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RNA Polymerase Activity and Specific RNA Structure Are
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Abstract

We have previously reported that the NS3 helicase (N3H) and NS5B-to-3'X (N5BX) regions are important for the efficient
replication of hepatitis C virus (HCV) strain JFH-1 and viral production in HuH-7 cells. In the current study, we investigated
the relationships between HCV genome replication, virus production, and the structure of N5BX. We found that the Q377R,
A4505S, 5455N, R517K, and Y561F mutations in the NS5B region resulted in up-regulation of J6CF NS5B polymerase activity in
vitro. However, the activation effects of these mutations on viral RNA replication and virus production with JFH-1 N3H
appeared to differ. In the presence of the N3H region and 3’ untranslated region (UTR) of JFH-1, A450S, R517K, and Y561F
together were sufficient to confer HCV genome replication activity and virus production ability to J6CF in cultured cells.
Y561F was also involved in the kissing-loop interaction between SL3.2 in the NS5B region and SL2 in the 3'X region. We next
analyzed the 3’ structure of HCV genome RNA. The shorter polyU/UC tracts of JFH-1 resulted in more efficient RNA
replication than J6CF. Furthermore, 9458G in the JFH-1 variable region (VR) was responsible for RNA replication activity
because of its RNA structures. In conclusion, N3H, high polymerase activity, enhanced kissing-loop interactions, and optimal
viral RNA structure in the 3'UTR were required for J6CF replication in cultured cells.
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Introduction

Hepatitis C virus (HCV) contains a positive-stranded RNA
genome and belongs to the Flavwiridae family [1]. Chronic HCV
infection affects more than 130 million people worldwide [2]. The
HCV RNA genome is approximately 9.6 kb in length and contains
a long open reading frame that encodes a polyprotein of
approximately 3,010 amino acids. This polyprotein is processed
into at least 10 polypeptides by host and viral proteases [3,4]. The
5’-untranslated region (UTR) contains a highly conserved internal
ribosome entry site (IRES) that is 341 nucleotides long [5]. The
3'UTR is known to contain a variable region (VR), a poly
pyrimidine “U/C” (polyU/UC) tract, and a 98-base X-region
(3"X tail) [6]. The second stem loop of the X region interacts with
the NSS5BSL3 cis-acting replication element (CRE) and may
contribute to initiation of negative strand RNA synthesis [7].

JFH-1 belongs to genotype 2a and is the only strain that can
efficiently replicate and produce virions in HuH-7 and HuH-7-
derived cell lines [8,9,10]. When the structural protein-coding
regions of the non-replicating HCV strains were fused to the non-
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structural protein-coding region and 3'UTR of JFH-1, replication
was initiated and virions were produced in HuH-7-derived cells
[10,11]. In order to analyze the mechanisms underlying the robust
replication of JFH-1, we compared JFH-1 with J6CF. J6CF shares
approximately 90% sequence homology with JFH-1 but does not
replicate in HuH-7 cells. Analysis of JFH-1/]J6CF chimeras
demonstrated that the NS3 helicase-coding region (N3H) and
the NS5B-to-3'X (N5BX) region of JFH-1 conferred replication
activity to J6CF in HuH-7 cells [12]. Mutations in the N3H region
are expected to affect helicase activity, while mutations in the
NS5B-t0-3'X region may affect polymerase and replication
activity through secondary or higher order structures of the
RNA. We have also previously reported that JFH-1-type
mutations in the NS5B region enhanced genotype 1b RdRP
activity in vitro [13]. Thus, JFH-1-type mutations in the NS5B
region of J6CF are hypothesized to enhance J6CF RdRP activity.
As mentioned above, the 3"UTR of the HCV genome consists of a
VR, polyU/UC tracts of various lengths and a highly conserved
3'X tail. Deletion of the VR was reported to allow replication in
both cultured cells [14] and in the chimpanzee [15]. The
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Author Summary

Hepatitis C virus (HCV) is a major cause of chronic liver
disease. Chronic HCV infection affects more than 130
million people worldwide. An efficient cell culture system
is indispensable for HCV research and the development of
antiviral strategies, including antiviral drugs and vaccines.
Using one HCV strain, JFH-1, we have developed a novel
cell culture system that, for the first time, has allowed for
both the production of infectious HCV and the analysis of
the HCV life cycle. To date, JFH-1 is the only HCV strain that
replicates efficiently in cultured cells. Understanding the
mechanisms underlying replication of JFH-1 in cultured
cells is important and advantageous for the development
of antiviral strategies. In the present study, we demon-
strate that high polymerase activity, enhanced kissing-loop
interactions between the NS5B and 3'X regions, and
optimal viral RNA structure of the 3’ UTR are required for
the efficient replication of JFH-1 and viral production in
cultured cells. Our data provides information that will
prove essential for the establishment of replication-
competent variants of HCV strains that are currently
replication incompetent in cultured cells. This study also
contributes to a better understanding of the mechanisms
underlying persistent HCV infections.

minimum length of polyU/UC tract required for replication has
also been previously determined [14,16].

In the current study, we examined RNA polymerase activity
and the RNA structures of the NS5B and 3"UTR that contribute
to HCV replication, and determined the essential domains
required for robust HCV RNA replication in cultured cells.

Materials and Methods

Cell culture

HuH-7 cells [17] and Huh-7.5.1 cells [9] were cultured at 37°C
in Dulbecco’s modified Eagle’s medium containing 10% fetal
bovine serum under 5% CO, conditions.

Construction of plasmids encoding a C-terminal 12xHis
tagged HCV RdRP lacking 21 C-terminal amino acids

HCV JFH-1 and J6CF RdARP without the C-terminal 21 amino
acid hydrophobic sequence were PCR amplified from pJFHI1 [8]
and pJ6CF (a kind gift from Jens Bukh) [15], respectively. Primer
sequences for mutagenesis are listed in Table Sl. Following
digestion with X#al and Xhol, DNA fragments were cloned into
the Nhel and Xhol sites of pET21b (Novagen, Madison, WI),
resulting in pET21bHCVJFH-1RdRpwt and pET21bHCVJ6-
CFRdRpwt. pET21bHCVJFH-1RdRpwt and pET21bHCV]J6-
CFRdRpwt were then digested with Xbal and Xhol and the RARP
fragments cloned into the same restriction sites of pET28a,
resulting in pET21(KM)JFH-1RdRpwt and pET21(KM)J6CFR-
dRpwt, respectively.

Mutation analysis of J6CF and JFH-1 RdRP

JFH-1-type substitutions (S377R, A450S, S455N, R517K, and
Y561F in the NS5B region; amino acid numbers are based on the
AA relative numbering [18]) were introduced into J6CF RdRP
and J6CF-like substitutions (S450A, N4558, K517R, F561Y, and
F5611) and D318A were introduced into JFH-1 RdRP using the
QuickChange II Site-Directed Mutagenesis Kit (Stratagene, La
Jolla, CA). Primer sequences for mutagenesis are listed in Table
S1. Sequences were confirmed by nucleotide sequencing.
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Expression, purification, and in vitro transcription of HCV
RdARP

pET21(KM)JFH-1RdRPwt, pET21(KM)J6CFRARPwt, and
their mutants were expressed with pGEX-HSP90a [13] in
Escherichia coli Rosetta/pLysS (Novagen). RARP was then purified
as previously described [13], with the exception that protein
induction was undertaken at 18°C for 4 h. In witro de novo
transcription was performed as described previously [13]. Briefly,
following 30 min pre-incubation without ATP, CTP, or UTP,
0.1 pM HCV RdRP was incubated in 50 mM Tris/HCI (pH 8.0),
200 mM monopotassium glutamate, 3.5 mM MnCl,, 1 mM
DTT, 05mM GTP, 50 uM ATP, 50uM CTP, 5uM
[2-**PJUTP, 0.02 uM RNA template (SL12-1S) and 100 U/ml
human placental RNase inhibitor at 29°C for 90 min. [*?P]-RNA
products were subjected to PAGE (6% gel, 8 M urea). The
resulting autoradiograph was analyzed with a Typhoon trio plus
image analyzer (GE Healthcare, Piscataway, NJ). The radio
isotope count of 184 nt RNA product of each mutant RARPs was
measured and compared to that of JFH-1 RdRP wt in the same
PAGE.

Subgenomic-replicon constructs

pSGR-J6/N3H+5BSLX-JFH1/Luc was constructed by re-
placement of the 5BSL-to-3"X fragment (9211 to 9678 of JFH-1)
generated by PCR with the corresponding fragment of pSGR-J6/
N3H+3'UTR-JFH1/Luc [12]. Constructs with substitutions in
NS5B region were generated as follows; mutations were
introduced by PCR-based mutagenesis and Xhol-Xbal-restricted
fragments were exchanged with the corresponding fragment of
pSGR-J6/N3H+5BSLX-JFH1/Luc or pSGR-J6/N3H+3'UTR-
JFH1/Luc [12]. To generate the constructs used for the analyses
of the 3'UTR, VR fragments (9415-9479 of JFH-1 and J6CF) or
polyU/UC fragments (9480-9579 of JFH-1 and 9480-9606 of
J6CF) were generated by PCR and replaced with the correspond-
ing fragment of pSGR-J6/N3H+5BSLX-JFH1/Luc. To generate
the constructs with substitutions in the VR or 3'SL2, mutations
were introduced by PCR-based mutagenesis and SgrAl-Xbal-
restricted fragments were exchanged with the corresponding
fragment of pSGR-]J6/N3H+5BSLX-JFH1/Luc. Primer sequenc-
es for mutagenesis are listed in Table S1.

Full-length genomic HCV constructs

Plasmids used in the analysis of genomic RNA replication and
core production were constructed from pJ6/N3H+N5BX-JFHI
[12] and pJ6CF [15]. pJ6/N3H+5BSLX-JFH1 was constructed by
replacement of the corresponding sequence with the 5BSL-to-3'X
fragment (9211 to 9678 of JFH-1) generated by PCR. pJ6/
N3H+3'UTR-JFHI1 was constructed by using the N3H region
[Clal (3929) - EcoT221 (5293)] and 3"UTR [Stul (9415) - Xbal
(9678)] of JFH-1 to replace the corresponding sequences of pJ6CF.
Mutagenesis was performed as described above.

RNA synthesis and transfection

RNA synthesis and transfection were performed as described
previously [8,12]. Briefly, plasmids were linearized with Xbal,
treated with Mung Bean Nuclease (New England Biolabs, Ipswich,
MA) and purified. Linearized, purified DNA was then used as a
template for in vitro RNA synthesis using the MEGAscript T7 kit
(Ambion, Austin, TX) in accordance with the manufacturer’s
instructions. Synthesized RNA was treated with DNase I (Ambion)
followed by purification using ISOGEN-LS (Nippon Gene,
Tokyo, Japan). The quality of the synthesized RNA was examined
via agarose gel electrophoresis. Ten micrograms of i vitro-
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synthesized RNA was used for each electroporation. Trypsinized
HuH-7 cells or Huh-7.5.1 cells (3x10° cells) were washed with
Opti-MEM 1 (Invitrogen, Carlshad, CA) and resuspended in
Cytomix buffer [19]. RNA was then combined with 400 pl of cell
suspension and the mixture was transferred to an electroporation
cuvette (Bio-Rad, Hercules, CA). The cells were then pulsed at 260
V and 950 pF using the Gene Pulser 1I apparatus (Bio-Rad).
Transfected cells were immediately transferred to 6-well plates
containing culture medium and incubated at 37°C: under standard
5% CO» conditions.

Luciferase reporter assay

Luciferase activity of the JFH-1 subgenomic replicon and
chimeras in HuH-7 cells were measured as described previously
[12,20]. Briefly, 5 ug of transcribed RNA was transfected into
3x10° HuH-7 cells by electroporation. Transfected cells were
immediately resuspended in culture medium and seeded into 6-
well culture plates. Cells were then harvested at 4, 24, and 48 h
after transfection and lysed with 200 pl of Cell Culture Lysis
Reagent (Promega, Madison, WI). Debris was removed by
centrifugation. Luciferase activity was quantified using a Lumat
LB9507 luminometer (EG & G Berthold, Bad Wildbad, Germany)
and a Luciferase Assay System (Promega). Assays were performed
three times independently, with each value corrected for
transfection efficiency as determined by measuring luciferase
activity 4 h after transfection. Data are presented as relative light

units (RLU).

