.01% streptomycin, and were subcultured twice weekly.
Huh7.5 cells electroporated with JFH1/Luc or J6/JFH1/Luc
RNA were subjected to indirect immunofluorescence analysis as
previously reported [12]. The primary antibody used was
derived from an HCV-infected patient’s serum. The secondary
antibody used was fluorescein isothiocyanate (FITC)-conju-
gated goat anti-human IgG (MBL, Nagoya, Japan).

2.3. In vitro transcription and electroporation

Plasmid DNA was lincarized with Xbal, extracted with
phenol and chloroform, precipitated with ethanol, and dis-
solved in RNasc-free water. The purified DNA was used for
in vitro RNA transcription using a T7 Megascript kit (Ambion,
Austin, TX) following the manufacturer’s protocols. The
concentration was determined by measurement of the optical
density at 260 nm, and thc RNA integrity was checked by
agarose gel clectrophoresis. The in vitro-transcribed RNA
(10 pg) was transfected into Huh7.5 cells by means of clee-
troporation (975 pF, 270 V) using a Gene Pulser (Bio-Rad,
Hercules, CA). The cells were then cultured in complete
medium. The culture fluid of transfected cells was harvested
and cleared by passing through 0.45-pum-pore-size filters and
stored at —80 °C until use.

2.4. Luciferase assay

The firefly luciferase activity was measured by a luciferase
assay system (Promega, Madison, WS). The cells were har-
vested, washed twice with dication-free phosphate buffered
saline (PBS), and lysed in a passive lysis buffer supplicd by the
manufacturer. A 20-ul sample of the lysate was subjected to
aluciferase assay. The luminescence was measured at 10 s after
an initial 2 s delay according 1o the manufacturer’s instructions,
using a Lumat LB9501 luminometer (Berthold, Freiburg, Ger-
many). The assays were performed in duplicate at lcast three
times, and the mean and standard crror were computed.

2.5. Vectors of ESCRT family proteins and DNA
transfection

The ¢cDNA of the endosomal sorting complex required for
transport (ESCRT) family proteins was amplified {rom Huh7.5
cells by RT-PCR and cloned into pcDNA3.1-FLAG [13], an
cxpression vector containing a CMV promoter and FLAG lag
sequence in pcDNA3.1 (Invitrogen, Carlsbad, CA). For the
expression of cach ESCRT family protein, Huh7.5 cclls were
transfected with cach ESCRT cxpression vector by using
TransIT LT1 transfcction reagents (Takara, Kyoto, Japan). The
expression levels of the three ESCRT family proteins in
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transfected Huh7.5 cells were monitored by immunoblotting
using the anti-FLAG antibody (Sigma—Aldrich, St. Louis, MO).

2.6. Quantification of HCV core protein

HCV corc protein in the celis or cell-culture supernatants
was quantificd by using a highly sensitive enzyme immuno-
assay (Ortho HCV antigen ELISA kit; Ortho Clinical Diag-
nostics). To determine the intra-cellular amounts of core, cell
lysates were prepared as described by Schaller ct al. [14].

2.7. Blocking of virus attachment and entry with anti-
CD81 antibody

Blocking of virus attachment and entry with anti-CDS81
antibody was performed esscntially as described previously
19]. Huh7.5 cells (6 x 10* cellsfwell of a 24-well plate) were
pre-treated with anti-CD81 antibody (clone JS-81; BD
Biosciences) or an isotype-matched control antibody (purified
mousc IgGl, isotype control; BD Biosciences) as indicated for
1 h. Cells were then infected with the reporter viruses for 6 h.
The viruses were removed, and then the culture medium was
replaced with complete DMEM. On day 2 post-infection, the
cells were lysed with a passive lysis buffer as mentioned
above. The ecfficiency of infection was monitored by
measuring the luciferase activity of the ccll lysate.

2.8. Transfection of microRNA inhibitor

Huh7.5 cells were electroporated with luciferase reporter HCV
RNA as mentioned above, and then the cells were seeded in a well
of a24-well plate. To analyze the effect of inhibition of microRNA
(miR), both a specific miRNA inhibitor (Anti-miR™ miRNA) and
a non-targeting negative control (Anti-miR™miRNA Inhib-
itors—Negative Control) were purchased from Ambion, Inc.
50 pmol of a specific miRNA inhibitor or negative control were
transfected into luciferase reporter RNA-clectroporated Huh7.5
cells by using a siPORT™ NcoFX™ Transfection Agent
(Ambion) according to the manufacturer’s instructions. At 48 h
post-transfection, the cells were harvested, and viral replication
was determined by luciferase assay of the cell lysate.

2.9. Polyions

The polyanions heparin (mol. wt. 3000), dextran sulfatc
(mol. wt. 50,000) and polyviny] sulfate (mol. wt. 150,000),
and the polycations polybrene (mol. wt. 3000), DEAE-dextran
(mol. wt. 100,000), and poly-L-lysinc (mol. wt. 500,000) (all
purchased from Sigma) were dissolved in PBS.

3. Results

3.1. Construction and characterization of luciferase
reporter HCV

To construct a reporter HCV that can permit casy moni-
toring of both virus production and intra-cellular viral growth

kinctics, we constructed the bicistronic HCV constructs by
inserting a luciferase reporter gene into the 5 end of the
coding sequence of the JFHT or J6/JFHI full-genome plasmids
clonc as shown in Fig. IA. In the transcript derived from
bicistronic reporter HCV clone, the HCV and EMCV IRESs
are responsible for the translation of the luciferase protein and
all HCV proteins, respectively. A reporter construct with
NSSB GDD to GND mutation, which disrupts viral poly-
merase function, was also constructed by site-directed muta-
genesis, and served as a negative control for viral genome
replication. To examine the replication level of reporter HCVs,
we prepared the RNAs from cach construct by in vitro tran-
scription, and then transfected them into Huh7.5 cells by an
clectroporation technique. The viral replication was quantified
up to 10 days post-transfection by using an HCV core-specilic
ELISA and lucilcrasc reporter assay. As shown in Fig. 1B, the
transfection ol RNAs of both the JFH1/Luc and J6/JFH1/Luc
reporter clones induced intra-cellular HCV core protein
cxpression, which peaked on day 2 post-transfection. Both
JFH1/Luc and J6/JFH1/Luc showed similar kinetics, and the
high level core protein expression continued until day 10 post-
transfection. As expected, the GND mutant exhibited 100-fold
lower intra-ccllular core protein expression on day 2 post-
transfection. The level of core expression by the GND
mutant continued to decline thercafter, and fell below the
detection limit on day 10 post-transfection. As shown in
Fig. 1C, both JFHI/Luc and J6/JFH1/Luc induced similar
levels of luciferase activity in Huh7.5 cells at 4 h after clec-
troporation. This result indicated that both RNAs were clec-
troporated with similar cfficiecncy because RNA replication
had not started at that time and all the luciferase was translated
from the input RNA. At 4 days post-clectroporation, the
luciferase activitics of both JFH1/Luc and J6/JFH1/Luc were
10-fold greater than thosec measured at 4 h after electro-
poration. Subscquently, JFHI/Luc and J6/JFH1/Luc showed
almost the same kinctics of luciferase activity until 10 days
post-transfection. At 3 days post-electroporation, both JFH1/
Luc and J6/JFHI/Luc clectroporated cells were stained with
HCV-positive patient scra, and the rate of intra-cellular repli-
cation was then visualized using immunofluorescent micros-
copy as previously reported [12]. As a result, the HCV-positive
rates were 17% and 19% for JFHI/Luc and J6/JFH1/Luc,
respectively (Fig. 1D). These results indicated that the lucif-
erasc activity of reporter HCV-transfected cells reflected the
intra-ccllular viral replication, and also suggested that both
JFHI and J6/JFH]1 had similar intra-ccllular replication ability
in Huh7.5 cells.

