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(CM) (Ascomycotinanorth, North Chinese caterpillar fungus), exhib-
ited moderate anti-HCV activity.

2. Materials and methods
2.1. Cell cultures

HuH-7-derived OR6 [¢] and AH1R [12] cells harboring gen-
ome-length HCV RNA encoding RL and HuH-7-derived polyclonal
sOR {18] cells harboring subgenomic HCV replicon RNA encoding
RL were cultured in the medium used for HuH-7 cells in the
presence of G418 (0.3 mg/ml; Geneticin, Invitrogen, Carlsbad,
CA) as described previously |17]. Li23-derived ORL8 [§] cells har-
boring genome-length HCV RNA encoding RL and Li23-derived
polyclonal sORL8 [&] cells harboring subgenomic HCV replicon
RNA encoding RL were also cultured in the medium used for
Li23 cells in the presence of G418 (0.3 mg/ml) as described
previously {81

2.2. Reagents

The capsule and liquid forms of CM were purchased from CAI-
TAC (Okayama, Japan). RBV was kindly provided by Yamasa (Chiba,
Japan). Human IFN-o and vitamin E (VE) were purchased from
Sigma-Aldrich (St. Louis, MO). Cordycepin was purchased from
Wako (Osaka, Japan). Ergosterol and cyclosporine A (CsA) were
purchased from Tokyo Chemical Industry (Tokyo, Japan).

2.3. RL assay

The RL assay was performed as described previously [8,14].
Briefly, the cells were plated onto 24-well plates (2 x 10* cells
per well) in triplicate and then treated with each reagent at several
concentrations for 72 h. After treatment, the cells were subjected
to luciferase assay using an RL assay system (Promega, Madison,
WI). From the assay results, the 50% effective concentration
(ECs0) of each reagent was determined.

2.4. WST-1 cell proliferation assay

The WST-1 cell proliferation assay was performed as described
previously {14}. Briefly, the cells were plated onto 96-well plates
(1 x 10% cells per well) in triplicate and then treated with each
reagent at several concentrations for 72 h. After treatment, the
cells were subjected to the WST-1 cell proliferation assay (Takara
Bio, Otsu, Japan) according to the manufacturer’s protocol. From
the assay results, the 50% cytotoxic concentration (CCso) of each
reagent was determined.

2.5. Western blot analysis

The preparation of cell lysates, sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis, and immunoblotting analysis were
performed as described previously {11. The antibodies used in this
study were those against HCV Core (CP11; Institute of Immunol-
ogy, Tokyo, Japan), NS5B (a generous gift from Dr. M. Kohara, Tokyo
Metropolitan Institute of Medical Science, Japan), and B-actin (AC-
15; Sigma-Aldrich) as the control for the amount of protein loaded
per lane.

2.6. Selective index (SI)

The SI value of each reagent was determined by dividing the
CCsp value by the ECsg value.

2.7. Statistical analysis

Determination of the significance of differences among groups
was assessed using the Student’s t-test. Values of P<0.05 were
considered significant.

3. Results

3.1. The capsule form of CM, used as an oral health supplement,
showed anti-HCV activity in both HuH-7- and Li23-derived HCV RNA-
replicating cells

During the course of evaluating various oral health supplements
for their anti-HCV activities using our previously developed HuH-
7- and Li23-derived HCV assay systems, there was an opportunity
to evaluate CM known as one of the Chinese herbal medicine. We
first evaluated the anti-HCV activities of the capsule and liquid
forms of CM using HuH-7-derived ORG and AH1R assay systems
and an Li23-derived ORL8 assay system, all of which enable mon-
itoring of the replication of genome-length HCV RNA. The results
revealed that the capsule form but not the liquid form of CM pos-
sessed moderate anti-HCV activities in all assay systems (¥Fig. 1A
and B). The ECsq and SI values of the capsule form of CM were cal-
culated in each assay system (ECso 62 pg/ml, SI 1.9 in the OR6
assay; ECso 54 pg/ml, SI >5.6 in the ORL8 assay; ECsq 31 pg/ml, SIL
5.2 in the AH1R assay) (Table 1). The anti-HCV activities of the cap-
sule form of CM found in the ORG, ORL8, and AHIR assays were
confirmed by Western blot analysis of the HCV Core and NS5B
(Fig. 10). We next examined the activities of the capsule form of
CM using HuH-7-derived polyclonal sOR and Li23-derived poly-
clonal sORL8 assay systems that enable monitoring of the replica-
tion of HCV subgenomic replicon RNA. These assays also showed
that the capsule form of CM possessed anti-HCV activity with
ECsg values less than those in the OR6 and ORL8 assays (Supple-
mentary Fig. $1 and Table 1). Taken together, these results indicate
that the anti-HCV activity of CM is not dependent on the specific
cloned cell line, HCV strain, or HCV structural proteins.