Quantification of HCV core protein

To estimate the concentration of HCV core protein in the
culture medium, we harvested supernatants at the indicated time
points. The supernatant was then passed through a filter with a
0.22- um pore size (Millipore, Bedford, MA) and subjected to the
chemiluminescence enzyme immunoassay (Lumipulse 11 HCV
core assay, Fujirebio, Tokyo, Japan) in accordance with the
manufacturer’s instructions.

Infection of cells with secreted HCV and determination of
infectivity

Culture medium from RNA transfected cells was collected at
72 hours post-transfection. Huh7.5.1 cells were seeded at a density
of 1x10" cells per well in poly-D-lysine coated 96-well plates
(CORNING, Corning, NY). On the following day, the collected
culture media were serially diluted and used for inoculation of the
seeded cells, and the plates were incubated for another 3 days at
37°C. The cells were fixed in methanol for 15 min at —20°C, and
the infected foci were visualized by immunofluorescence as
described below.

Cells were blocked for 1 hour with BlockAce (Dainippon
Sumitomo Pharma, Osaka, Japan), then washed with PBS,
followed by incubation with anti-core antibody at 50 pg/ml in
BlockAce. After incubation for 1 hour at room temperature, the

cells were washed and incubated with a 1:400 dilution of

AlexaFluor 488-conjugated anti-mouse IgG (Molecular Probes,
Eugene, OR) in BlockAce. The cells were then washed and
examined using fluorescence microscopy (Olympus, Tokyo,
Japan). Infectivity was quantified by counting the infected foci
and expressed as focus forming units per milliliter (ffu/ml).

Chemicals and radio isotope

Nucleotides were purchased from GE, [a-"*P|UTP from New
England Nuclear (Boston, MA), and human placental RNase
inhibitor and restriction enzymes from TaKaRa (Shiga, Japan).
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Statistical analysis
Significant differences were evaluated using the Student’s ¢-test.
p<<0.05 was considered significant.

RNA secondary structure prediction
RNA secondary structure prediction was performed using

Mfold software [21].

Results

As we have reported previously, the NS3 helicase and the
NS5B-to-3"X regions of JFH-1 are important to confer replication
competence to J6CF, a replication-incompetent strain [12]. Of
these two regions, NS5B-to-3"X of JFH-1 is the most important to
replication-competence. The NS5B region encodes RdRP, and
the JFFH-1-version of this polymerase may have high activity and
be crucial to replication-competence. The requirement of 3'UTR
of JFH-1 suggested that the RNA structure in this region is
important for efficient genome replication. To understand the
mechanisms of efficient replication of JFH-1 in HuH-7 cells, we
focused on the NS5B-t0-3'X region because the NS3 helicase
region of JFH-1 had relatively minor effects on replication of J6CF
derivatives [12]. In order to identify the important protein
domains within RARP required for eflicient virus replication, we
compared the RNA polymerase activity of HCV J6CF RdRP to
that of JFH-1 RdRP using three assays, wn vitro transcription with
purified RdRP, i viwo virus RNA replication, and i vizo virus
production. To identify the important sequences or structures in
the NS5B-t0-3'X region involved in efficient replication, we
analyzed the effect of sequence differences in this region on
replication of the viral genome.

Comparison of RNA polymerase activity in vitro

By comparing the sequence of RARP of JFH-1 (GenBank
Accession No. AB047639), J6CF (AF177036), other 2a strains
(AB047640 — 5, AY746460, AF238481 - 5, AF169002 -5), a la
strain (H77: AF009606), and four 1b strains (Conl: AJ238799,
AB080299, AY045702, M58335), we found 14 amino acids
variants unique to JFH-1 RdRP (57T, 130P, 131Q), 150A, 377R,
4051, 435V, 4508, 455N, 474M, 479H, 517K, 561F and 571S).
We focused on five JFH-1-type amino acid substitutions (Q377R,
A450S, S455N, R517K, and Y561F) that have been shown to
increase the polymerase activity of 1b RdRP [13]. We introduced
these JFH-I-type amino acid substitutions into J6CF RdRP,
individually and in combination, to test their effects on polymerase
activity, We also tested a J6CF RdARP variant with a R517K
substitution because it was included in the J6/N3H+5BSLX-JFH1
replicon (see below), although it did not enhance the polymerase
activity of 1b RdRP i vitro [13].

The RARPs of HCV JFH-1 and J6CF and mutant variants were
purified as indicated in the Materials and Methods and Fig. S1A.
The polymerase activity of wild-type (wt) and mutant RARPs was
measured using a de novo transcription system (Fig. 1 and Fig. S1B).
The activity of J6CF RdARP was 7.0£0.6% of that of JFH-1.
Similar to results seen with 1b RARP substitution variants, the
single amino acid substitutions Q377R, A4508, S455N, R517K,
and Y561F resulted in increased polymerase activity of J6CF
RdRP (25.5%1.5,27.7£1.0, 53.1£0.9, 16.9%3.5 and 16.7+2.5%
of JFH-1 RARP wt, respectively). However, combining double and
triple amino acid substitutions did not demonstrate any additive or
synergistic effects on the @ witro polymerase activity (Fig. 1).

JFH-1 RdRP variants with individual J6CF-type amino acid
substitutions, including R377Q), S450A, N455S, K517R, and
F561Y, were also examined i vitro. With the exception of N455S,
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Figure 1. Relative HCV RNA polymerase activity of JFH-1 and
J6CF wild-type and mutant RARP. HCV RdRP activity was measured
using the purified HCV RdRP (Fig. S1A) and the average RdRP activity
and the standard deviation (error bar) relative to that of JFH-1 RARP wt
were calculated from three independent experiments (Representative
gel images are shown in Fig. S1B). The relative activity values are
presented above the graph. SNF, A4505+S455N+Y561F; SKF,
A450S+R517K+Y561F; NKF, S455N+R517K+Y561F.
doi:10.1371/journal.ppat.1000885.g001

all other J6CF-type amino acid substitutions reduced the activity of
JFH-1 RdRP, with levels ranging from 37.3 to 52.9% of the
activity from wt JFH-1 RdRP (Fig. 1). The N455S variant
maintained polymerase activity similar to that of JFH-1 wt. The
JFH-1 D318A variant has a mutation in the active site of RARP
and showed no polymerase activity, confirming our in wiro
transcription system.

JFH-1-type amino acid residues in the NS5B region
restored the replication activity of the J6CF-based
replicon

In order to test whether the JFH-l-type amino acids
substitutions into the NS5B region of J6CF that enhanced
polymerase activity i vitro enabled the replication of J6CF in
cultured cells, we used the subgenomic J6CF replicon harboring
the NS3 helicase region and 3"UTR of JFH-1 (J6/N3H+3"UTR-
JFHI1-Luc; Fig. 2A) as a reference construct. This replicon could
replicate in cultured cells but exhibited less than 1% of the JFH-1
replication activity [12]. In order to test the effect of JFH-1 type
amino acids on replication, we introduced the five substitutions
that increased polymerase activity of J6CI" RARP w witro (Q377R,
A4508, S455N, R517K, and Y561F, see Fig. 2B) into the
subgenomic replicon J6/N3H+3"UTR-JFHI-Luc and analyzed
their effects on RNA replication. Among these JFH-1-type amino
acids substitutions, Y561F was the most effective (23.2+3.5% of
J6/N3H+N5BX-JFHI1-Luc; Fig. 2C), while A450S, S455N, and
R517K exhibited only a small effect on the replication activity
(7.1£0.6%, 3.020.5%, and 5.5%1.0% of J6/N3H+N5BX-JFH-
Luc, respectively; Fig. 2C). The Q377R mutation demonstrated
no effect on replication (Fig. 2C). We next tested the eflects of
Y561F in combination with each of the other substitutions. We
found that A450S, S455N, and R517K mutations enhanced the
replication activity of Y561F (59.1%6.1%, 43.9%6.6%, and

@ PLoS Pathogens | www.plospathogens.org

Mutations Important for JFH-1 Replication

57.9%4.6% of J6/N3H+N5BX-JFH1-Luc, respectively; Fig. 2C).
We also tested the effects of triple mutations and found that the
replication activity of the SNF (A4508+S455N+Y561F) and SKF
(A4508+R517K+Y561F) mutants demonstrated 86.8%26.0% and
112.227.9% replication activity of J6/N3H+N5BX-JFHI-Luc,
respectively (Fig. 2C). In addition, we did not observe any
significant differences between replicon activity of these mutants
and that of J6/N3H+N5BX-JFHI-Luc. A combination of four
mutations (SNKF; A450S+S455N+R517K+Y561F) resulted in
similar activity as SKF (115.2%x11.7% of J6/N3H+N5BX-JFH1-
Luc; Fig. 2C). These results indicated that Y56 1T represented the
most effective JFH-1-type mutation required for efficient replica-
tion, and that SKF and SNKF were sufficient to support
replication activity equivalent to that of the replicon with the
entire NS5B and 3" UTR of JFH-1 (J6/N3H+N5BX-JFH1-Luc).
The additive effects of the JFH-1-type NS5B substitutions on the
replicon differed from results obtained with the in vitro polymerase
activity assay.

Next, we examined whether these substitutions were sufficient
for full-genome RNA replication and virus production. We used
Huh-7.5.1 cells to assess virus production because Huh-7.5.1 is
highly permissive for HCV propagation [9]. We found that J6/
N3H+3'UTR-JFHI-Luc showed weak replication activity
(Fig. 2C), and the core protein was not detectable in the culture
medium of J6/N3H+3'UTR-]JFH]1-transfected cells (Fig. 3B). The
constructs expressing A450S, S455N, or R517K substitution
variants demonstrated only very low core levels in the supernatant,
while the construct expressing the Y561F mutation underwent
RNA replication and produced the core protein (Y561F;
15.5%3.0% of J6/N3H+N5BX-JFHI; Fig. 3B). Double mutants
containing the Y561F mutation were found to produce greater
amounts of core protein than the Y561F single mutant
(A4508+Y561F, 57.4%3.3%; S455N+Y561F, 45.9%£4.0%; and
R517K+Y561F, 61.9%5.8% of J6/N3H+N5BX-JFHI; Fig. 3B).
The triple mutant SNF (A450S+S455N+Y561F) produced more
core protein than the double mutants (75.7£12.0% of J6/
N3H+N5BX-JFH1; Fig. 3B). In addition, we observed that the
core production from the SKF and SNKF mutant RNA-
transfected cells was similar to the levels produced by J6/
N3H+N5BX-JFH! (111.5%8.8% and 119.0£5.1% of J6/
N3H+NOBX-JFHI, respectively; Fig. 3B). We also measured
infectivity of the supernatants from the mutant RNA-transfected
cells at 72h after transfection (Fig. 3B). The levels of infectious
titers correlated with the core levels among the tested constructs in
this experiment. These results indicated that the SKF substitutions
in the C-terminal region of NS5B were sufficient to elevate viral
RNA replication and viral production.

Extra complementary sequence at the 5BSL3.2 kissing-
loop interaction site of JFH-1 was essential for efficient
replication

We observed a discrepancy between the in zitro RNA polymerase
activity assay and the genome replication assay in the effects of the
amino acid substitutions (Figs. 1 and 2C). Y561 was the most
effective JI'H-1-type amino acid substitution in the replication assay,
while S455N was the most effective in the in vitro polymerase activity
assay. As the kissing-loop interaction between 5BSL3.2 and 3'X are
important for RNA replication and amino acid (aa) 561 encoding
nucleotides are involved in the stem-loop 3.2 in the NS5B region
(5BSL3.2) [7,16,22], we hypothesized that the cis-factor (genome
structure) may also affect RNA replication in the cells. Thus, we
constructed the subgenomic replicon J6/N3H+5BSLX-JFH 1-Luc
and the full genome construct J6/N3H+5BSLX-JFHI that
contained the NS3 helicase region and the 5BSL3-to-3"X region
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Figure 2. Luciferase activity of J6CF backbone replicons containing substitutions in the NS5B region. (A) Schematic structures of wt
JFH-1 and J6CF constructs and the chimeric subgenomic replicons containing a J6CF backbone. The restriction enzyme recognition sites used for the
construction of plasmids are indicated. C, Clal; E, EcoT22I; B, BsrGl; S, Stul; X, Xbal; wt, wild-type. (B) Schematic diagram of the mutations introduced
into J6/N3H+3'UTR-JFH1-Luc and J6/N3H+3'UTR-JFH1. (C) Replication activity of J6CF-based replicons. Subgenomic RNA was synthesized in vitro
from wild-type or chimeric replicon constructs. Transcribed subgenomic RNA (5 jig) was then electroporated into HuH-7 cells and the cells harvested
at 4, 24, and 48 h after transfection. The harvested cells were lysed, and the luciferase activity in the cell lysates was measured. The assays were
performed three times independently and the results expressed as luciferase activities (RLU). Each value was corrected for transfection efficiency as
determined by measuring the luciferase activity 4 h after transfection. Data are presented as the mean + standard deviation for luciferase activity at
24 h (white bars) and 48 h (gray bars) after transfection. Asterisks indicate significant differences relative to the replication activity of J6/N3H+N5BX-
JFH1 (p<<0.05) at 48 h and the values represent the relative values against J6/N3H+N5BX-JFH1 at 48 h after transfection. SNF, A4505+S455N+Y561F;
SKF, A4505+R517K+Y561F; SNKF, A4505+ S455N+R517K+Y561F.

doi:10.1371/journal.ppat.1000885.9002

(nucleotide (nt) 9211 to 9678) of JFH-1 (Figs. 2A and 3A), and
determined their replication activity and virus production level. As
presented in Figure 4B, the J6/N3H+5BSLX-JFHI-Luc construct
demonstrated similar replication activity to that of J6/N3H+N5BX-
JFHI1-Luc 48h post-transfection (92.9%7.5% of J6/N3H+N5BX-
JFHI; Fig. 4B). Moreover, both J6/N3H+N5BX-JFH1 and ]J6/
N3H+5BSLX-JFHI released similar levels of core protein into the
supernatant (Fig. 3B).