3.2. Production of cell-free infectious progeny virions in
luciferase reporter HCV RNA-transfected cells

Next, we assessed the potential of the reporier HCV to
producce infectious progeny virions. Huh7.5 cells were elec-
troporated with the reporter RNAs, and the culture supernatant
was collected at various time points. To analyze the release of
progeny virions from the reporter RNA-clectroporated cells,
the amounts of corc protein in culture supernatants were
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Fig. 1. Schematics of luciferase reporter HCV in this study. (A) Organization of luciferase reporter HCV. The luciferase gene is depicled as a black box. The JFH1-
derived open reading frame and J6-derived open reading frame are depicted as a gray box and white box, respectively. As a negative control, a GND mutation was
introduced to NS5B RdRp. (B, C) Virus replication kinetics in Huh7.5 cells of luciferase reporter HCV. The cells were electroporated with luciferase reporter RNA
as described in Materials and methods, and the cells were assayed for core protein ELISA (B) and luciferase activity (C) at intervals as indicated. The assays were
repeated at least three times, and the mean values are presented. Huh7.5 cells electroporated with JEH1/Luc or J6/JFH1/Luc RNA were subjected to indirect
immunofluorescence analysis at 3 days post-electroporation (D). Cells were incubated with an HCV-infected patient’s serum followed by FITC-labeled goat anti-
human IgG (green). In parallel, the cells were stained with Hoechst 33342 to visualize the nuclei (blue). The HCV-positive rate was calculated by counting the
number of HCV-positive cells among the total cells, and the data represent the means and SE of three independent experiments.

analyzed by ELISA. As shown in Fig. 2A, electroporation of  with these supernatants were harvested at 48 h post-

both reporter viral RNAs with Huh7.5 cells released the HCV
core protein into the culture supernatants. The levels of core
protein released from both reporter HCV RNAs peaked at 6
days post-clectroporation. The amount of core protein of the
J6/JFH1/Luc supernatants was 2—4 fold greater than that of
JFH1/Luc among all the time points tested. In paralle], to
analyze the infectivity of progeny virions produced from
reporter RNA-electroporated cells, these supernatants were
used as inocula for naive Huh7.5 cells. The cells inoculated

inoculation, and the luciferase activity of the cell lysate was
analyzed (Fig. 2B). These supernatants infected naive Huh7.5
cells, and transduced luciferase activity in the cells. The
infectious virus of both reporier HCVs was initially detected
on day 2 and peaked on day 4 post-clectroporation. However,
the infectivity was decreased after day 6 post-clectroporation.
Furthermore, the infectivity of J6/JFH1/Luc supernatants was
significantly higher than that of JFH1/Luc (approximately 10-
fold). To compare the luciferase activity and the virus titer, we
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performed standard virion titration by immunofluorescent
antibody staining. The result showed that the virus titer of J6/
JFH/Luc supernatant, collected at day 4 post-RNA trans-
fection, was 5 x 10° fluorescent-focus forming units (ffu) per
ml. In contrast, the titer of JFH/Luc supernatant was below the
detection Timit (<1 x 107 ffu/ml). Interestingly, the peaks of
the core relcase and the infectivity were slightly different, i.c.,
the peak of the core release of J6/JFH1 was on day 6, and that
of the infectivity was on day 4 post-clectroporation. Collec-
tively, these data revealed that J6/JFH1 had a greater ability to
release progeny virions than JFHI1, though the Ievels of intra-
cellular replication werc comparable between J6/JFH1/and
JFH1.

3.3. Characterization of cell-free infectious progeny
virions in luciferase reporter HCV RNA-transfected cells

Next, we examined whether the J6/JFH1/Luc-derived
supernatants had the features of a virus and thus could be
used as a surrogate for HCV. The supernatants collected from
cach culture of reporter RNA-electroporated cells were irra-
diated with ultra-violet (UV) for 5 min, and the supernatants
were then inoculated into naive Huh7.5 cells. As shown in
Fig. 3A, the infectivity of the reporter virus was completely
abrogated by UV-irradiation. The results indicated that the
luciferase activity transduced by the supernatants was derived
from the genome of the reporter virus, not from incorporation
of the luciferase protein into the virion. The entry of the HCV
virion was mediated by binding between the cellular surface
protein CD81 and the HCV envelope protein E2 [15]. There-
fore, the naive Huh7.5 cells were pre-treated with a recombi-
nant monoclonal antibody against CD81. After 1 h pre-
treatment, the J6/JFH1/Luc supernatant was inoculated into
the cells, and the luciferase activity of cells was analyzed at
48 h post-inoculation (Fig. 3B). Normal mouse IgG showed no
effect on the infectivity of the J6/JFH/Luc supernatant. In
contrast, the infectivity of the J6/JFH/Luc supernatant was
decreased by pre-treatment with anti-CD81 antibody in
a dose-dependent manner. The results suggested that the
supernatant from luciferase reporter J6/JFH1/Luc-transfected

and that this reporter virus could be utilized to investigate all
the steps of virus replication, including the intra-cellular viral
replication, the virus production and the virus entry as
a surrogale model of HCV.

3.4. Analysis of a potential role for ESCRT family
proteins in HCV virus production

Prior to the recent establishment of the JFHI-based cell-
culture system, there was no system for producing the HCV
virus, and thus many aspects of the virus production of HCV
still remain poorly understood. Generally, the production of
the enveloped virus requires a multi-step process that includes
the proper transport of viral proteins and organization of viral
proteins on the cellular membrane, and these steps are coor-
dinated by a variety of cellular factors [16,17]. From numerous
intensive studics, it has been revealed that the process of
budding of many cnveloped viruses utilizes the ESCRT
machinery, which is responsible for the formation of luminal
vesicles of endosomal multivesicular bodies (MVB)
{16,18—20]. The ESCRT machinery consists of a number of
cellular proteins that make up three functional sub-complexes
— ESCRT-1, ESCRT-II and ESCRT-IIl — and other related
factors; i.c., Vps4 and AIP/Alix are also participated in the
function of ESCRT machinery [20]. A scries of analyses about
ESCRT networks has revealed the consensus amino acid
motifs of viral proteins; the P(T/S)AP. motif was obscrved to
interact with Tsg101, and the YPXL motif was scen in the case
of AIP/Ailx [19]. We scarched for these motifs in the J6 and
JFHI genomes, and found one AIP/Alix interacting the YPxL
motif in the NS5B region (aa. 2604 to 2607; YPDL). There-
fore, the relation between ESCRT and HCV was examined by
analyzing the virus production using a luciferase reporter HCV
system. First, we constructed the expression plasmids of the
ESCRT-I protein Tsg101, and the ESCRT-associated proteins
Nedd4L and AIP/Alix. The ESCRT expression plasmids were
transfected into the J6/JFH1/Luc or JFHI1/Luc RNA-
transfected Huh7.5 cells. After 48 h of transfection, the
culture supernatants were collected and inoculated into the
culture of the naive Huh7.5 cells. The effects of over-
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Fig. 2. Progeny virus production from luciferase reporter RNA-transfected Huh7.5 celis. The cells were electroporated with luciferase reporter RNA as described in
Materials and methods, and culture supernatants of the cells were collected at the indicated time points. The amount of progeny virus in the supernatant was
measured by the HCV core protein ELISA. (A) In parallel, the supcrnatants were added to naive Huh7.5 cells. At 48 h post-addition, the cells were lysed, and