We next analyzed the effects of mutations in the ]6/
N3H+5BSLX-JFH]1 construct. The 5BSL region of this construct
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contains three amino acid differences from J6CF (R517K, Y561F,
and L571S). R517K and Y561F were important in the in vitro
polymerase activity assay (Fig. 1). We did not assess aa 571 i vitro
because it was deleted to purify HCV RdRP. The replication
activities of J6/N3H+5BSLX-JFH1-Luc with K517R or F561Y
were found to be 2822.7% and 14%£2.0% of J6/N3H+5BSLX-
JFH1-Luc, respectively, confirming the importance of these JFH-
l-type amino acids for replication (Fig. 4B). J6/N3SH+5BSLX-
JFHI1-Luc with S571L revealed similar replicon activity as the J6/
N3H+5BSLX-JFHI1-Luc (108%7.8% of J6/N3H+5BSLX-JFH1
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Figure 3. Analysis of transient replication of genomic chimeric HCV RNA. (A) The structure of full-length chimeric HCV RNA. Each chimeric
full-length construct was prepared by the replacement of the indicated restricted fragments. The restriction enzyme recognition sites used for the
plasmid constructions are indicated. C, Clal; E, EcoT22l; B, BsrGl; S, Stul; X, Xbal; wt, wild-type. (B) HCV core protein production in the culture medium
from RNA-transfected cells. Transcribed wild-type or chimeric full-length HCV RNA (10 pg) was transfected into Huh-7.5.1 cells. Culture medium was
harvested at 4, 24, 48, and 72 h after transfection. The amount of core protein in the harvested culture medium was measured using a HCV core
chemiluminescence enzyme immunoassay (Lumipulse Il HCV core assay). The assays were performed three times independently, and the data are
presented as the mean = standard deviation. Values in the right panel represent the relative core values against J6/N3H+N5BX-JFH1 at 72 h after
transfection and infectious titers of the media from chimeric HCV RNA-transfected cells at 72h after transfection determined using Huh7.5.1 cells. SNF,
A4505+5455N+Y561F; SKF, A4505+R517K+Y561F; SNKF, A450S+ S455N+R517K+Y561F.

doi:10.1371/journal.ppat.1000885.9003

wt; Fig. 4B). These results indicated the importance of 517K and
561F but not 571F in the 5BSL region of JFH-1 in efficient RNA
replication. The codon encoding aa 561 possibly affects RNA
structure, as it is located in the loop of stem-loop 3.2 in NS5B
(5BSL3.2) and overlaps sequences important to the kissing-loop
interaction with the stem loop 2 of the 3'X region (3'X SL2) [22].
Although we demonstrated that aa 561F was more effective than
561Y in RARP activity in vitro (Fig. 1), it remains possible that the
nucleotide mutation located at the codon of aa 561 affected the
RNA structure and genome replication, as the replication activity
of J6/N3H+3'UTR-JFH1-Luc with Y561 was the highest of all
the clones with JFH-1 type single amino acids in the NS5B region
(Fig. 2C). To investigate the effects of these mutations on RNA
structure, we made mutants with nucleotide substitutions at the
codon of aa 561 (Fig. 4F). The codon encoding aa 561 was UUU
(Phe) for JFH-1 and UAU (Tyr) for J6CF. The third base of the
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codon overlaps with the kissing sequence [22]. In order to
maintain the 5BSL3.2 stem loop structure and the kissing
interaction between 5BSL3.2 and 3'X SL2, the third base should
be U (nt 9349 of JFH-1). JFH-1 may exhibit additional interactions
between 9348U of 5BSL3.2 and 9619A of 3'X SL2 to enhance
kissing-loop interaction. To assess this hypothesis, we fixed the
second base (9348) as U, and the first base (9347) was altered from
U to A, G or C. The G and C substitutions were predicted to
disrupt the important loop structure of 5BSL3.2 using Mfold and
considered to affect replication activity. We next investigated the
effects of U to A substitution (AUU, F5611) in an i vitro assay.
F5611 was introduced into JFH-1 RARP and its RARP activity was
99.4+4.8% of the wt, demonstrating that an F to I mutation did
not affect polymerase activity (Fig. 1). We also examined the effects
of the F5611 mutation on RNA replication in the cells, and it
revealed that it had similar replication activity as the wt,
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Figure 4. Replication activity of J6CF-based replicons containing variants or substitutions. (A) Comparison of the nucleotide sequence of
5BSL3.2 to 3'X of JFH-1 and J6CF. Boxes indicate nucleotide differences in VR and stop codon. Shaded boxes indicate non-synonymous variants in
this region. 5BSL3.2, 5BSL3.3, Variable Region (VR), Poly U/UC tract, and 3'X tail are indicated by double-headed arrows in the figure. Stem-loop
structures of VR (VRSL1 and VRSL2) are underlined. Asterisk; conserved nucleotides between JFH-1 and J6CF. (B, C, D) Replication activity of J6CF-
based replicons. Five micrograms of in vitro synthesized RNA was electroporated into HuH-7 cells and the cells were harvested at 4, 24, and 48 h after
transfection. The harvested cells were then lysed, and the luciferase activity in the cell lysates was measured. The assays were performed three times
independently, and the results were expressed as luciferase activities (RLU). Data are presented as the mean * standard deviation for luciferase
activity at 24 h (white bars) and 48 h (gray bars) after transfection. (E) The predicted secondary structure of the VR. The RNA secondary structures of
JFH-1, JFH-1 m3, J6CF, and J6CF m3 were predicated by Mfold. The stem-loop structure 1 (VRSL1) and 2 (VRSL2) are indicated. Nucleotide 9458 is
circled and the mutated nucleotides are indicated by arrowheads. (F) Schematic structures of the 5BSL3.2 and X tail. The predicted stem loop
structure of 5BSL3.2 and SL2 of 3'X of JFH-1 and J6CF strains are indicated. The sequences forming kissing interaction with 3'X SL2 [22] are shaded.
Codons encoding aa 561 and 571 are circled and the mutated sequences are indicated. The reported kissing-loop interactions are indicated by the
connecting lines. The predicted interaction of the JFH-1 strain is indicated by the dotted connecting line.

doi:10.1371/journal.ppat.1000885.g004

confirming that this mutation exhibited no effect on RNA
replication in cultured cells (Fig. 4B). These results demonstrated
that both Phe and Ile could be substituted at aa 561 and revealed
the importance of the precise RNA structure of this region. Finally,
we introduced an A to U mutation at nt 9619 in the 3'X SL2 that
was complementary to the second base of the codon encoding
561F (9348) to alter the kissing-loop interaction (Fig. 4F;
3'XSL2m). We observed a significant reduction in 3"XSL2m
replication activity (Fig. 4B; 3'XSL2m). However, when 3'XSL2m
was combined with the F561Y mutation that was expected to
recover the kissing-loop interaction, replicon activity was restored
(Fig. 4B; F561Y+3'XSL2m). These results indicated that the extra
complementary sequence at the kissing-loop interaction site of
5BSL3.2 was important for the efficient RNA replication of JI'H-1.
The extra complementary sequence may enhance the kissing loop
interactions. We also tested the effect of the Y561F substitution on
replicons of other genotypes, H77S (GT1a) and HCV-N (GT1b).
While the Y56 1F substitution increased replication activity in both
genotype | strains (Text S1 and Fig. S3), the Y561F effect on the
genotype | strains was much smaller than its corresponding effect

on J6CF.

A shorter poly U/UC sequence in the JFH-1 strain favored
replication

We next compared the sequences of the poly U/UC tracts of
the 3"UTRs of JFH-1 and J6CF. The poly U/UC tract of JFH-1
was 27 nucleotides shorter than that of J6CF (Figs. 4A and F). The
polyU stretch of the pJ6CF plasmid that we used was six
nucleotides shorter than that of the original J6CF sequence
reported ([15], GenBank: AF177036). In order to analyze the
effects of poly U/UC length on HCV replication, the poly U/UC
region of J6/N3H+5BSLX-JFHI-Luc was replaced with that of
J6CT and was designated as polyU-J6. The replicon activity of J6/
N3H+5BSLX-JFH1-Luc with polyU-J6 was approximately four
times lower than that of the J6/N3H+5BSLX-JFH1-Luc (Fig. 4C).
This result showed that longer polyU/UC region lengths of J6CF
were not favorable for efficient replication.

JFH-1 type structure of the variable region was

advantageous for efficient replication

When we compared the VR sequences of the 3"UTRs of JFH-1
and J6CF, we found that four nucleotides are different between the
VRs of JFH-1 and J6CF and that substitudon of the VR from
JFH-1 with that of J6CF of J6/N3H+5BSLX-JFHI resulted in a
1000-fold decrease in replication activity (Fig. 4C, VR-J6). Mfold
analysis of predicted RNA secondary structure of the VR in JFH-1
and J6CF suggests that there are two stem-loop structures in the
VR. The first stem loop (VRSLI) structure is identical in JFH-1
and J6CF, but the loop of the second stem-loop (VRSL2) is larger
in JFH-1 than in J6CF (Fig. 4E). Analysis of the effects of these
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nucleotide mutations on RNA structure revealed that only the
third mutation (m3 at 9458 in Fig. 4A) is predicted to alter the
structure of VRSL2 (Fig. 4E). The m3 G substitution into J6CF
VR generated a predicted structure identical to that of JFH-1
VRSL2 resulting in identical VR structures (Fig. 4E). The m3 G
substitution altered the structure of JFH-1 VR to the J6CF type
(Fig. 4E). Substitutions of other nucleotides did not change the
predicted structures (Data not shown). We then analyzed the
effects of the mutations on replication activity, The m3 C
substitution in JFH-1 VR was found to reduce replication activity
100-fold of the J6/N3H+5BSLX-JFHI-Luc (Fig. 4D; VRm3),
whereas other substitutions (Fig. 4A; ml, m2 and m4) did not
reduce replication activity at all (Fig. 4D; VRmI, VRm2 and
VRm4). In contrast, the construct containing the J6CF VR with
m3 G substitution completely restored replication activity (Fig. 4D;
VR-J6m3). Other JFH-1 type nucleotide did not restore
replication activity (Fig. 4D; VR-Jéml, VR-J6m2 and VR-
J6ém4). These results were in agreement with the stem-loop
structure prediction of VR (Fig. 4E), demonstrating that the JFH-1
VR increased RNA replication. These results suggested the
importance of VR secondary structure. Next, we tested if the
effect of VR of JFH-1 was restricted to NS5B of JFH-1 or not. We
constructed replicons with NS5B of J6CF and tested the effect on
replication. The replication activities of the replicon with entire
NS5B of J6CF (J6/N3H+3'UTR-JFH1), J6/N3H+3'UTR-JFH1
with A450S or Y561F (J6/N3H+3"UTR-JFHI+A450S, J6/
N3H+3"UTR-JFHI1+Y561F, respectively) were enhanced by the
VR of JFH-1 (see polyU-]6 of each constructs in Fig. 4C) and not
enhanced by the VR of J6CF (see VR-J6 of each constructs in
Fig. 4C). These results indicated that the VR structure of JFH-1
was preferable for both JFH-1- and J6CT-derived NS5B and this
effect was independent of the enhanced kissing-loop interaction
(compare J6/N3H+3'UTR-JFH] wt and A450S vs. Y561F in
Fig. 4C).

Discussion

It has been demonstrated previously that HCV JFH-1, the only
strain that replicates and produces virions efficiently in cell culture
systems, expresses high replication activity without adaptive
mutations [8]. We have previously reported that the N3H and
N5BX regions of JFH-1 were able to rescue replication of the
genotype 2a replicons [12]. The NS3 helicase and N5BX regions
have been shown to be important to the virus production in HuH-
7 cells. We have continued this line of experiment in the current
study by focusing on RdRP activity and the genome structure in
the 5BSL3.2 (CRE) to 3'X region. Following these aims, we were
able to define the amino acids, nucleotides, and structural elements
of JFH-1 required to confer replication competence and
replication efficiency to the closely related J6CF.
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In the present study, we identified five JFH-1-type amino acid
residues in NS5B (Q377R, A4508, S455N, R517K, and Y561F)
important for HCV replication by the #r witro polymerase activity
assay and in vive assays using replicons and full length HCV RNA.
These amino acid residues are all in the thumb domain of HCV
RdARP. All of these JFH-I-type substitutions increased the
polymerase activity of J6CF RdRP. J6CF-type amino acids
substitution into JFH-1 RdRP, including R377Q, S450A,
K517R, and F561Y, reduced polymerase activity, while the
N4558 substitution demonstrated similar activity to the JFH-1 wt.
The A4508 and S455N substitutions resulted in the most
significant enhancement of 1b [13] and J6CF RdRP (Fig. 1),
respectively. aa 450 is located at the tip of the B-hairpin, while aa
455 is located close to the lower portions of the B-hairpin that may
control the entry of the RNA template [13]. Both the B-hairpin (aa
450 to 455) and the B-strand {aa 560 1o 565) of the thumb domain
play an important role in RNA binding due to their extensive
hydrogen-bonding network [23]. The B-hairpin has been shown to
prevent the recruitment of the primer-template complex into the
RNA-binding site to ensure accurate initiation from the 3’ end of
the template [24,25]. A450S and S455N are thought to possibly
affect J6CF RdRP structure by changing the spacing of the nucleic
acid binding pocket occluded by the B-hairpin. As JFH-1 N4558
did not decreasc the polymerase activity of JFH-1, the thumb
domain of JFH-1 may be optimized to control the position or
movement of the B-hairpin. Simister ¢f a/. have recently reported
that the higher in vitro polymerase activity of JFH-1 was due to a
higher de novo initiation efficiency that may be due to a closed
conformation of the JFH-1 polymerase [26]. Eight amino acid
mutations in NS5B of JIFH-1 are hypothesized to be responsible for
the conformational differences in the NS5B sequences JFH-1 and
the 2a consensus [26]. However, these amino acids did not overlap
with the mutations that we identified to be important for
replication. Taken together, these two studies suggested that the
thumb structure surrounding the B-hairpin is important to RdRP
activity [26]. We only tested six of 29 amino acid differences and
other mutations are possibly important to RdRP activity.
However, SKF and SNKEF slightly increased replication activity
compared to the replicon with entire NS3B of JFH-1 (Fig. 2C).
These results suggest that there may be some JFH-1-type variants
in NS5B region that inhibit the replication activity of JFH-1. The
JFH-1 and J6CF 5BSL regions (Fig. S2) differ in three amino
acids. The JFH-1-type substitution R517K and Y561F increased
replication, while the variation at aa 571 did not affect replication.
This means that there are no JFH-1 variants in 5BSL region that
inhibit replication activity. However, some other mutations which
were not tested outside of 5BSL region may inhibit replication.
Taken together, we considered that is why the replicon with
5BSLX of JFH-1 had almost the same replication activity as the
replicon with entire NS5B region of JFH-1.

After comparing the activating effects of A450S and S455N vs.
R517K and Y561F in the i witro polymerase, in vivo RNA
replication and virus production assays, we hypothesized that
amino acids 517 and 561 likely control HCV genome replication
via interactions with additional host and viral factors, including the
NS3 helicase and 3'UTR. A4508 enhances polymerase activity
alone, while R317K and Y561F enhance genome transcription
and replication activity via additional factors. The aa 455 and 517
are known to be located at the surface of the polymerase, and these
mutations may affect interactions with the proteins that play
important roles in RNA replication.

The combination of A4508, R517K, and Y561F substitutions
conferred replication activity to the replicon with J6CF RdRP.
The results of the core production were in agreement with the
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results from the replicon assay and suggested that these amino acid
mutations affected only RNA replication and did not affect the
additional steps in the virus life cycle within the cells, such as virus
particle assembly and virus secretion.

We did, however, observe a discrepancy between the effects of
the mutations on i vitro RNA polymerase activity and én zizo RNA
replication and virus production activities. The S455N mutation
conferred the highest levels of activity on J6CF RARP i vitro, while
Y561F conferred the highest replication and virus production
activities on J6/N3H+3'UTR-JFHI in the cells. We did not
observe any combination effects of the substitutions in the in witre
polymerase assays, while strong combination effects of the
substitutions were observed on replication and core production
in vivo. In addition, the combination of only three substitutions
{SKF; A4508, R517K, and Y561F) was enough to increase HCV
replication to levels similar to that of the construct harboring both
the entire NS5B region and the 3'UTR of JFH-1. We did not
observe any combination effects of the substitutions in the @ vitro
polymerase assays using Ib RdRP [13]. However, a discrepancy
between polymerase activity #n zitro and replication activity was
also reported for G'TP binding site mutants [27].

Discrepancies between the results from in zitro polymerase
activity assays and i vivo replication assays may arise because of
differences in the assay systems. In an in vifro polymerase assay,
only enzymatic activity can be determined, while an i ziw assay of
replication activity does not necessarily represent the only
polymerase activity. Many viral and host factors may be involved
in the RNA replication step in the cells. If a HCV replication assay
using entirely reconstituted components were possible, we could
compare the isolated effect of different polymerase variants on
polymerase activity.

In addition to RdARP activity, host and viral factors, including
cis-acting RNA structures in the 3'-genome must be considered in
HCV replication in cells. In fact, we found a JFH-1-type
nucleotide variant in NS5B region important to maintain the
genome structure in the in tivo assay; this ¢is-acting factor could not
have been identified using the in vitro polymerase assay. The SKF
triple substitution contains the 561F variant that is important for
enhanced kissing-loop interaction and high polymerase activity,
suggesting that the effects of the SKF combination in 27o0 are rather
due to the enhanced kissing-loop interaction.

We also analyzed the 5BSL3.2 and 3'XSL2 structures required
for kissing-loop interactions, as aa 561 is in the loop domain of
5BSL3.2 and the activation effect of Y361F in the i 2220 replicon
assay was larger than in the i vitro polymerase assay. In order to
test the effects of JFH-1-type variants of 5BSL3.2 on replication,
we substituted the amino acids located downstream of the 5BSL3-
t0-3'X region (nt 9211 to 9678) from JFH-1 into the J6CF
construct carrying the JFH-lI-type NS3  helicase (J6/
N3H+5BSLX-JFH1). The J6/N3H+5BSLX-JFH] exhibited sim-
ilar replication and virus production levels w0 J6/N3H+N5BX-
JFHI1. We initially focused on the amino acid differences between
JFH-1 and J6CF in the region spanning between JFH-1 5BSL-to-
3'X because this region was able to complement the entire JFH-1
NS5B-t0-3" X region. We identified three amino acid differences
{517, 561, and 571} in the 5BSLX regions of JFH-1 and J6CF. We
then introduced J6CF-type substitutions into the 5BSL3.2 region
of JFH-1 RdRP. The J6CF-type substitution in JFH-1 5BSL3.2
region at positions 517 and 561, but not 571, resulted in a
reduction in replication. These findings were consistent with the
results of the in vitre polymerase assay. RNA polymerase activity in
vitro was analyzed using the AC21-molecule (1-570) and JFH-]
RdRP that did not contain 3718 demonstrated high levels of
polymerase activity, indicating that 5718 may not be important for
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its high polymerase activity. The codon encoding aa 517 is located
outside of the 5BSL3.2 region, suggesting that this mutation only
affected polymerase activity. The codon encoding aa 561 and aa
571 are within the 5BSL3.2 region. The codon encoding aa 561 is
located within the loop of the 5BSL3.2, while the codon encoding
aa 571 is in the spacer region located hetween 5BSL3.2 and
5BSL3.3. The nucleotide mutations resulting the K517R and
S571L aa substitutions were predicted to maintain 3BSL3.2 RNA
secondary structures similar to that of JFH-1 using Mfold analysis
[21].

Since there was the possibility that Y561F mutation affected
both RdRP protein activity and genomic RNA structures, we
tested the effect of nucleotide substitutions in the aa 561 codon on
replication. The third nucleotide (9349U) contained within the
codon encoding aa 561 is conserved among the different genatypes
and essential for the kissing-loop interaction {16,22]. The second
nucleotide (nt 9348) of JFH-1 is a U, while that of J6CF an A. The
first nucleotide (nt 9347) of the codon should be either an A or a
U, because these nucleotides are required to maintain the loop
structure. ‘Thus, a Phe (JFH-1), Tyr (J6CF and 1b), or lle (9347A)
may reside at position 561. As JFH-1 RdRP F361I retained
identical activity levels to the wt (561F), hydrophobic amino acids
appeared 1o be required in this position to maintain the high
polymerase activity. Since the predicted secondary structures of
5BSL3.2 were identical for JFH-1 and J6CF, both Phe located at
position 561 and the nucleotide sequence UUU in JFH-1 were
essential for the high replication activity in cultured cells.

The conserved sequences of the kissing-loop interaction were
UCACAGC (nt 9349-9355) in 5BSL3.2 and GCUGUGA (nt
9612-9618) in 3'X SL2. In the case of JFH-1, the nucleotide
located at position 9348 was U and the nucleotide located at
position 9619 was A, resulting in extended kissing-loop interaction
sequence in JFH-1. When we introduced a mutation into the 3'X
SL2 region (nt 9619) that was expected to abolish the extra base
pair next to the interaction site, replication activity was
significantly decreased. In addition, a combination of the F561Y
and 3’X SL2m substitutions, expected to restore the extra hase
pair between nt 9348 and nt 9619, restored replication.
Replication level of this double substitution was slightly lower
than that of the wt constructs, possibly due to the preference for
Phe at 561 over Tyr for genome replication. Mfold analysis also
revealed that RNA secondary structure was not affected following
the introduction of these substitutions. U at nucleotide position
9348 was previously identified in various HCV strains registered in
GenBank {7]. Taken together, these findings suggested that the
strong kissing-loop interaction of the JFH-1 genome supports
efficient genome replication in HuH-7 cells. We also tested the
cffect of Y361F substitution in two other genotypes, H775 (GTla)
and HCV-N (GT1b). While the Y561F substitution increased
replication activity in both genotype 1 strains, the Y561F effect on
the genotype 1 strains was much smaller than its corresponding
effect on J6CF. These results may indicate that the levels of Y561F
eflect for viral RNA replication are different among the genotypes.
These results may also indicate that the Y561F substitution
enhanced replication of strains with a substantial replication
capacity. In case of J6CT, the Y561T effect was only observed with
N3H region and VR of JFH-1 (Fig. 4C, compare VR-J6 and
polyU-J6 of J6/N3H+3'UTR-JFH1+Y561F). This result suggest-
ed that the Y561F effect was difficult to detect with replication-
incompetent clones or clones with weak replication, and also
suggested that other mutations or regions are important to
replicate genotype | replicon efficiently. Therefore, we need more
efficient replicating clone of genotype 1 to determine the effect and
importance of this mutation on genotype 1 strains.