assayed for luciferase activity to assess the infectivity of progeny virus from reporter HCV RNA. (B) The assays were repeated at least three times, and the mean
values arc presented.
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Fig. 3. Anti-CD81 antibody blocks luciferase reporter HCV infection. The reporter viruses containing supernatants were prepared as described in Materials and
methods. (A) The JFH1/Luc and J6/JFH1/Luc supernatants were irradiated with UV at 5 min, and then added to naive Huh7.5 celis. The infectivity was anatyzed by
luciferase assay. (B) Huh7.5 cells were pre-treated with anti-CD81 monoclonal antibody or control mouse IgG at 1 h before infection. Cells were then infected with
J6/JFH1/Luc reporter viruses for 6 h. At 48 h post-infection, the cells were lysed and assayed for luciferase activily. Activities are expressed as the relative activity
compared to that of the null antibody-treated sample. The assays were repeated at least three times, and (he mean values are presented.
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replication and virus production were analyzed by monitoring
the luciferase activity of reporter RNA-transfected cells
(Fig. 4A), and the luciferase activity expressed by supernatant
virus (Fig. 4B). As shown in Fig. 4A, the overcxpression of
Nedd4L, TsglO1, and AIP/Alix had no effect on the intra-
cellular replication of cither reporter HCV. As shown in
Fig. 4B, the virus production from J6/JFH1/Luc also was not
affected by these ESCRT protein expressions. In contrast, the
cxpression of AIP/Alix decreased the virus production from
JFH1/Luc by 50%. This result implicd that the ESCRT
machinery might have played some role in the difference in
the efficacy of virus production observed between JFHI and
J6/JFH1. AAA-ATPasc Vps4, which is present in humans in
two isoforms (Vps4A and Vps4B), is a key modulator protein
for the final step of ESCRT machinery. To analyze the role of
ESCRT in HCV virus production, we consiructed expression
vectors for VpsdA and 4B, as well as cxpression vectors for
a dominant-ncgative Vps4A(E228Q) and Vps4B(E235Q) [19].
As shown in Fig. 4C, the intra-cellular replications of JFH1
and J6/JFH1 were not influenced by the wild-type or
dominant-ncgative Vps4 cxpression. In contrast, the levels of
virus production of JFH1/Luc were reduced up to 50% by the
expression of both dominant-negative Vps4 mutants (Fig. 4D).
Interestingly, neither dominant-negative Vps4 influenced the
virus production of J6/JFH1/Luc. These results implied that
JFHI might utilize the ESCRT machinery for rclcase of
infectious virus particles.

3.5. Effect of polyions on the infectivity of the J6/JFH1/
Luc reporter virus

Next, we tested the usefulness of the J6/JFH1/luc reporter
system for virus entry analysis. The binding of the viral and
cellular receptors is coordinated with the ionic conditions,
indicating that compounds that affect the ionic charge of the
receptor surface might be potent inhibitors of virus infection
[21,22]. Polyions with a positive or ncgative charge arc
frequently used for virus entry analyses, and exhibit inhibitory
activity on virus infection {21,22]. Therefore, we investigated
the effect of different polyions on the infectivity of the J6/
JFH1/Luc virus in order to clarify the influence of clectrostatic
interactions in virus binding to cell membranes. As candidate
compounds, we used both polymers having a positive charge
(polybrene (size of 3000 Da), DEAE-dextran (100,000 Da),
and poly-L-lysine (500,000 Da)) and those having a negative
charge (heparin (15,000 Da), dextran sulfate (50,000 Da), and
polyvinyl sulfate (150,000 Da)). These polymers were added
to the Huh7.5 cells at 1 h before inoculation of the J6/JFH1/
Luc virus into the cells. After 48 h of inoculation, the cells
were harvested and the luciferase activity was analyzed
(Fig. 5A and B). As shown in Fig. 5A, two polyanions, heparin
and polyvinyl sulfate, decreased the infectivity of J6/JFH1/Luc
virus in a dose-dependent manner, whereas one polyanion,
dextran sulfate, enhanced the infectivity up to 2-fold. In the
case of polycations, the addition of polybrene enhanced virus

K. Kamada et al. / Microbes and Infection 14 (2012) 69~78 75
polyanions polycations

A B
®300 —¢ Heparin g 300  —~DEAE-Dextran
250 ~OF Polyvinyl sulfate £ 250 . T poly-Lelysine
£ ~&~ Dextran sulfate g ~# polybrene
g 200 § 200

P
150 E 150
2100 £ 100
5 50 2 s
&
L] [ .
o 0.64 1.6 4 10 25 0 0.64 16 4 10 25
Amounts of drug (1g/ml) Amounts of drug (Jig/ml)

Fig. 5. Effect of multiple polyions on J6/JFH1/Luc virus infection of Huh7.5 cells. Huli7.5 cells were infected with J6/JFH1/Luc virus in the presence of cach of the
polyions for 6 h, and a luciferase assay was performed 48 h later. The data was expressed as the relative activity compared to the luciferase activity in the absence
of polyions. The assays were repeated at Icast three times, and the mean values are presented.

infection up to 3-fold in a dose-dependent manner, although
poly-L-lysine and DEAE-dextran showed no effect on the
infectivity of the J6/JFH1/Luc virus (Fig. 5B). The cffect
shown by compounds belonging to positive and negative
polyions suggested that the clectric charge is not sufficient by
itself to explain the inhibitory or enhancing activity of thesce
drugs on the HCV virus entry. These results indicated that the
J6/JFH1/Luc virus was useful to casily monitor HCV virus
entry.

3.6. Screening of microRNA inhibition on intra-cellular
HCYV replication

To confirm the usefulness of the J6/JFHI/Luc reporter
system in the analysis targeting intra-ccllular replication of
HCV, we analyzed the possible involvement of micro RNAs
(miRNAs) in HCV infection. miRNAs are cvolutionarily
conserved, small, non-coding RNA molecules that regulate
gene expression at the level of translation [23,24]. Recently, it
has been reported that some miRNAs influence the replication
of HCV in the cells [25—~27]. For example, the expression of
miR-122 in the cells might be essential for HCV replication
[25]. In addition, the number of miRNAs has been increasing
due to numerous strenuous analyses in recent years. Therefore,
we compared the full sequences of the viral genome among 4
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different HCV strains (H77C, Conl, J6, JFH1) with the
sequences of 630 human miRNAs using the miRNA database
program (RcgRNA: http://regrna.mbe.nctu.cdu.tw/index.php),
and then identificd 54 miRNAs that matched with at least one
HCV strain. 10 of the 54 miRNAs matched with all four HCV
strains. Hence, we focused on analysis of the function of the
10 miRNAs on HCV replication and prepared commercially
available miRNA inhibitors (Anti-miR™ miRNA inhibitor,
Ambion) that were chemically modified, single-stranded
nucleic acids designed to specifically bind to and inhibit
cendogenous target miRNA molecules. The J6/JFH1/Luc RNA-
electroporated cells were transfected with cach of the 10
specific miRNA inhibitors and the luciferase activitics were
analyzed at 48 h post-transfection of the inhibitors. None of
the miRNA inhibitors significantly affected the cell viability
(data not shown). As shown in Fig. 6A, the inhibition of miR-
122 reduced the level of intra-cellular virus replication by up
to 50% as previously reported {25]. A similar reduction of
viral replication was also observed by treatment with the miR-
34b inhibitor. The treatment with an anti-miR negative control
that is a random sequence anti-miR molecules that has been
cxtensively tested in human cell lines and validated to not
produce identifiable cffects on known miRNA functions
showed no significant effect on HCV replication. None of the
other inhibitors showed any significantly greater cffect on the
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Fig. 6. Effcct of miRNA inhibitor on intra-cellular replication of J6/JFH 1/Luc RNA in Huh7.5 cells. Target cells were clectroporated with J6/JFH1/Luc RNA, and

then

with a miRNA-specific or a non-target negative control miRNA inhibitor. At 48 h post-transfection, cells were harvested and analyzed for

luciferase activity (A). In parallel. the culture supernatants were collected at 48 h post-transfcction Lo assess the cffect of miRNA inhibitors on the virus |
The supernatants were added to naive Huh7.5 cells, and the progeny virus infectivities were then analyzed by luciferase assay. (B) The data relative to the
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standard error are p ifi
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virus replication than the anti-miR negative control. The miR-
34b and miR-122 inhibitors decreased the virus production to
the levels 64% and 53% of the control, respectively (Fig. 6B).
Since the extent of the reduction in virus production was
comparable with that of intra-cellular HCV RNA levels
(Fig. 6A), it was likely that thesc miRNA inhibitors affected
the intra-cellular viral replication rather than interfering with
the particle formation and the release of the virion. These
results suggest that the function of miR-34b could affect the
replication of HCV, and also suggested that the J6/JFHI1/Luc
system was uselul to analyze the intra-cellular replication of
HCV.