::@" PLOS Pathogens | www.plospathogens.org
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We next analyzed the effects of 3'UTR structure on replication
and demonstrated that the polyU/UC of JFH-1 was 27
nucleotides shorter than that of J6CF. The shorter polyU/UC
and the RNA structure of the VR of JFH-1 appeared enhance
efficient replication. When using the activated RARP (SKF) and
the optimal RNA structure of the 3’ genome together with the
JFH-1 NS3 helicase, we found that J6CF, which did not replicate
in cells, was successfully converted to a replicating virus. The VR
sequence is generally not conserved, even among strains within the
same genotype, and the effects of VR on HCV replication remain
controversial [14,15,28]. Our data revealed that the VR of JFH-1
was more favorable than that of J6CT for replication. Substitution
of the VR from JFH-1 to J6CF significantly reduced replication
levels 1000-fold. This dramatic change in replication activity was
likely due to alterations in the RNA structure with a mutation at nt
9458. The predicted RNA structure of the VR and replication
activity of the constructs containing substitutions or mutations to
the VR were completely correlated. It is therefore very likely that
cellular and viral factors interact with the HCV genome in this
region, and that the specific nucleotide sequence and higher
structure of the VR may be essential for these interactions. There
is a possibility of genetic interaction between the VR and NS5B
region. These kinds of interaction may also affect on polymerase
activity.

The length of the polyU/UC tract appeared to be flexible and
even differed within the same genotype. Even though JFH-1 and
J6CF shared an identical 3'X, the JFH-1 poly U/UC tract (nt
9483-nt 9579) was 27 U shorter than that of J6CI" (nt 9483-nt
9606). Thus, we examined whether the polyU/UC tract could be
exchanged between JFH-1 and J6CF. The J6/N3H+5BSLX-JFH]
variant that contained the J6CF polyU/UC exhibited a four-fold
reduction in replication, demonstrating that the polyU/UC did
indeed affect replication. Several published papers have investi-
gated the aflects of length on the polyU/UC region [14,15,16].
Several viral and cellular proteins have also been reported to
interact with the polyU sequence {29,30,31,32,33,34,35,36]. The
preferential length and nucleotide sequence of the polyU/UC may
be determined by interaction with these factors.

In conclusion, we found that high RARP activity, enhanced
kissing-loop interaction between 5BSL3.2 and 3'X SL2, optimal
VR structure and a shorter polyU/UC tract in JFH-1 contributed
to the high levels of HCV RNA replication and virus production in
cultured cells. As NS3 helicase region of JFH-1 is also important
for replication and viral production of J6CF, the replication
enhancing mechanism of NS3 helicase region should be analyzed.

Supporting information

Figure S1 (A). Purified HCV J6CF and JFH-1 mutant RNA
polymerases. HCV RdRp variants were purified as indicated in
the Materials and Methods section. Five pmol of RdRp were
applied on 10% SDS-PAGE and stained with Coomassie brilliant
blue. The designations of HCV J6CF and JFH-1 wt and mutants
are indicated above the PAGE. M; molecular weight marker
(Takara), and the position is indicated on the left. (B).
Representative PAGE of in wifro transcription of HGV J6CF and
JFH-1 mutant RNA polymerases. [n #itro de novo transcription was
performed as indicated in the Materials and Method section.
[*?P]-RNA products were applied on 6% PAGE containing 8 M
urea. The autoradiography was analyzed by Typhoon trio plus
image analyzer. The radio isotope count of 184 nt RNA product
was measured and compared to that of JFH-1 RdRp wt in the
same PAGE. The designations of HCV J6CF and JFH-1 wt and
mutants are indicated above the PAGE. M; [**P]-25 hase DNA
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ladder (Takara), and the position is indicated on the left. The
position of 184 nt RNA product is indicated on the right.
Found at: dei:10.1371/journal ppat.1000885.s001 (0.45 MB TIF)

Figure 82 Comparisons of the amino acid sequence of NS3B of
JFH-1 and J6CF. The 5BSL region is indicated with a box.
Found at: doi:10.1371/journal.ppat.1000885.s002 (0.13 MB TIF)

Figure 83 Effect of Y561F substitution on replication activity of
genotype 1 replicons. Replication activity of genotype 1a (H778:
(A) and 1b (HCV-N:B)) replicons. Subgenomic RNA was
synthesized i vitro from wild-type or chimeric replicon constructs.
Transcribed subgenomic RNA (5 pg) was then electroporated into
HuH-7 cells and the cells serially harvested 4, 24, and 48 h after
transfection. The harvested cells were lysed and the luciferase
activity of the cell lysates was measured. The assays were
performed three times independendy, and the results expressed
as luciferase activities (RLU). Luciferase activity is expressed as the
change in RLU (n-fold) relative to the luciferase activity 4 h after
transfection. Each value was corrected for transfection efficiency as
determined by measuring the luciferase activity 4 h after
transfection. Data are presented as the mean *+ standard deviation
for luciferase activity.

References

. Lemon S, Walker C, Alter M. Yi M (2007) Hepatitis C virus. In: Knipe D,
Howley P. eds. Fields Virology 3 ed. PhiladelphiaPA: Lippincot-Raven
Publishers. pp 1253-1304.

2. Wasley A, Alter MJ (2000) Epidemiology of hepatitis C: geographic differences
and temporal trends. Semin Liver Dis 200 1-16.

3. Grakoui A, Wychowski C, Lin C, Feinstone 8M, Rice CM (1993) Expression
and identification of hepatitis C virus polyprotein ceavage products. ] Virol 67:
1385--1395.

4. Hijikata M, Mizushima H, Tanji ¥, Komada Y, Hirowatari Y. et al. (1993)
Proteclytic processing and membrane association of putative nonstructural
proteins of hepatitis C virus, Proc Natl Acad Sci U S A 90: 10773-10777.

5. Tsukiyama-Kohara K. lizuka N, Kohara M, Nomoto A (1992) Imternal
ribosome entry site within hepatitis C virus RNA. J Virol 66: 1476--1483.

6. Tanaka T, Kato N, Cho MJ, Shimotohno K (1993) A novel sequence found at
the 3’ terminus of hepatitis C virus genome. Biochem Biophys Res Commun
215; 744-749.

7. You 8, Sump DD, Branch AD, Rice CM (2004} A cis-acting replication clement
in the sequence encoding the NS3B RNA-dependent RNA polymerase is
required for hepatids € virus RNA replication. ] Virol 78: 1352-1366,

8. Wakita T, Pietschmann T, Kato T, Date T, Mivamoto M, et al. (2005)
Production of infectious hepatitis C! virus in tissue cultare from a cloned viral
genome. Nat Med 11: 791 796.

Y. Zhong ], Gastaminza P, Cheng G, Kapadia $. Kato T, et al {2003) Robust

hepatitis € virus infection in vitro. Proc Natl Acad Sci U 8 A 102: 9294-9299,

. Lindenbach BD, Evans M]J, Syder A}, Wolk B, Tellinghuisen TL., et al. (2003)
Complete replication of hepatitis C virus in cell culture. Science 309: 623-626.

11, Pietschmann T, Kaul A, Koutsoudakis G, Shavinskaya A, Kallis S, et al. (2006)
Construction and characterization of infectious intragenotypic and intergeno-
typic hepatitis C virus chimeras. Proc Natl Acad Sci U 8 A 103: 7408-7413.

. Murayama A, Date T, Morikawa K, Akazawa D, Miyamoto M, et al. {2007)
The NS3 helicase and NS5B-t0-3"X regions are important for efficient hepadts
C virus strain JFH-1 replication in Huh7 cells. ] Virol 81: 8030--8040.

. Weng L. Du ], Zhou }, Ding J, Wakita ‘I, et al. (2009) Modification of hepatitis
C wvirus 1h RNA polymerase to make a highly active JFHL-type polymerase by
mutatdon of the thumb domain. Arch Virol 134: 765-773.

. Friche P, Bartenschlager R (2002) Genetic analysis of sequences in the 3’
nontranslated region of hepatitis C virus that are important for RNA replication.
J Virol 76: 5326-3338.

15. Yanagi M. Purcell RH, Emerson SU, Bukh J (1999) Hepatitis € virus: an

infectious molecular clone of a second major genotype (2a) and lack of viability
of intertypic 1a and 2a chimeras. Virology 262: 250--263.

16. You S, Rice CGM (2008) 3° RNA clements in hepatitis C virus veplication: kissing
partners and long poly(U). J Virol 82: 184 195,

17. Nakabayashi H. Taketa K, Mivano K, Yamane T, Sats J (1982) Growth of
human hepatoma cells lines with differentiated functions in chemically defined
medium, Cancer Res 42: 3858-3863.

18. Kuiken C, Comber C, Bukh J. Shin I'T, Deleage G, et al. (2006) A
comprechensive system for consistert numbering of HCV sequences, proteins
and epitopes. Hepatology 44 1335-1361.

19, van den Hefl M]. Moorman AF, Lamers WH (1992 Electroporation in

‘intracellular’ bufler increases cell survival, Nucleic Acids Res 20: 2902,

@ PLoS Pathogens | www.plospathogens.org

Mutations Important for JFH-1 Replication

Found at: doi:10.1371/journal.ppat.1000885.5003 (0.08 MB TIF)

Table 81 Oligonucleotides used for construction.
Found at: doi:10.1371/journal ppat.1000885.s004 (0.04 MB XLS)

Text 81 Supplementary materials and methods
Found at: doi:10.1371/journal.ppat.1000885.5005 (0.03 MB
DOC)

Acknowledgments

We thank Y. Gao for her technical assistance. The pJ6CF plasmid was
kindly provided by Jens Bukh. The pCVH77¢ plasmid was kindly provided
by Robert H. Purcell. The pFKI389/neo/NS3-3"/wt plasmid was kindly
provided by Ralf Bartenschlager. The pH77-S, pNNeo/3-5B, and
pNNeo/3-5BAGDD plasmids were kindly provided by Stanley M. Lemon.

Author Contributions

Conceived and designed the experiments: AM LW XT TS TK TW TT.
Performed the experiments: AM LW XT. Analyzed the data: AM LW XT
TS TK TW TT. Contributed reagents/materials/analysis tools: TD DA
YT MM. Wrote the paper: AM LW TW TT.

20. Katwo T, Date T, Mivamoto M. Sugiyama M. "l'anaka Y. et al. (2003) Detection
of anti-hepatitis C virus effects of interferon and ribavirin by a sensitive replicon

system. ] Clin Microbiol 43: 5679 5684.

21. Zuker M (2003) Miold web server for nucleic acid folding and hybridization
prediction. Nucleic Acids Res 31: 3406-3415.
22. Friche P, Boudet ], Simorve JP, Bartenschlager R {2003) Kissing-loop interaction

in the 3’ end of the hepatitis C virus genome essential for RNA replication.
J Virol 79: 380--392,

. Leveque V], Johnson RB, Parsons 8, Ren J, Xie G, et al. (2003) Identification of
a C-erminal regulatory motif in hepatitis C virus RNA-dependent RNA
polymerase: structural and biochemical analysis. J Virol 77: 9020-9028.

. Zhong W. Ferrari E. Lesburg CA, Maag D, Ghosh SK. et al. {2000) Template/
primer requirements and single nucleotide incorporation by hepatitis (& virus
nonstructural protein 5B polymerase. J Virol 74: 9134-9143.

. Hong Z, Cameron CE, Walker MP. Casoo C. Yao N, et al. (2001} A novel

mechanism to ensure terminal initiation by hepatitis (0 viens NS5B polymerase.

Virology 285: 6 11.

Simister P, Schmitt M, Geitmann M, Wicht O3, Danielson UH, et al. (2009)

Structural and functional analysis of hepatitis Ct virus swain JFHI polymerase,

] Virol.

Cai Z, Yi M, Zhang C, Luo G (2005) Mutagenesis analysis of the vGTP-specific

binding site of hepatitis C virus RNA-dependent RNA polymerase. } Virol 79:

11607- 11617,

. Arumugaswami V, Remenyi R, Kanagavel V. Sue EY. Ngoc Ho T, et al. (2008}
High-resolution functional profiling of hepatitis C virus genome. PLoS Pathog 4:
¢1000182. doi:10.137 1 /journal.ppat. 1000182,

. Kanai A, Tanabe K, Kohara M {1995; Poly{U) binding activity of hepatitis C
virus NS3 protein, a putative RNA helicase. FEBS Lett 376: 221.-224.

. Lue G, Hamatake RK, Mathis DM, Racela J. Rigat KL, et al. {2000) De novo
initiation of RNA synthesis by the RNA-dependent RNA polymerase (NS5B) of
hepatitis C virus. ] Virol 74: 831-863.

. Huang L., Hwang ], Sharma SD, Hargittai MR, Chen Y. et al. (2005] Hepatitis

C: virus nonstructural protein 5A (NS5A) is an RNA-binding protein. ] Biol

Chem 280: 36417--36428.