4. Discussion

In this report, we generated two bicistronic luciferase
reporter HCV clones from JFH1 and J6/JFHI, and estab-
lished a unifying system that can monitor intra-cellular viral
replication, virion production, and virus entry. Using two
constructs, we initially compared the potential of intra-
cellular viral replication and virus production. After trans-
fection of reporter RNAs, the level of the intra-cellular core
protein and the luciferase activity in RNA-transfected cells
showed similar kinctics for JFHI/Luc and J6/JFHI/Luc
(Fig. 1B and C). In contrast, both the efficacy of core protein
production into the culture supernatant and the infectivity of
supernatant  virus from J6/JFHI/Luc were significantly
higher than that of JFH1/Luc (Fig. 2A and B). These results
indicated two possibilities that JFH1 and J6/JFH1 utilize
different machinery for progeny virus packaging and
budding, or that they utilize the same machinery for the virus
production but to a different degree. To evaluate the differ-
ence in the virus production between JFH1 and J6/JFHI1, we
analyzed the role of ESCRT machinery in virus production
(Fig. 4A—D). Dominant-negative Vps4 expression inhibited
JFH1/Luc virus production, but did not influcnce J6/JFH1/
Luc virus production. In the course of preparing this manu-
script, Corless ct al. reported that HCV requires late
components of the ESCRT pathway for release of infectious
virus particles [28]. They showed that a dominant-ncgative
Vps4 cxpression inhibited the production of virus-like
particles derived from JFH! in a dose-dependent manner.
The findings reported by Corless et al. and the findings of our
present study emphasize that the ESCRT machinery plays an
essential role in JFH1 virus production.

To examinc the virus entry, we analyzed the effect of anti-
CD81 antibody and polyions on reporter virus infectivity
(Figs. 3B and 5A and B). The pre-treatment with anti-CD81
antibody decrcased the infectivity of the reporter J6/JFH
virus in a dose-dependent manner. The result suggested that
the reporter JO/JFH1 virus, similar to HCVce, utilized the
CD81 as a major cntry receptor, and that our reporter virus
could be used as a surrogate model of HCV entry analysis. As
a result of polyions analysis, onc of the polycations (dextran
sulfate) and one of the polyanions (polybrene) increased the
reporter virus infectivity, and the remainder of the polyions
inhibited the virus infectivity. These results indicate the

possibility that not only the electrostatic condition of polyions
but also their molecular weight may be a determinant of the
receptor binding of HCV. Considering that several membrane
molecules have been identified as candidate cellular receptors
for HCV entry [15,29,30], the polyions could interact with
a different molecule(s) to influence virus production. As for
heparin, it was reported that cell surface heparan sulfate
proteoglycans play an important role in mediating HCV
envelope—target cell interaction [31]. Basu et al. [32] also
reported that heparin treatment completely blocked HIV/HCV
E1-E2 pscudotype infection. In their analysis, however, the
inhibitory cffect of heparin against cell culture-grown HCV
H77 was somewhat lower than that of HIV/HCV EI1-E2
pseudotypes. In our present study, the level of inhibitory effect
of heparin on J6/JFH1 reporter virus infection was not so
prominent. Collectively, these data suggest a possibility that
cell surface heparan sulfate proteoglycans contribute to the
infection of both HIV/HCV EI—E2 pscudotype and cell
culture-grown HCV with a different degree. Therefore, to
develop a polyion-based anti-HCV drug, a more detailed
assessment of the interaction between cach candidate receptor
and polyion is necessary.

Using microRNA inhibitors, the decrease of miR-34b
expression  suppressed  intra-cellular ' HCV  replication
(Fig. 6A). miR-34b belongs to the cvolutionary conserved
microRNA family of miR-34s [33], known for their role in the
P53 tumor suppressor network [34]. miR-34s have been shown
to be controlled in a tissuc-specific manner by p53. Both wild-
type and mutant-type p33 protein expressions in serum and
cytoplasm of liver tissue were more pronounced in patients
with hepatocellular carcinoma associated with HCV infection
[35]. Wild-type pS53 binds to a transcriptional regulatory
clement of miR-34s, thereby up-regulating miR-34 expression
[34]. However, it is not understood whether the mutant-type
p53 increases miR-34b cxpression. Furthermore, HCV repli-
cation in chronic hepatitis is higher than that of hepatocellular
carcinoma [36]. Therefore, more detailed research is needed to
reveal the significance of miR-34b expression in HCV. repli-
cation and hepatocellular carcinoma.

As mentioned above, we have generated a recombinant
luciferase reporter HCV, and have shown that the reporter
HCV could be used for the quantitative analyses of intra-
cellular replication, virus entry, and virion production. In
general, the intra-cellular HCV replication has been analyzed
by the quantitative real-time RT-PCR method that could detect
a small amount of viral RNA because of the greatly high
sensitivity. However, the real-time RT-PCR method involves
multi-step procedures of the RNA extraction, the reverse
transcription and the PCR reaction, which require skillfulness
to perform. The high sensitivity and the multiple-steps of the
real-time RT-PCR system sometimes cause an experimental
error(s) when conducted by less-experienced individuals. On
the other hand, our HCV luciferase reporter system is simpler
and easier to perform compared to the real-time PCR system,
The significant advantage of the reporter HCV is thal it can
analyze a large number of samples at a time in a time- and
cost-saving manner. Also, it can be used to evaluate all the
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events of viral life cycle. By using it, we have started the
screening of anti-HCV substances from the natural resource
chemical libraries and found a number of potential candidates
for the analysis. Thus, this system can be applicable for robust
screening  analyses of chemical compounds to  discover
a potential therapeutic target of HCV.
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A Point Mutation at Asn-534 That Disrupts

a Conserved N-Glycosylation Motif of the

E2 Glycoprotein of Hepatitis C Virus Markedly
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The molecular basis of antibody neutralization
against hepatitis C virus (HCV) is poorly under-
stood. The E2 glycoprotein of HCV is critically
involved in viral infectivity through specific
binding to the principal virus receptor compo-
nent CD81, and is targeted by anti-HCV neutral-
izing antibodies. A previous study showed that
a mutation at position 534 (N534H) within the
sixth N-glycosylation motif of E2 of the J6/JFH1
strain of HCV genotype 2a (HCV-2a) was re-
sponsible for more efficient access of E2 to
CD81 so that the mutant virus could infect the
target cells more efficiently. The purpose of this
study was to analyze the sensitivity of the pa-
rental J6/JFH1, its cell culture-adapted variant
P-47 possessing 10 amino acid mutations and
recombinant viruses with the adaptive muta-
tions to neutralization by anti-HCV antibodies in
sera of HCV-infected patients. The J6/JFH1 vi-
rus was neutralized by antibodies in sera of
patients infected with HCV-2a and -1b, with
mean 50% neutralization titers being 1:670 and
1:200, respectively (P < 0.00001). On the other
hand, the P-47 variant showed 50- to 200-times
higher sensitivity to antibody neutralization
than the parental J6/JFH1 without genotype
specificity. The N534H mutation, and another
one at position 416 (T416A) near the first N-
glycosylation motif to a lesser extent, were
shown to be responsible for the enhanced
sensitivity to antibody neutralization. The pres-
ent results suggest that the residues 534,
and 416 to a lesser extent, of the E2 glycopro-
tein are critically involved in the HCV infectivity
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and antibody neutralization. J. Med. Virol.
84:229-234, 2012. © 2011 Wiley Periodicals, Inc.
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INTRODUCTION

Hepatitis C virus (HCV), a member of the family
Flaviviridae, the genus Hepacivirus, is an enveloped,
positive-stranded RNA virus that infects an estimated
170 million people worldwide. The virus evades the
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host immune system to establish chronic infection,
which often leads to serious liver diseases, such as
cirrhosis and hepatocellular carcinoma. Even with a
current standard treatment with pegylated interferon
plus ribavirin, sustained viral clearance is obtained
for only approximately 50% of patients infected with
HCV genotype 1b (HCV-1b). Neither antibody-based
prophylaxis nor an effective vaccine is currently
available.

A better understanding of the interplay between
viral and host factors that determine HCV clearance
or persistence is needed for the design of effective pas-
sive immunotherapy and effective vaccines. A growing
body of evidence from studies in humans and chim-
panzees suggests that HCV-specific T-cell immunity
plays an important role in the viral clearance [Bowen
and Walker, 2005]. Also, several studies have indicat-
ed a role for humoral immunity in HCV infection
[Bartosch et al., 2003; Logvinoff et al., 2004; Lavillette
et al., 2005; Netski et al., 2005; Pestka et al., 2007;
Dowd et al., 2009]. However, this aspect remains
poorly characterized.

The E2 glycoprotein of HCV plays an important role
in viral attachment and, therefore, becomes a major
target of anti-HCV neutralizing antibodies, Identifica-
tion of protective epitopes in E2 conserved among dif-
ferent HCV strains is a major challenge in vaccine
design [Tarr et al, 2006; Helle et al, 2007; Gal-
Tanamy et al., 2008; Keck et al., 2008]. The develop-
ment of infectious retroviral pseudoparticles (HCVpp)
bearing HCV envelope glycoproteins helps us study
interactions between E2 epitopes and the virus
receptor CD81 or neutralizing antibodies [Bartosch
et al,, 2003; Logvinoff et al., 2004; Lavillette et al.,
2005; Pestka et al., 2007; Dowd et al., 2009]. More
significantly, authentic HCV particles produced by
the HCV cell culture system (HCVce) are currently
available for this purpose [Lindenbach et al., 2005;
Wakita et al, 2005; Zhong et al., 2005; Fournier
et al., 2007].

Recently, it was demonstrated using HCVee that a
mutation at position 534 from Asn to His (N534H) in
the E2 glycoprotein of the HCV J6/JFH1 strain con-
fers an advantage to the mutant viruses at the entry
level probably through more efficient access to CD81
[Bungyoku et al., 2009]. The Asn-534 is located in the
sixth of 11 N-linked glycosylation sites and the
N534H mutation is predicted to remove this glycosyla-
tion. The present study has shown that the N534H
mutation in the E2 glycoprotein of HCV J6/JFH1
markedly enhances the sensitivity of the virus to neu-
tralization by specific neutralizing antibodies in sera
of patients infected with HCV.

MATERIALS AND METHODS
Cells and Viruses

Huh-7.5 cells [Blight et al., 2002] and pFL-J6/JFH1
[Lindenbach et al., 2005] were kindly provided by
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Dr. C. M. Rice (Rockefeller University, New York, NY,
USA). Huh-7.5 cells were cultured in Dulbeceo’s modi.
fied Eagle’s medium (DMEM; Wako, Osaka, Japan)
supplemented with 10% fetal bovine serum (Biowest,
Nuaille, France), 0.1 mM non-essential amino acids
(Invitrogen, Carlshad, CA), penicillin (100 IU/ml), and
streptomycin (100 pg/ml) (Invitrogen) at 37°C in a
COy; incubator. Propagation of HCV J6/JFH1, its cell
culture-adapted mutant P-47 and recombinant viruses
possessing each of the adaptive mutations was de-
scribed previously [Deng et al., 2008; Bungyoku et al.,
2009].

Human Sera and Anti-HCV Neutralization Test

Sera were collected from 89 patients infected chron-
ically with HCV-1b or HCV-2a, who were treated with
pegylated interferon o-2b and ribavirin, as described
previously [El-Shamy et al., 2007, 2008]. Sera were
also collected from 11 patients with acute HCV-1b
infection, either severe acute hepatitis or mild self-
resolving hepatitis. The study protocol was approved
by the Ethic Committees in Kobe University and
Yamagata University and informed written consent
provided by patients and volunteers. Sera collected
from healthy volunteers who were negative for anti-
HCV antibodies served as a control. The sera were
inactivated at 56°C for 30 min before being used for
the virus neutralization test.

An HCV neutralization test was performed as de-
scribed previously [Sasayama et al.,, 2010]. In brief,
serially diluted serum samples were mixed with the
same amount of HCV solution containing 1 x 10% cell-
infecting units. After incubation at 37°C for 1 hr, the
mixtures were inoculated to Huh-7.5 cells (2 x 10°
cells per well in 24-well plates) and incubated in a 5%
CO, incubator. After 3 hr, the inocula were removed
and fresh complete DMEM were added to the cells. At
24 hr postinfection, cells were fixed with ice-cold
methanol, blocked with 5% goat serum in phosphate-
buffered saline and subjected to immunofluorescence
analysis using mouse monoclonal antibody against
HCV core antigen (2H9) [Wakita et al, 2005] and
Alexa Fluor 488-conjugated goat anti-mouse IgG
(H + L) (Molecular Probes, Eugene, OR). The immu-
nostained cells were counterstained with Hoechst
33342 (Molecular Probes) at room temperature for
5 min and observed under a fluorescence microscope
(BZ-9000; Keyence, Osaka, Japan). The number of
HCV-infected cells in each well was counted by using
a software BZ-H1C (Keyence). The serum dilutions
that neutralized 50% of the virus infectivity was cal-
culated by curvilinear regression analysis [Abe et al.,
2008]. Titers were expressed as 50% neutralization
titers (NT5).

Statistical Analysis

Student’s t-test was used to compare the data
between different groups. A P-value of <0.05 was con-
sidered to be significant.

HCV E2 Mutation and Virus Neutralization

RESULTS

Anti-HCV Neutralizing Antibodies in Sera of
Patients Infected With HCV

Sera were obtained from patients chronically
infected with HCV-1b or -2a, and tested for anti-HCV
neutralizing activities. Representative results of neu-
tralization curves using the parental J6/JFH1 and the
P-47 mutant as challenge viruses are shown in
Figure 1. When measured against J6/JFHI, NTj,
titers of sera of patients infected with HCV-1b ranged
from 1:10 to 1:700, with the mean NTjq titer being
1:197, whereas those of patients infected with HCV-2a
ranged from 1:100 to 1:1,500, with the mean value be-
ing 1:670 (Table I). The difference in NTso between
patients infected with HCV-1b and -2a was statisti-
cally significant (P < 0.00001). When measured
against P-47, on the other hand, unexpectedly high
NTjo titers were obtained ranging from 1:4,000 to
1:182,000, with the mean values being 1:40,500 and
1:32,900 for patients infected with HCV-1b and -2a,
respectively. These results suggest the possibility that
an adaptive mutation(s) of P-47, most probably pres-
ent in the envelope glycoproteins, confers higher sen-
sitivity to neutralization by anti-HCV antibodies.

Unlike the case with J6/JFH1, when P-47 was used
as a challenge virus, no significant difference in NTs,
titers was observed between patients infected with
HCV-1b and -2a (Table I). This result suggests the
possible presence of a genotype-dominant neutraliza-
tion epitope(s) on the envelope glycoproteins of J6/
JFHL1 although anti-HCV neutralizing antibodies in
patients’ sera are reactive to both HCV-1b and -2a.
The broad reactivity of the neutralizing antibodies in
patients’ sera across different HCV genotypes is con-
sistent with previous observations by other research-
ers [Logvinoff et al., 2004; Meunier et al., 2005;
Fournier et al., 2007; Pestka et al., 2007; Scheel et al.,
2008).
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Fig. 1. Neutralization curves (NTy, assay) of sera obtained from
HCV-infected patients against HCV J6AJFH1 and its adaptive mu-
tant P-47. J6/JFH1 or P-47 was incubated with serial dilutions of
HCV.infected patients (nos. 10, 23, and 42; all infected with HCV-
1b) and tested for neutralization activities. The neutralization rates
at each dilution were plotted. Filled and open symbols indicate data
obtained with J6/JFH1 and P-47, respectively.
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Sera obtained from patients with acute hepatitis C
contained much lower titers of anti-HCV neutralizing
antibodies compared to those in sera from chronic
hepatitis patients, with the average NTy, titers
against J6/JFH1 and the adaptive mutant P-47 being
1:15 and 1:126, respectively (Table I). Two patients
with severe acute hepatitis C with elevated serum al-
anine aminotransferase levels of >1,000 IU/ml [Saito
et al.,, 2004; unpublished), possessed relatively high
NTsq titers against P-47 (1:150 and 1:1,100) compared
to the remaining nine patients who experienced mild
self-resolving hepatitis (<1:10 to 1:50).