Gontarck RR, Gutshall LL, Herold KA, Tsai ], Sathe GM. ctal. (1999) hnRNP

C and polypyrimidine tract-binding protein specifically interact with the

pyrimidince-rich region within the 3’NTR of the HCV RNA gename. Nucleic

Acids Res 27: 14571463,

. Luo G (1999} Cellular proteins hind (o the poly(U) tract of the 3" untranslated
region ol hepatitis C virus RNA genome. Virology 256: 105-118.

. Petrik ], Parker H, Alexander GJ (1999) Human hepatic glyceraldehyde-3-
phosphate dehydrogenase binds to the poly(U) tract of the 3’ non-coding region
of hepatits C virus genomic RNA. J Gen Virol 80 (Pt123: 3109-3113.

5. Spangberg K, Wiklund L, Schwartz 8 (2001) Binding of the La autoantigen to

the hepatitis G virus 3" untranslated region protects the RNA from rapid

degradation in vitro. ) Gen Virol 82: 113 120.

Spangherg K, Wikhind L. Schwartz S (2000) HuR, a protein inmplicated in

oncogene and growth factor mRNA decay, binds to the 3" ends of hepatidgs C

virus RNA of hoth polarities. Virology 274: 378--390.

26,

27.

32.

]
o

36.

April 2010 | Volume 6 | Issue 4 | e1000885



Amino Acid Substitution in Hepatitis C Virus Core
Region and Genetic Variation Near the Interleukin 28B
Gene Predict Viral Response to Telaprevir with
Peginterferon and Ribavirin

Norio Akuta,' Fumitaka Suzuki,' Miharu Hirakawa,' Yusuke Kawamura,’ Hiromi Yatsuji,' Hitomi Sezaki,'
Yoshiyuki Suzuki,' Tetsuya Hosaka,' Masahiro Kobayashi,' Mariko Kobayashi.” Satoshi Saitoh,’ Yasuji Arase,’

Kenji Tkeda,' Kazuaki Chayama,” Yusuke Nakamura, and Hiromitsu Kumada'

Genetic variation near the [L28B gene and substitution of amino acid (aa) 70 and 91 in
the core region of hepatitis C virus (HCV) genotype 1b can predict the response to pegy-
lated interferon (PEG-IFN)/ribavirin combination therapy, but its impact on triple ther-
apy of telaprevir/PEG-IFN/ribavirin is not clear. The aims of this study were to investigate
the predictive factors of sustained virological response to a 12-week or 24-week regimen of
triple therapy in 72 of 81 Japanese adults infected with HCV genotype 1. Overall, sus-
tained virological response and end-of-treatment response were achieved by 61% and
899%, respectively. Especially, the sustained virological response was achieved by 45% and
67% in the 12- and 24-week regimens, respectively. Multivariate analysis identified
158099917 near the IL28B gene (genotype TT) and substitution at aa 70 (Arg70) as signifi-
cant determinants of sustained virological response. Prediction of response to therapy
based on a combination of these factors had high sensitivity, specificity, and positive and
negative predictive values. The efficacy of triple therapy was high in the patients with ge-
notype TT, who accomplished sustained virological response (84%), irrespective of substi-
tution of core aa 70. In the patients having genotype non-TT, those of Arg70 gained high
sustained virological response (50%), and sustained virological response (12%) was the
worst in patients who possessed both genotype non-TT and GIn70(His70). Conclusion:
This study identified genetic variation near the IL28B gene and aa substitution of the core
region as predictors of sustained virological response to a triple therapy of telaprevir/ PEG-
IFN/ribavirin in Japanese patients infected with HCV genotype 1b. (Hemrorocy

2010552:421-429)

Abbreviations: aa, amine acid: ALY, alanine aminotransferase:  AST
aspartate aminoansferase; GTR  gamma-ghwamyl sranspeptidase;  HBsAg,
hepatitis B surface antigen; HCC, hepatocellular carcinoma; HCV, beparitis
virus; IFN, interferon; NPV, negasive prediciive value; PEG-IFN, pegylated
interferen; PPV, positive predictive value
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epatitis C virus (HCV) usually causes chronic

infection that can result in chronic hepatitis,

liver cirrhosis, and hepatocellular carcinoma
(HCC).™* At present, treatments based on interferon
(IFN), in combination with ribavirin, are the mainstay
for combating HCV infection. In Japan, HCV geno-
type 1b (HCV-1b) in high viral loads {100 KIU/
mL) accounts for more than 70% of HCV infections,
making it difficult to treat patients with chronic hepa-
titis C.* Such background calls for efficient treatments
of Japanese patients with chronic HCV infection.

Even with pegylated IFN (PEG-IFN) combined with
ribavirin, a sustained virological response lasting over 24
weeks after the withdrawal of treatment is achieved in at
most 50% of the patients infected with HCV-1b and
high viral loads.™? Recently, a new strategy was intro-
duced in the trearment of chronic HCV infection by
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means of inhibiting protease in the NS3/NS4 of the
HCV polyprotein. Of these, telaprevir (VX-950) was
selected as a candidate agent for treatment of chronic
HCV infection.® Later, it was found thar telaprevir,
when combined with PEG-IFN and ribavirin, gains a
robust antiviral activity.”® Specifically, HCV RNA is
suppressed below the limits of detection in the blood in
almost all patients infected with HCV-1 during triple
therapy of telaprevir with PEG-IFN and ribavirin.”
However, treatment-resistant patients who do not
achieve susrained virological response by the triple ther-
apy have been reported.”"! The underlying mechanism
of the response to the treatment is still not clear.

Amino acid (aa) substitutions at position 70 and/or
91 in the HCV core region of patients infected with
HCV-1b and high viral loads are pretreatment predic-
tors of poor virological response to PEG-IEN plus rib-
avirin combination therapy,'*' and also affect clinical
outcome, including hepatocarcinogenesis.’™'® Further-
more, a recent report showed that aa substitutions in
the core region can also be used before therapy to pre-
dict very early dynamics (within 48 hours) after the
start of triple therapy of telaprevir with PEG-IFN and
ribavirin.'” However, it is not clear at this stage
whether aa substitutions in the core region can be
used before therapy to predict sustained virological
response to triple therapy.

Recent reports showed that genetic variations near
the IL28B gene (rs8099917, 1s12979860) on chromo-
some 19 is a host-related factor, which encodes IFN-A-
3, are pretreatment predictors of virological response
to 48-week PEG-IFN plus ribavirin combination ther-
apy in individuals infected with HCV-1,"®*" and also
affect dlinical outcome, including spontaneous clear-
ance of HCV.”® However. it is not clear at this stage
whether genetic variation near the IL28B genc can be
used before therapy to predict sustained virological
response to triple therapy.

The present study included 81 patients with HCV-
1b and high viral loads who reccived the triple therapy
of telaprevir with PEG-IFN plus ribavirin. The aims
of the study were wo identify the pretreatment factors
that could predict sustained virological response,
including viral- (aa substitutions in the HCV core and
INSS5A regions) and host-related factors (genetic varia-
tion near the TL28B gene).

Patients and Methods

Study Population. Between May 2008 and Septem-

ber 2009, 81 patients infected with HCV  were
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recruited for this study at the Department of Hepato-
logy in Toranomon Hospital in Metropolitan Tokyo.
The study protocol was in compliance with the Good
Clinical Practice Guidelines and the 1975 Declaration
of Helsinki and was approved by the Institutional
Review Board. Each patient gave informed consent
before participating in this trial. Patients were divided
into two groups: 20 (25%) patients were allocated to a
12-week regimen of triple therapy (telaprevir [MP-
424], PEG-IFN, and ribavirin) {the T12PR12 group),
and 61 patients (75%) were assigned to a 24-week reg-
imen of the same triple therapy for 12 weeks followed
by dual therapy of PEG-IFN and ribavirin for 12
weeks (the T12PR24 group).

All of 81 parients met the following inclusion and
exclusion criteria: (1) diagnosis of chronic heparitis C.
(2) HCV-1 confirmed by sequence apalysis. (3) HCV
RNA levels of >5.0 log IU/mL determined by the
COBAS TagMan HCV test (Roche Diagnostics, To-
kyo, Japan). (4) Japanese (Mongoloid) ethnicity. (5)
Age at study entry of 20-65 years. (6) Body weight
>35 kg and <120 kg at the time of registration. (7)
Lack of decompensated liver cirrhosis. (8) Negativity
for hepatitis B surface antigen (HBsAg) in serum. (9)
Negative history of HCC. (10) No previous treatment
for malignancy. (11) Negative history of autoimmune
hepatitis, alcohol liver disease, hemochromatosis, and
chronic liver disease other than chronic hepatitis C.
(12) Negarive history of depression, schizophrenia or
suicide attempts, hemoglobinopathies, angina pectoris,
cardiac insufficiency, myocardial infarcdon or severe
arthythmia, uncontrollable hypertension, chronic renal
dysfunction or creatinine clearance of <50 mL/minute
at baseline, diabetes requiring treatment or fasting glu-
cose level of >110 mg/dL, autoimmune disease, cere-
brovascular disorders, thyroidal dysfunction uncentrol-
lable by medical treatment, chronic pulmonary disease,
allergy to medication or anaphylaxis at baseline. (13)
Hemoglobin level of >12 g/dL. neutrophil count
>1500/mm?, and platelet count of >100,000/mm? at
baseline. Pregnant or breast-feeding women or those
willing to become pregnant during the study and men
with a pregnant parmer were excluded from the study.
Furthermore, 72 of 81 patients were followed for at
least 24 weeks after the completion of triple therapy.
The treatment efficacy was evaluated by HCV-RNA
negative at the end of treatment {(end-of-treatment
response) and 24 weeks after the completion of ther-
apy (sustained virological response), based on the
COBAS TagMan HCV test {Roche Diagnostics).

Telaprevir (MP-424; Mitsubishi Tanabe Pharma,
Osaka, Japan) was administered at 750 mg or 500 mg
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Table 1. Profile and Laboratory Data at Commencement of
Telaprevir, Peginterferon and Ribavirin Triple Therapy in
Japanese Patients Infected with HCV Genotype 1

Demographic data

Number of patients 81

Sex (M/F) 44 7 37
Age (years)* 55 (23-65)
History of blood transfusion 24 (29.6%)
Family history of liver disease 13 (16.0%)

Body mass index (kg/m?)*
Laboratory data*

22.5 (13.2-32.4}

HCV genotype (la/ 1b) 1/80
Level of viremia (log U/ mi) 6.7 (5.1-7.6)
Serum aspartate aminotraniferase (1U/L) 34 (15-137)
Sergm alanine aminotransferase (/L) 42 (12-175)
Serum albumin (g/dL) 3.9 (3.2-4,6)
Gamma-glutamyl transpeptidase (1U/L) 36 (9-22%)

Leukocyte count {/mm®)
Hemoglobin {g/dL}
Platelet count (x 10%/mm%)

4,800 (2,800-8,100)
14.3 (11.7-16.8)
17.1 (9.1-33.8)

Alpha-fetoprotein (;t g/L) 4 (2-39)

Total cholesterol (mg/dL} 180 (110-276)

Fasting plasma glucose (mg/dL} 92 (64-125)
Treatment

PEG-IFN2 -2b dose (u g/kg)* 1.5 (1.3-2.0)

Ribavirin dose {mg/kg)* 11.7 (7.2-18.4)

Tetaprevir dase (1,500 / 2,250 mg/day) 10/71

Treatment regimen (T12PR12 group / T12PR24 group) 20/61
Amino acid substitutions in the HCV genotype 1b

Core aa 70 (arginine / glutamine [histidine] /ND) 47/33/1

Core aa 91 (leucine / methionine / ND) 43/37/1

ISDR of NS5A (witd-type / non wild-type / ND) 76/4/1
Genetic variation near IL288 gene

1s8099917 genotype (T7 / TG / GG / ND) 42/30/2/7

1s 12079860 genotype (CC / CT/ TT /ND) 42/32/2/5
Past history of IFN therapy

Treatment-naive / Relapsers to previous treatment / 27/33/21

nomresponders to previous treatment

Data are number and percentages of patients, except those denoted by as-
terisk {*). which represent the median (range} values. ND, not determined.

three times a day at an 8-hour (g8) interval after the
meal. PEG-IFNo-2b (PEG-Intron; Schering Plough,
Kenilworth, NJ) was injected subcutaneously at a me-
dian dose 1.5 ug/kg (range: 1.3-2.0 jglkg) once a
week. Ribavirin  (Rebetol; Schering Plough) was
administered at 200-600 mg twice a day after breakfast
and dinner (daily dose: 600-1000 mg).

PEG-IFN and ribavirin were discontinued or their
doses reduced, as required. upon reduction of hemo-
globin level, leukocyte count, neutrophil or plateler
count, or the development of adverse events. Thus.
the dose of PEG-IFN was reduced by 50% when
the leukocyte count decreased below 1500/mm°, neu-
trophil count below 750/mm.” or plateler  count
below 80,000/mm”; PEG-IFN was discontipued when
these counts decreased below 1000/mm”. 500/mm”
or 50,000/mm,” respectively.  When
decreased to < 10 g/dL, the daily dose of ribavirin was
reduced from 600 to 400 mg, from 800 o 600 mg

hemoglobin
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and 1000 mg to 600 mg, depending on the initial
dose. Ribavirin was withdrawn when hemoglobin
decreased 0 <8.5 g/dL. However, the dose of telapre-
vir (MP-424) remained the same, and its administra-
tion was stopped when the discontinuation was appro-
priate for the development of adverse events. In those
patients who discontinued telaprevir, treatment with
PEG-IFN-2b and ribavirin was also terminated.

Table 1 summarizes the profiles and laboratory data
of the 81 patients at the commencement of treatment.
They included 44 males and 37 females, ages 23 w0 65
years (median, 55 years).

Measurement of HCV RNA. The antiviral effects of
the triple therapy on HCV were assessed by measuring
plasma HCV RNA levels. In this study, HCV RNA
levels during treatment were evaluared at least once ev-
ery month before, during, and after therapy. HCV
RNA concentrations were determined using the
COBAS TagMan HCV test (Roche Diagnostics). The
linear dynamic range of the assay was 1.2-7.8 log [U/
mL, and the undetectable samples were defined as
negarive.

Detection of Amino Acid Substitutions in Core
and NS5A Regions of HCV-1b. In the present study,
aa substitutions of the core region and NS5A-ISDR
(IFN-sensitivity determining region) of HCV-1b were
analyzed by direct sequencing. HCV RNA was
extracted from serum samples at the start of treatment
and reverse transcribed with random primer and
MMLYV reverse transcriptase (Takara Syuzo, Tokyo).
Nudleic acids were amplified by polymerase chain reac-
tion (PCR) using the following primers: (1} Nudleo-
tide sequences of the core region: The first-round PCR
was performed with CEl (sense, 5.GTC TGC GGA
ACC GGT GAG TA-3, nudleotides: 134-153) and
CE2 (antisense, 5-GAC GTG GCG TCG TAT TGT
CG-3', nucleotides: 1096-1115) primers, and the sec-
ond-round PCR with CC9 (sense, 5-ACT GCT AGC
CGA GTA GTG TT-3, nucleotides: 234-253) and
CEG6 (antisense, 5'-GGA GCA GTC GTT CGT GAC
AT-3', nucleotides: 934-953) primers. (2) Nucleotide
sequences of NSSA-ISDR: The first-round PCR was
performed with ISDR1 (sense, 5-ATG CCC ATG
CCA GGT TCC AG-3'. nudleotides: 6662-6681) and
JSDR2 (antisense, 5-AGC TCC GCC AAG GCA
GAA GA-3', nucleotides: 7350-7369) primers, and the
second-round PCR with ISDR3 (sense, 5'-ACC GGA
TGT GGC AGT GCT CA-3, nucleotides: 6824-
6843) and 1SDR4 (antisense, 5-GTA ATC CGG
GCG TGC CCA TA-3', nucleotides: 7189-7208) pri-
mers. ([1,21; nested PCR.) All samples were initially
denatured at 95°C for 2 minutes. The 35 cycles of
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amplification were set as follows: denaturation for 30
seconds at 95°C, annealing of primers for 30 seconds
at 55°C, and extension for 1 minute at 72°C with an
additional 7 minutes for extension. Then 1 uL of the
first PCR product was transferred to the second PCR
reaction. Other conditions for the second PCR were
the same as the first PCR, except that the second PCR
primers were used instead of the first PCR primers.
The amplified PCR products were purified by the
QIA quick PCR purification kit (Qiagen, Tokyo) after
agarose gel electrophoresis and then used for direct
sequencing. Dideoxynucleotide termination sequencing
was performed with the Big Dye Deoxy Terminator
Cyde Sequencing kit (PerkinElmer, Tokyo).

With the use of HCV-] (Access. No. D90208) as a
reference,”® the sequence of 1-191 aa in the core pro-
tein of HCV-1b was determined and then compared
with the consensus sequence constructed on 81 clinical
samples to detect substitutions at aa 70 of arginine
(Arg70) or glutamine/histidine (GIn70/His70) and aa
91 of leucine (Leu91) or methionine (Met91).'? The
sequence of 2209-2248 aa in the NS5A of HCV-1b
(ISDR) reported by Enomoto et al.”* was determined
and the numbers of aa substitutions in ISDR were
defined as wildtype (0, 1) or nonwildtype (>2).

Genetic Variation Near the IL28B Gene. Samples
for genome-wide association survey were genotyped
using the Illumina HumanHap610-Quad Genotyping
BeadChip. Genotyping data were subjected to quality
control before the data analysis. Genotyping for repli-
cation and fine mapping was performed by use of the
Invader assay, TagMan assay, or direct sequencing as
described.”>*¢

In this study, genetic variations near the IL28B gene
(rs8099917, rs12979860), reported as the pretreatment
predictors of treatment efficacy and clinical out-
come,'®** were investigated.

Statistical ~Analysis. Nonparametric  tests  (chi-
squared test and Fishers exact probability test) were
used to compare the characteristics of the groups. Uni-
variate and multivariate logistic regression analyses
were used to determine those factors that significantly
contributed to sustained virological response. The odds
ratios (OR) and 95% confidence intervals (95% CI)
were also calculated. All P values less than 0.05 by the
two-tailed test were considered significant. Variables
that achieved statistical significance (P < 0.05) on uni-
variate analysis were entered into multiple logistic
regression analysis to identify significant independent
predictive factors. Each variable was transformed into
categorical data consisting of two simple ordinal num-
bers for univariate and multivariate analyses. The
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potential pretreatment factors associated with sustained
virological response included the following variables:
sex, age, history of blood transfusion, family history of
liver disease, body mass index, aspartate aminotransfer-
ase (AST), alanine aminotransferase (ALT), albumin,
gamma-glutamyl transpeptidase (yGTP), leukocyte
count, hemoglobin, platelet count, HCV RNA level,
alfa-fetoprotein, rtotal cholesterol, fasting blood sugar,
PEG-IFN  dose/body weight, ribavirin dose/body
weight, telaprevir dose/day, treatment regimen of triple
therapy, past history of IFN therapy, genetic variation
near the IL28B gene, and aa substitution in the core
region, and NS5A-ISDR. Statistical analyses were per-
formed using SPSS (Chicago, IL). Sensitivity, specific-
ity, positive predictive value (PPV), and negative pre-
dictive value (NPV) were also calculated to determine
the reliability of predictors of the response to therapy.

Results

Virological Response to Therapy. Sustained viro-
logical response was achieved by 44 of 72 (61.1%)
patients. In all, 64 of 72 (88.9%) patients were consid-
ered end-of-treatment response. According to treat-
ment regimen, sustained virological response were
achieved by 45.0% (9 of 20 patients) and 67.3% (35
of 52 patients), in the TI2PR12 group and the
T12PR24 group, respectively. Of eight patients who
could not achieve end-of-treatment response,
(75.0%) patients resulted in reelevation of viral loads
regardless of HCV-RNA temporary negative, and the
other two patients (25.0%) did not achieve HCV-
RNA negative during treatment.

Especially in the T12PR24 group, according to the
past history of treatment, sustained virological response
were achieved by 76.4% (13 of 17 patients), 86.4%
(19 of 22 patients), and 23.1% (3 of 13 patients), in
treatment-naive, relapsers to previous treatment, and
nonresponders to previous treatment, respectively.

Sustained Virological Response According to
Amino Acid Substitutions in Core and NS5A
Regions. According to the substitution of core aa 70,
a significantly higher proportion of patients with
Arg70 substitutions (74.4%) showed sustained viro-
logical response than that of patients who showed
GIn70(His70) (41.4%) (Fig. 1, P = 0.007). In con-
trast, according to the substitution of core aa 91, the
sustained virological response rate was not significantly
different between Leu91 (65.0%) and Met91 (56.3%)
(Fig. 1). Likewise, according to the numbers of aa sub-
stitutions in ISDR, the sustained virological response
rate was not significantly different between wildtype

six
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Fig. 1. According to the substitution of core aa 70, a significantly
higher proportion of patients with Arg70 substitutions showed sus-
tained virological response than that of patients who showed
GIn70(His70) (P = 0.007). In contrast, according to the substitution
of core aa 91, the sustained virological response rate was not signifi-
cantly different between Leu91 and Met91. Likewise, according to the
numbers of aa substitutions in ISDR, the sustained virological
response rate was not significantly different between wildtype and
nonwildtype.

(56.3%) and nonwildtype (66.7%) (Fig. 1). Thus, sus-
tained virological response was influenced by the sub-
stitution of core aa 70.

Sustained Virological Response According to
Genetic Variation Near the IL28B Gene. According
to the genetic variation in rs8099917, sustained viro-
logical response was achieved by 83.8% (31 of 37
patients), 29.6% (8 of 27 patients), and 0% (0 of 2
patients) in patients with genotype TT, TG, and GG,
respectively. Thus, a significantly higher proportion of
patients with genotype TT (83.8%) showed sustained
virological response than that of patients who
showed genotype non-TT (27.6%) (Fig. 2, P < 0.001)
(Table 2).

According to the genetic variation in rs12979860,
sustained virological response was achieved by 83.8%
(31 of 37 patients), 34.5% (10 of 29 patients), and
0% (0 of 2 patients), in patients with genotype CC,
CT, and TT, respectively. Thus, a significantly higher
proportion of patients with genotype CC (83.8%)
showed sustained virological response than that of
patients who showed genotype non-CC (32.3%) (Fig.
2, P < 0.001) (Table 2).

Predictive Factors Associated with Sustained Viro-
logical Response. Univariate analysis identified three
parameters that correlated with sustained virological
response significantly: substitution of aa 70 (Arg70;
OR 4.12, P = 0.007), genetic variation in rs8099917
(genotype TT; OR 13.6, P < 0.001), and rs12979860
(genotype CC; OR 10.8, 2 < 0.001). Two factors

were identified by multivariate analysis as independent
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parameters that significantly influenced sustained viro-
logical response (rs8099917 genotype TT; OR 10.6,
P < 0.001; and Arg70; OR 3.69, P = 0.040) (Table 3).

Assessment of Amino Acid Substitutions in Core
Region and Genetic Variation Near the IL28B Gene
as Predictors of Sustained Virological Response. The
ability to predict sustained virological response by sub-
stitution of core aa 70 and rs8099917 genotype near
the IL28B gene was evaluated. The sustained virologi-
cal response rates of patients with a combination of
Arg70 or rs8099917 genotype TT were defined as
PPV (prediction of sustained virological response).
The nonsustained virological response rates of patients
with a combination of GIn70(His70) or rs8099917 ge-
notype non-TT were defined as NPV (prediction of
nonsustained virological response).

In patients with rs8099917 genotype TT, the sensi-
tivity, specificity, PPV, and NPV for sustained virologi-
cal response were 79.5, 77.8, 83.8, and 72.4%, respec-
tively. Thus, genotype TT has high sensitivity,
specificity, and PPV for prediction of sustained viro-
logical response. In patients with Arg70 the sensitivity,
specificity, PPV, and NPV were 76.9, 63.0, 75.0, and
65.4%, respectively. Thus, Arg70 has high sensitivity
and PPV in predicting sustained virological response.
Furthermore, when both predictors were used the sen-
sitivity, specificity, PPV, and NPV were 61.5, 85.2,
85.7, and 60.5%, respectively. When one or more of
the two predictors were used the sensitivity, specificity,
PPV, and NPV were 94.9, 55.6, 75.5, and 88.2%,
respectively. These results indicate that the use of the
combination of the above two predictors has high sen-
sitivity, specificity, PPV, and NPV for prediction of

sustained virological response (Table 4).