A Single-Point Mutation (N534H or T416A) of the
HCV E2 Glycoprotein Increases Sensitivity to
Neutralization by Anti-HCV Antibodies

Neutralization of virus infectivity by antibodies
usually involves their interaction with viral envelope
glycoproteins. It has been reported that the cell cul-
ture-adapted mutant P-47 possesses 10 amino acid
mutations, including four mutations in E2, compared
to the parental J6/JFH1 [Bungyoku et al., 2009]. To
examine which mutation(s) in E2 is responsible for
the increased sensitivity of P-47 to neutralization by
antibodies in patients’ sera, recombinant viruses pos-
sessing each one of the four mutations in E2 were
used (Fig. 2A). The result obtained revealed that a re-
combinant virus possessing a single-point mutation at
position 534 from Asn to His (N534H) and another
one possessing four mutations (E2) were as sensitive
as P-47 to neutralization by sera of chronic hepatitis
patients (Fig. 2B) and the two patients with acute
hepatitis C (data not shown). The T416A and TS96A
mutants were also significantly more sensitive than
J6/JFH1, but less sensitive than P-47, N534H, and E2
mutants, to neutralization by antibodies in patients’
sera. In this connection, it was recently reported that
a JFH1 virus-based T416A mutant showed increased
sensitivity to antibody neutralization [Dhillon et al.,
2010].

DISCUSSION

The present results revealed that sera of patients
infected with HCV-1b possessed cross-genotypic neu-
tralizing antibodies against the J6/JFHI strain of
HCV-2a, albeit with significantly lower titers (ca. one-
third) compared to the homotypic neutralization titers
observed for patients infected with HCV-2a (Table I).
When measured against the adaptive mutant P-47 de-
rived from J6/JFH1, neutralizing antibody titers of
the patients sera increased markedly to the level 50-
to 200-times higher than that measured against J6/
JFHI1. Also, the partial genotype-specificity observed
with J6/JFH1 was no longer evident when measured
against P-47. The marked increase in the sensitivity
of P-47 to antibody neutralization was assigned to a
mutation at position 534 (N534H), and another one at
position 416 (T416A) to a lesser extent, of the E2 gly-
coprotein (Fig. 2).
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TABLE 1. NTj, Titers in Sera of HCV-Infected Patients With Chronic or Acute Hepatitis C

NTj titer® measured against

CH/AH Genotype J6/JFH1 P-47

CH HCV-1b (n = 69) 197 + 164 (1) 40,500 + 31,800 (206)
CH HCV-2a (n = 20) 670 + 652° (3.4) 32,900 + 26,500° (167)
AH HCV-1b (n = 11) 15 + 28 (0.08) 126 + 326 (0.6)

(<10-100) (<10-1,100)

CH, chronic hepatitis; AH, acute hepatitis.

“Mean -t SD. The number in the parenthesis means the ratio when compared to the mean titer that was obtained with sera of

HCV-1b-infected CH patients against J6/JFH1.

"P < 0.00001, compared to the mean titer obtained with sera of HCV-1b-infected patients against J6/JFH1 (Student’s ¢-test).
= 0.33, compared to the mean titer obtained with sera of HCV-1b-infected patients against P-47 (Student’s ¢-test).

The N534H and T416A mutations are located at the
sixth, and in close proximity to the first, respectively,
of the conserved 11 N-linked glycosylation sites of the
HCV E2 glycoprotein [Helle et al., 2007; Bungyoku
et al.,, 2009). It was recently reported that the posi-
tions 416 and 534 are conformationally located in the
former and the latter halves of the central domain 1
(DIa and DIb), respectively, of E2 and that the two
parts of DI domain interact to form the CD81-binding
region [Helle et al., 2010; Krey et al., 2010; Albecka
et al.,, 2011]. This region is, therefore, considered as
the possible target for neutralizing antibodies that in-
hibit E2-CD81 interactions [Helle and Dubuisson,
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Fig. 2. Effects of amino acid mutations at positions 396, 416, 534,
and 712 of the HCV E2 glycoprotein on neutralization by anti- HCV
antibodies in patients’ sera. A: A schematic diagram of the muta-
tions seen in the adaptive mutant P-47 and recombinant viruses
carrying each (13964, T416A, N534H, and A712V) and all (E2) of
the four mutations in E2. Filled circles indicate the positions of the
mutations. B: A representative result of virus neutralization by
anti-HCV antibodies in an HCV-infected patient (no. 10; HCV-1b).

J. Med. Virol. DOI 10.1002/jmv

2008; Law et al., 2008; Owsianka et al., 2008; Perotti
et al., 2008].

The N534H mutation removes glycans at this posi-
tion as it disrupts the consensus sequence for N-
linked glycosylation. The removal of glycans at posi-
tions 417, 532, and 645 (the first, sixth, and eleventh
glycosylation site, respectively) of the H77 isolate
(HCV-1a) was shown to increase the sensitivity of
HCVpp to neutralizing antibodies and to enhance the
access of CD81 to its binding site on E2 [Falkowska
et al., 2007; Helle et al., 2007]. It should be noted,
however, that the HCVpp system relies on retroviral
pseudoparticles bearing HCV envelope glycoproteins
that assemble at the plasma membrane or in multive-
sicular bodies whereas HCV virions assemble on the
endoplasmic reticulum membranes that are closely as-
sociated with lipid droplet [Miyanari et al., 2007;
Helle and Dubuisson, 2008]. Therefore, the virus
neutralization data obtained with HCVpp should be
verified using the HCVec system in which virion
assembly and maturation take place through the
authentic process.

By using the HCVce system, it was shown that a
variant virus possessing the N534K mutation spread
faster than the parental JFH1 virus [Delgrange et al.,
20071, with the result suggesting the possibility that
removal of glycans on residue 534 resulted in more
efficient access of E2 to CD81. It is also possible that
removal of glycans on this residue might allow more
efficient access of neutralizing antibodies to the
CD81-binding region of E2, resulting in increased sen-
sitivity to antibody neutralization. In fact, Helle et al.
[2010] recently reported that removal of glycans at
five (the first, second, fourth, sixth, and eleventh) N-
linked glycosylation sites in E2 markedly increased
the sensitivity of JFH1 virus to antibody neutraliza-
tion, suggesting that the glycans interfere with the
access of neutralizing antibodies to a determinant cru-
cial for virus infectivity. It was also reported that
mutations at positions 415 (N415D) and 416 (T416A)
near the first glycosylation site of JFH1 virus
increased the sensitivity to neutralizing antibodies in
patients’ sera [Dhillon et al., 2010]. Also, a mutation
at position 451 (G451R), which is located in the do-
main 2 (DII) but still in close proximity to DI [Helle
et al., 2010; Krey et al., 2010; Albecka et al., 2011],

HCV E2 Mutation and Virus Neutralization

increased the sensitivity of JFH1 virus to antibody
neutralization [Grove et al., 2008].