83.8%

83.8%
80

a0 r 32.3%

27.6%

™ TG+GG
158099917
(P<0.001)

20

Rate of sustained virological response (%)

cC CT+TT
rsi2979860
(P<0.001)

Fig. 2. According to the genetic variation in rs8099917 or
1512979860 near the IL28B gene, a significantly higher proportion of
patients with genotype TT or CC showed sustained virological response
than that of patients who showed genotype non-TT or non-CC, respec-
tively (P < 0.001 or P < 0.001, respectively).
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Table 2. According to Genetic Variation Near the IL28B Gene, Background at Commencement of Triple Therapy and

Treatment Efficacy
158099917 genotype 1512979860 genotype
T (n = 42) T6+6GG (n = 32) 1T vs. TG+GG P CC (n = 42) CT+TT (n = 34) CCvs CT+TT P

Demographic data

Sex (M/F) 22 /20 18/ 14 NS 22 /20 19/ 15 NS

Age (years)* 54 (23-65) 56 (36-65) 54 (23-65) 55 (36-65) NS

History of blood transfusion 15 (35.7%) 9 (28.3%) NS 15 (35.7%) 9 (26.5%) NS

Family history of liver disease 6 (14.3%) 6 (18.8%) NS 6 (14.3%) 6 (17.6%) NS

Body mass index (kg/m?)* 22.1 (13.2-32.4) 22.4 (18.7-26.5) NS 22.1 (13.2-32.4) 22.3 (18,7-26.5) NS
Laboratory data*

HCV genotype (1a / 1b) 0/ 42 1/ 31 NS 0/ 42 1/33 NS

Level of viremia (log 1U/mL) 6.9 (5.4-7.5) 6.6 (5.1-7.4) NS 6.9 (6.4-7.5) 6.5 (5.1-7.4) NS

Serum aspartate aminotransferase (IU/L) 38 (15-118) 31 (20-137) 0.036 38 (15-118) 31 (20-137) 0.031

Serum alanine aminotransferase (IU/L) 50 (12-175) 36 (17-136) 0.029 50 (12-175) 35 (17-136) 0.014

Serum albumin (g/dL) 3.9 (3.3-4.6) 3.9 (3.2-4.6) NS 3.9 (3.3-4.8) 3.9 (3.2-4.6) NS

Gamma-glutamyl transpeptidase (1U/L) 29 (9-194) 53 {9-154) 0.008 29 (9-194) 53 (9-229) 0.004

Leukocyte count (/mm°) 4,800 (2,800-8,100) 4,800 (3,000-7,800) NS 4,800 (2,800-8,100) 4,800 (3,000-7,800) NS

Hemoglobin (g/dL) 14.3 (12.3-16.5) 14.3 (11.7-16.8) NS 14.3 (12.3-16.5) 14,3 (11.7-16.8) NS

Platelet count (x 10*/mm®) 16.8 (9.9-33.8) 17.1 (9.1-24.8) NS 16.8 (9.9-33.8) 17.8 (9.1-28.8) NS

Aipha-fetoprotein (u g/L) 4 (2-39) 5 (2-38) NS 4 (2-39) 5 (2-38) NS

Total cholesterol (mg/dL) 184 (112-276) 178 (110-263) NS 184 (112-276) 178 (110-263) NS

Fasting plasma glucose (mg/dL) 97 (80-125) 90 (66-111) 0.038 97 (80-125) 91 (66-111) 0.030
Treatment regimen

T12PR12 group / T12PR24 group 12 /30 7/25 NS 12/ 30 7721 NS
Ammo acid substitutions in the HCV

genotype 1b

Core aa 70 (arginine / glutamine 30/ 12 13/ 18 0.016 30/ 12 13/20 0.009

[histidine])

Core aa 91 (leucine / methionine) 25/ 17 13/ 18 NS 25/ 17 14 7 19 NS

ISDR of NS5A (wild-type / non wild-type) 39/3 30/1 NS 39/3 32/1 NS
Past history of IFN therapy

Treatment-naive / Relapsers to previous 16/24/2 7/6/19 <0.001 16 /24 /2 8/7/19 <0,001

treatment / Nonresponders to previous

treatment
Treatment efficacy**

End-of-treatment response (%) 35 (94.6%) 23 (79.3%) NS 35 (94.6%) 25 (80.6%) NS

Sustained virological response (%) 31 (83.8%) 8 (27.6%) <0.001 31 (B3.8%) 10 (32.3%) <0.001

Data are number and percentages of patients, except those denoted by asterisk (*), which represent the median (range) values.
**Treatment efficacy according to 158099917 genotype was evaluated in 66 patients, and that according to rs12979860 genotype was evaluated in 68 patients.

Predicting Sustained Virological Response by
Amino Acid Substitutions in Core Region in Com-
bination with Genetic Variation Near the IL28B
Gene. Sustained virological response by core aa 70 in
combination with rs8099917 genotype is shown in
Fig. 3. In patients with rs8099917 genotype TT, sus-
tained virological response was not different between
Arg70 (85.7%) and GIn70(His70) (77.8%). In con-
trast, in patients with rs8099917 genotype TG and
GG, a significantly higher proportion of patients with
Arg70 (50.0%) showed sustained virological response
than that of patients with GIn70(His70) (11.8%) (P
= 0.038).

Based on a strong power of substitution of core aa
70 and rs8099917 genotype in predicting sustained
virological response (Table 3), how they increase the
predictive value when they were combined was eval-
uated. The results are schematically depicted in Fig. 3.

Together they demonstrate three points: (1) the effi-
cacy of triple therapy was high in patients with geno-
type TT who accomplished sustained virological
response at 83.8%, irrespective of substitution of
core aa 70; (2) in patients having genotype TG and
GG, those of Arg70 gained high sustained virologi-
cal response (50.0%); and (3) sustained virological
response (11.8%) was the worst in patients who
possessed both of genotype TG and GG, and
GIn70(His70).

Discussion

Two previous studies (PROVEL in the US, and
PROVE2 in Europe) showed that the T12PR12 and
T12PR24 group of telaprevir, PEG-IFN, and ribavirin
could achieve sustained virological response rates of
35%-60% and 61%-69%, respectively.'®™'’ In the
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Table 3. Multivariate Analysis of Factors Associated with
Sustained Virological Response of Telaprevir, Peginterferon
and Ribavirin Triple Therapy in Japanese Patients Infected

with HCV Genotype 1

Factor Category 0Odds Ratio (95% €I) 4
1s8099917 genotype 1: TG+GG 1
22T 10.6 (3.07-36.5) <0.001
Substitution of aa 70 1: GIn70 (His70) 1
2: Arg70 3.69 (1.06-12.8) 0.040

Only variables that achieved statistical significance (P < 0.05) on multivari-
ate logistic regression analysis are shown. 95% Cl 95% confidence
interval.

present Japanese study, the sustained  virological
response rates were 45% and 67% in the T12PR12
and T12PR24 group, respectively, as in the two previ-
ous studies. There were differences at three points
between the present study and two previous studies:
(1) PEG-IFN in two previous studies was used at a
fixed dose of PEG-IFNa-2a, but that of the present
study was a body weight-adjusted dose of PEG-IFNa-
2b; (2) The body mass index of our patients (median;
23 kg/m”) was much lower than that of the partici-
pants of the previous study by McHutchison et al.’?
(median; >25 kg/mz); and (3) The present study was
performed based on Japanese patients infected with
HCV-1b, except for only one patient with HCV-1a.
Especially in PROVE-1, the viral breakthrough rate
was higher in HCV-1a subjects compared to HCV-1b,
and one of the reasons might be due to the low
genetic barrier to the emergence of the R155K variant
in HCV-1a.'%? Further studies of a larger number of
patients matched for background, including genotype,
race, body mass index, treatment regimen, and past
history of IFN therapy are required to investigate the
rate of the sustained virological response by triple
therapy.

IL28A, TL28B, and IL29 (IFN-A-2, IFN-4-3, and
IFN-A-1, respectively) are novel IFNs identified
recently.”®?? They are similar to type 1 IFNs in terms

Table 4. Sensitivity, Specificity, Positive Predictive Value (PPV),
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of biological activities and mechanism of action, in
contrast to their differences in structure and genetics.”’
The antiviral effects of IFN-A against hepatitis B virus
and HCV have been reported.”’ Furthermore, o and 4
IFNs act synergistically against HCV*** Recent
reports showed that genetic variation near the IL28B
gene (1s8099917, rs12979860) are pretreatment pre-
dictors of virological response to 48-week PEG-IFN
plus ribavirin combination therapy in individuals
infected with HCV-1,"%?" and also affect clinical out-
come, including spontaneous clearance of HCV.** At
the 2009 meeting of the American Association for the
Study of Liver Diseases, Thompson et al.?® reported
that genetic variation near the IL28B gene also affected
the viral suppression in the first 2 to 4 weeks of PEG-
IEN plus ribavirin, and this phenomenon probably
explains much of the difference in treatment response
rate. The present study is the first to report that
genetic variation near the IL28B gene significantly also
affect sustained virological response by triple therapy.
These results should be interpreted with caution
because races other than Japanese populations were not
included. Any generalization of the results should
await confirmation by studies of patients of other races
to explore the relationship between genetic variation
near the IL28B gene and the response to triple
therapy.

The present study indicated that the use of the com-
bination of aa substitution of the core region and
genetic variation near the IL28B gene had high sensi-
tivity, specificity, PPV, and NPV for prediction of sus-
tained virological response. The efficacy of triple ther-
apy was high in the patients with TT, irrespective of
substitution of core aa 70. In the patients having non-
TT, those of Arg70 gained high sustained virological
response, and sustained virological response was the
worst in patients who possessed both non-TT, and
GIn70(His70). Along with a high sustained virological
response, combined PEG-IFN and ribavirin
accompanied by severe side effects and entail high

are

and Negative Predictive Value (NPV) for Sustained Virological

Response, According to Substitution of Core aa 70 and Genetic Variation Near IL28B Gene

% (Number)
Sensitivity Specificity PPV* NPV**
(A) rs8099917 genotype TT 79.5 (31/39) 77.8 (21/27) 83.8 (31/37) 72.4 (21/29)
(B) Substitution at aa 70 of arginine (Arg70) 76.9 (30/39) 63.0 (17/27) 75.0 (30/40) 65.4 (17/26)
(A) and (B) 61.5 (24/39) 85.2 (23/27) 85.7 (24/28) 60.5 (23/38)
(A and/or (B) 94.9 (37/39) 55.6 (15/27) 75.5 (37/49) 88.2 (15/17)

“PPV; Sustained virological response rates for patients with a combination of Arg70 or 1s8099917 genotype TT (prediction of sustained virological response).
**NPV: nonsustained virological response rates for patients with a combination of GIn70(His70) or rs8099917 genotype non-TT (prediction of nonsustained viro-

logical response).
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Fig. 3. Predicting sustained virological response by aa substitution
in core region in combination with genetic variation near the [L28B
gene. Efficacy of triple therapy was high in the patients with genotype
TT who accomplished sustained virological response at 83.8%, irre-
spective of substitution of core aa 70. In the patients having genotype
TG and GG, those of Arg70 gained a high sustained virological
response (50.0%), and sustained virological response (11.8%) were
the worst in patients who possessed both genotypes TG and GG, and
GIn70(His70).

costs. Hence, the patients who do not achieve sus-
tained virological response need to be identified as
early as possible, in order to free them of unnecessary
side effects and high costs. The present study is the
first to report that the combination of aa substitution
of the core region and genetic variation near the
IL28B gene are very useful as pretreatment predictors
of sustained virological response by triple therapy, and
further studies based on a larger number of patients
are necessary to investigate the present results.

Other limitations of the present study were that
aa substitutions in areas other than the core region
and NSS5A-ISDR of the HCV genome, such as the
interferon/ribavirin  resistance  determining  region
(IRRDR),z’6 were not examined. Furthermore, HCV
mutants with aa conversions for resistance to telaprevir
during triple therapy, such as the 156S mutation,””
were also not investigated. In this regard, telaprevir-re-
sistant HCV mutants were reported to be susceptible
to IFN in both in vive and in vitro studies.’® Thus,
viral factors before and during triple therapy should be
investigated in future studies and identification of
these factors should facilitate the development of more
effective therapeutic regimens.

In conclusion, triple therapy with telaprevir, PEG-
IEN, and ribavirin in Japanese patients infected with
HCV-1 and high viral load achieved high sustained
virological response rates. Furthermore, the aa substitu-
tion pattern of the core region and genetic variation
near the IL28B gene seem to affect treatment efficacy.
Further large-scale prospective studies are necessary to
investigate whether the present results relate to the effi-
cacy of triple therapy and further understanding of the

complex interaction between virus- and host-related
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factors should facilitate the development of more effec-
tive therapeutic regimens.
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