In conclusion, the present study using J6/JFH1
virus, another HCVcc strain, has demonstrated that
the N534H mutation within the sixth N-glycosylation
site of the E2 glycoprotein, and the T416A mutation
near the first N-glycosylation site to a lesser extent,
markedly enhances sensitivity to neutralization by
antibodies in sera of HCV-infected patients. These
results suggest that glycans on Asn-534 of the HCV
E2 glycoprotein plays an important role in protecting
the virus from humoral immune mechanisms of the
host.
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Abstract

Objective: Hepatitis C virus (HCV genome) polymorphisms
are thought to influence the outcome of pegylated-interfer-
on/ribavirin (PEG-IFN/RBV) therapy. This study aimed to ex-
amine non-structural protein 5A (NS5A) polymorphisms, e.g.
IFN/RBV resistance-determining region (IRRDR) and IFN sen-
sitivity-determining region (ISDR), and core protein poly-
morphism as predictive therapeutic markers. Methods: Pre-
treatment sequences of NS5A and core regions were ana-
lyzed in 68 HCV-1b-infected patients treated with PEG-IFN/
RBV. Results: Of 24 patients infected with HCV having an
IRRDR with 6 or more mutations (IRRDR=6), 18 (75%) pa-
tients achieved sustained virological response (SVR), where-
as only 11 (25%) of 44 patients infected with HCV having
IRRDR=5 did. IRRDR=6 was significantly associated with
SVR (p < 0.0001). On the other hand, [SDR=2 was significant-

ly associated with relapse (either before [breakthrough] or
after end-of-treatment response [ETR-relapse]) (p < 0.05)
and a point mutation of the core protein from Arg to GIn at
position 70 (GIn’%) was significantly associated with null-re-
sponse (p < 0.05). Multivariate analysis identified IRRDR=6
as the only viral genetic factor that independently predicted
SVR. Conclusion: NS5A (IRRDR and ISDR) and core protein
polymorphisms are associated with the outcome of PEG-
IFN/RBV therapy for chronic hepatitis C. In particular,
IRRDR=6 is a useful marker for prediction of SVR.

Copyright ® 2011 S. Karger AG, Basel

Introduction

Hepatitis C virus (HCV) is the major cause of chronic
liver diseases worldwide [1]. Asa consequence of the long-
term persistence of chronic hepatitis C, the number of
patients with hepatocellular carcinoma is expected to in-
crease further over the next 20 years [2]. To reduce the
impact of this worldwide health problem, efficient treat-
ment is required. Currently, a combination therapy of pe-
gylated-interferon-a and ribavirin (PEG-IFN/RBV) is a
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standard treatment for chronic hepatitis C [3]. However,
this therapy is sometimes difficult to tolerate and results
in a sustained virological response (SVR) in only ~50%
of patients, especially those infected with the most resis-
tant genotypes, HCV-1a and HCV-1b [3]. Given the con-
siderable side effects, the possibility of discontinuation
and the high cost of this treatment, prediction of treat-
ment outcome is needed. An expanded range of predic-
tors may assist clinicians and patients in more accurately
assessing the likelihood of an SVR and thus in making
more informed treatment decisions [4].

Since the HCV genotype is one of the major factors af-
fecting the IFN-based therapy response, IFN resistance
is, at least partly, genetically encoded by HCV itself [5}. In
this context, non-structural protein 5A (NS5A) has been
widely discussed for its correlation with IFN responsive-
ness. Enomoto et al. [6] proposed that sequence vari-
ations within a region in NS5A spanning from amino
acids (aa) 2,209 to 2,248, called the IFN sensitivity-deter-
mining region (ISDR), is correlated with IFN responsi-
veness. Recently, we identified a new region near the C-
terminus of NS5A spanning from aa 2,334 to 2,379, which
we referred to as the IFN/RBV resistance-determining
region (IRRDR) [7]. The degree of sequence variation
within IRRDR was significantly associated with the clin-
ical outcome of PEG-IFN/RBV combination therapy. On
the other hand, prediction of SVR by aa substitutions
within the core protein in Japanese patients infected with
HCV-1b has also been proposed [8, 9. In multivariate
analysis, the criterion of double-wild core, presence of
Arg at position 70 and Leu at position 91 (Arg”’/Leu®),
was identified as an independent SVR predictor.

This study aimed to examine NS5A polymorphisms,
including those in IRRDR and ISDR, and core polymor-
phism as predictive markers for HCV treatment outcome.
The core protein with Arg’"/Leu®! was defined as wild-
core while the other patterns as non-wild-core. The pos-
sible correlation of either Arg’" alone or Leu® alone with
the clinical outcome of PEG-IFN/RBV therapy was also
examined.

Patients and Methods

Patients

A total of 68 patients seen at Kobe Asahi Hospital in Kobe, Ja-
pan, who were chronically infected with HCV-1b, with diagnoses
based on anti-HCV antibody detection and HCV-RNA detection,
were enrolled in the study. HCV subtype was determined as ac-
cording to the method of Okamoto et al. [10]. Patients were treat-
edwith PEG-IFNa-2b (Pegintron®; Schering-Plough,Kenilworth,
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N.J., USA) (1.5 pg/kg b.w., once weekly, s.c.) and RBV (Rebetol®;
Schering-Plough) (600-800 mg daily, per os), according to a stan-
dard treatment protocol for Japanese patients established by a
hepatitis study group of the Ministry of Health, Labor and Wel-
fare, Japan. All patients received >80% of scheduled dosage of
PEG-IFN and RBV. Serum samples were collected from the pa-
tients at intervals of 4 weeks before, during and after the treat-
ment, and tested for HCV RNA and core antigen titers as report-
ed previousty [11].

The study protocol was approved beforehand by the Ethic
Committee in Kobe Asahi Hospital, and written informed con-
sent was obtained from each patient prior to the treatment.

Sequence Analysis of HCV NS5A and Core

HCV RNA was extracted from 140 ul of serum using a com-
mercially available kit (QIAmp viral RNA kit; Qiagen, Tokyo, Ja-
pan). Amplification of full-length NS5A and core regions of the
HCV genome were performed as described elsewhere [7, 11, 12].
The sequences of the amplified fragments of NS5A and core re-
gions were determined by direct sequencing. The aa sequences
were deduced and aligned using Genetyx Win software version
7.0 (Genetyx Corp., Tokyo, Japan).

Statistical Analysis

Statistical differences in the patients’ baseline parameters ac-
cording to the degree of IRRDR polymorphism were determined
by Student’s t test for numerical variables and Fisher’s exact prob-
ability test for categorical variables. Likewise, statistical differ-
ences in treatment responses according to NS5A and core poly-
morphisms were determined by Fisher’s exact probability test.
Kaplan-Meier HCV survival curve analysis was performed based
on serum HCV-RNA positivity data during the treatment period
(48 weeks) according to NS5A and core polymorphisms. The data
obtained were evaluated by the log-rank test. Uni- and multivari-
ate logistic analyses were performed to identify variables that in-
dependently predicted the treatment outcome. Variables with a p
value of <0.1 in univariate analysis were included in a multivari-
ate logistic regression analysis. The odds ratios and 95% confi-
dence intervals (95% CI) were also calculated. All statistical anal-
yses were performed using SPSS version 16 software (SPSS Inc.,
Chicago, IlL., USA). Unless otherwise stated, a p value <0.05 was
considered as statistically significant.

Nucleotide Sequence Accession Numbers

The sequence data reported in this paper have been deposited
in the DDBJ/EMBL/GenBank nucleotide sequence databases un-
der the accession numbers AB285035 through AB285081,
AB354116 through AB354118, and AB518774 through AB518861.

Results

Patients’ Responses to PEG-IFN/RBV Combination

Therapy

Among 68 patients enrolled in this study, HCV-RNA
negativity was achieved by 8 (12%) patients at week 4 (rap-
id virological response [RVR]), 36 (53%) patients at week
12 (early virological response [EVR]), 47 (69%) patients at
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Table 1. Proportions of various virological responses of patients
treated with PEG-IFN/RBV

RVR 8/68 12

EVR 36/68 53
ETR 47/68 69
SVR 29/68 43
Non-SVR 39/68 57
Null-response 17/68 25
ETR-relapse 18/68 26
Breakthrough 4/68 6

PEG-IFN/RBV = Pegylated-interferon/ribavirin; RVR = rapid
virological response; EVR = early virological response; ETR =
end-of-treatment response; SVR = sustained virological response.

week 48 (end-of-treatment response [ETR]) and 29 (43%)
patients at week 72 (SVR) (table 1). A total of 39 patients
(57%) failed to achieve SVR and they were referred to as
non-SVR. Non-SVR can be further divided into three cat-
egories: (i) null-response, which is defined by continued
presence of serum HCV RNA during the entire period of
the treatment and follow-up; (i) breakthrough, defined as
transient disappearance of HCV RNA followed by its re-
appearance before the end of the 48-week treatment, and
(iii) ETR-relapse, defined by reappearance of HCV RNA
after ETR has been achieved. Seventeen (25%) patients
were null-response while 18 (26%) and 4 (6%) patients were
ETR-relapse and breakthrough, respectively (table I).

Correlation between NS5A Polymorphism and

Treatment Responses

Using a receiver operating characteristic curve analy-
sis, 6 mutations in IRRDR were previously estimated as
an optimal cutoff number of mutations for SVR predic-
tion [7]. Initially the correlation between the patients’ de-
mographical, hematological, biochemical and virological
baseline parameters and the degree of IRRDR polymor-
phism was examined. This analysis revealed that patient’s
sex was the only factor that significantly correlated to the
degree of IRRDR polymorphism since 49% (17/35) of
males were infected with HCV isolates having IRRDRs
with 6 mutations or more (IRRDR=6) compared to 21%
(7/33) of females (p = 0.02) (table 2). HCV-RNA titers or
HCV core antigen titers did not differ significantly be-
tween patients infected with HCV isolates of IRRDR=6
and those of IRRDR<5.

HCV NS5A and Core Mutations and
IEN/RBV

Next, the possible correlation between IRRDR poly-
morphism and the ultimate treatment responses was ex-
amined. Among 24 patients infected with HCV isolates
of IRRDR=6, 18 (75%), 6 (25%), 3 (12.5%) and 3 (12.5%)
patients were SVR, non-SVR, null-response and relapse
(ETR-relapse plus breakthrough), respectively (table 3).
By contrast, among 44 patients infected with HCV iso-
lates of IRRDR =<5, 11 (25%), 33 (75%), 14 (32%) and 19
(43%) patients were SVR, non-SVR, null-response and re-
lapse (ETR-relapse plus breakthrough), respectively. The
proportions of different treatment responses among
HCV isolates with IRRDR=6 and IRRDR=<5 were sig-
nificantly different. Furthermore, patients infected with
HCV isolates with Ala at position 2360 (Ala?*®) in
IRRDR had a more significant likelihood of SVR than
those infected with HCV isolates with non-Ala?*%, who
tended to be non-SVR, in particular null-response (ta-
ble 3; fig. 1).

As the IRRDR polymorphism was closely correlated
with the ultimate treatment responses, it was also signif-
icantly correlated with the on-treatment responses, in
particular EVR and ETR (table 4). However, there was no
significant correlation between the IRRDR polymor-
phism and RVR. Also, the presence of Ala?**" was corre-
lated significantly with ETR.

Regarding the analysis of ISDR polymorphism and its
correlation to the treatment responses, first, the criterion
of ISDR with 4 mutations or more (ISDR =4), the initial
criterion of IFN responsiveness proposed by Enomoto et
al. [6] was tested. Since the prevalence of ISDR=4 was
only 9% (6/68) of all isolates analyzed, this criterion did
not significantly correlate with the treatment responses
(data not shown). Next, the correlation between the
treatment responses and ISDR mutations at a cutoff
point of 2 mutations, a newly proposed ISDR criterion of
PEG-IFN/RBV responsiveness [13, 14] was tested. Al-
though there was no significant difference in the propor-
tions of SVR and non-SVR between HCV isolates with
ISDR of 2 mutations or more (ISDR=2) and those of
ISDR=<1, a small but significant difference in the pro-
portions of SVR and relapse (ETR-relapse plus break-
through) was observed between ISDR=2 and ISDR=<1
(table 3). Interestingly, ISDR polymorphism was the only
virological factor examined in this study that showed a
significant correlation with RVR (table 4). However, this
correlation disappeared when further time points of
treatment course, such as EVR and ETR, were consid-
ered.
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Table 2. Correlation between IRRDR

polymorphism and patients’ demographic Faétor

characteristics
Age, mean * SD

Sex, male/female
Body weight, kg
Platelets, x 10/mm?*
Hemoglobin, g/dl
v-GTP, 1U/1
GPT,1U/
HCV-RNA, KIU/ml

HCV core antigen, fmol/l

RRDR>
58.71£8.44 59.61+10.30 0.71
1747 18/26 0.02
59.87 £9.56 58.20%11.92 0.56
17.22 %55 1496 £471 0.16
14.25+1.48 13.55+1.77 0.11
49.50 £44.29 55.60 £65.60 0.69
47.54*33.09 49.33+34.78 0.84
2,070.21£1,720.27 2,038.57 £1,963.05 0.95
6,750.87 £ 6,859.82 9,320.52£10,636.48  0.30

IRRDR = Interferon/ribavirin resistance-determining region; y-GTP = y-guanosine
triphosphate; GPT = glutamic pyruvate transaminase.

Table 3. Correlation between NS5A and core protein polymorphisms and ultimate virological responses of patients treated with PEG-
IEN/RBV

NS5A  IRRDR=6 24 18(75)¢  6(25) 3(12.5) 3(12.5) <0.0001 0.005  0.0006
IRRDR<5 44 11(25)  33(75) 14 (32) 19 (43)
Ala2360 18 12 (67) 6(33) 1(5) 5(28) 0.026 0016 02
Non-Ala?*® 50 17(34)  33(66) 16 (32) 17 (34)
ISDR>2 18 10 (56) 8 (44) 6(33) 2(11) 0.27 1.0 0.048
ISDR<1 50 19(38)  31(62) 11(22) 20 (40)

Core  Wild-core (Arg”%/Leu®) 33 18(55)  15(45) 5(15) 10 (30) 0.1 0.07 0.27
Non-wild-core 35 11(31) 24 (69) 12 (34) 12 (34)
Gln™ 21 5(24) 16 (76) 8(38) 8 (38) 0.06 0.04 0.19
Non-Gln” 47 24(51)  23(49) 9(19) 14 (30)
Met?! 19 7(37)  12(63) 5(26) 7(37) 0.59 0.74 0.75
Non-Met®! 49 22(45)  27(55) 12 (29) 15(31)

SVR = Sustained virological response; ETR = end-of-treat-
ment response; IRRDR = interferon/ribavirin resistance-deter-
mining region; Ala®® = alanine at position 2360; ISDR = inter-
feron sensitivity-determining region; Arg” = arginine at position
70; Leu?! = leucine at position 91; Gln™ = glutamine at position
70; Met®' = methionine at position 91.

* Total number of isolates with a given factor.

® Number of SVR, non-SVR, null-response or relapse (ETR-
relapse plus breakthrough) cases with a given factor.

¢ Values in parentheses are percentages.

Correlation between Core Polymorphism and

Treatment Responses

Recently, it was reported that polymorphism at posi-
tions 70 and/or 91 of the core protein of HCV-1b correlates
with and predicts the treatment outcome of Japanese pa-
tients treated with PEG-IFEN/RBV combination therapy

4 Intervirology 2012;55:1-11

[8, 9]. We aimed to test the consistency of this observation
among our patient cohort. The result revealed that among
33 patients infected with HCV isolates of wild-core (Arg’%/
Leu®®), 18 (55%), 15 (45%), 5 (15%) and 10 (30%) patients
were SVR, non-SVR, null-response and relapse (ETR-re-
lapse plus breakthrough), respectively (table 3; fig. 1). On
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Fig. 1. Sequence alignment of the core protein (aa 65-96) and IRRDR of NS5A obtained from pretreated sera in
patients infected with HCV-1b. The consensus (Cons) sequence is shown at the top. Amino acids at positions 70
and 91 of the core protein, and position 2360 of NS5A are shown in boldface.

the other hand, of 35 patients infected with HCV isolates
of non-wild-core, 11 (31%), 24 (69%), 12 (34%) and 12 (34%)
patients were SVR, non-SVR, null-response and relapse
(ETR-relapse plus breakthrough), respectively. Thus, there
was no significant correlation between wild-core and SVR
or non-SVR (p = 0.1). However, a single mutation at posi-

HCV NS5A and Core Mutations and
1IFN/RBV

tion 70 (GIn”° vs. non-GIn"®) was significantly correlated
with treatment outcome (SVR vs. null-response; p = 0.04).

As for the on-treatment responses, wild-core (Arg’"/
Leu®') was significantly correlated with EVR and ETR,
whereas GIn” was correlated with non-EVR and non-

ETR (table 4).
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