3.2. Additive effect of the anti-HCV activities of CM in combination
with IFN-o. or RBV

To determine the intake effect of CM in the current HCV treat-
ment, we examined the anti-HCV activity of the capsule form of
CM in combination with [FN-o¢ or RBV using an Li23-derived
ORLS assay system. The results revealed that the anti-HCV effects
of CM plus IFN-o or RBV were additive (Fig. 2A and B). Although
we observed that the anti-HCV activities of CM in combination
with 4IU/ml of IFN-a or 25 uM of RBV were greater than the
expected sum of the constituent activities, these differences were
not statistically significant (¥ig. 2A and B). Therefore, these results
suggest that the anti-HCV effects of CM do not interfere with those
of IFN-o, and RBV, and in fact may even augment them.

3.3. Cordycepin, but not ergsterol, is responsible for the anti-HCV
activity of CM

We next examined which component of CM is responsible for
the anti-HCV activity. The Japanese Food Research Laboratories
(Tokyo, Japan) have reported that the main components of CM
are as follows: B-glucan 8.40g, cordycepin 4.95g, mannitol
4,52 g, ergosterol 0.75 g, superoxide dismutase 860,000 U, copper
2.13mg, zinc 17.1 mg, and selenium 80 pg per 100g of CM
(htip:/fwww.eesltaccodp/matsubaratouchukasou/syouhin himi).
From this information, we speculated that cordycepin or ergosterol
might have anti-HCV activity (Fig. 2A). Thus, we evaluated
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Fig. 1. Anti-HCV activities of the capsule form of CM detected in the OR6, ORL8, and AH1R assays. (A) Effects of the capsule form of CM on genome-length HCV RNA
replication. OR6G, ORLS, and AH1R cells were treated with the capsule form of CM for 72 h, followed by RL assay (red circles) and WST-1 assay (black triangles). The relative
value (%) calculated at each point, when the level in non-treated cells was assigned as 100%, is presented here. Data are expressed as the means # standard deviation of
triplicate assays. (B) The liquid form of CM did not inhibit the genome-length HCV RNA replication. The RL and WST-1 assay were performed as described in (A). (C) Western
blot analysis of the cells treated with the capsule form of CM. HCV Core and NS5B were detected using anti-core and anti-NS5B antibodies. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1

Anti-HCV activities of 4 reagents evaluated in this study.

Assay system

Genome-length HCV RNA

HCV subgenomic replicon

OR6 ORL8 AH1R sOR sORL8
Cell origin HuH-7 Li23 HuH-7 HuH-7 Li23
HCV strain ¢] o] AH1 o [¢]
Compound (concentration) ECso CCso SI ECso CCsp SI ECsq CCso SI ECso CCsg S1 ECso CCso SI
Capsule form of CM (pg/ml) 62 120 1.9 54 >300 >5.6 31 160 52 12 45 3.8 30 120 4.0
Liquid form of CM (%) 1.1 0.44 0.40 0.54 0.70 13 0.45 0.59 13 ND ND
Cordycepin (pug/ml) 2.6 35 1.3 3.8 36 0.95 0.58 1.9 33 1.7 3.0 1.8 21 19 0.90
Ergosterol (pg/ml) >4.0 >4.0 <1.0 >4.0 >4.0 <1.0 >4.0 >4.0 <1.0 >4.0 >4,0 <1.0 >4.0 >4.0 <1.0

ND, not determined.

cordycepin and ergosterol using HuH-7-derived OR6 and AHI1R
assay systems. The results of both assays revealed that cordycepin,
but not ergosterol, possessed anti-HCV activity (¥ig. 3B and C). The
ECsp and SI values of cordycepin were calculated in each assay
(ECsp 2.6 pg/ml, SI 1.3 in the OR6 assay; ECso 0.58 pg/ml, SI 3.3
in the AH1R assay) (Taixle 1). If all of the anti-HCV activity of CM
was attributable to cordycepin (4.95% of content), the ECsq values,
62 and 31 pg/ml of CM, obtained by OR6 assay and AH1R assay
would correspond to 3.0 and 1.6 pg/ml of cordycepin, respectively.
Therefore, these results suggest that cordycepin is an integral
component for the anti-HCV activity of CM. However, we were
not able to confirm the anti-HCV activity of cordycepin in the
Li23-derived ORL8 or sORL8 assay, although we did detect
anti-HCV activity of cordycepin in the HuH-7-derived sOR
assay (Supplementary Fig. $2 and Table 1). Ergosterol did not
exhibit any anti-HCV activities in these assays (Supplementary
Fig, 53 and Teble 1). Taken together, these results suggest that
cordycepin is a responsible compound for the anti-HCV activity
of CM, although the anti-HCV activity of cordycepin may depend
on the cell strain used in the assay, unlike the anti-HCV activity
of CM.

4. Discussion

In the present study, using cell-based HCV RNA-replication
assay systems, we found that CM, an oral health supplement, pos-
sessed moderate anti-HCV activity, and showed an additive inhib-
itory effect in combination with [FN-o or RBV. Furthermore, we
identified cordycepin as a responsible component for the anti-
HCV activity of CM.

It is interesting that the liquid form did not show any anti-HCV
activity, while the capsule form did. Because cordycepin is proba-
bly present in both CM formulations, cordycepin may be unstable
in the liquid preparation, or compounds that inhibit the anti-HCV
activity of cordycepin may also be present in the liquid formula-
tion. Therefore, the anti-HCV activity of CM may depend on the for-
mulation method.

The molecular mechanism underlying the anti-HCV activity of
CM is also interesting. Since cordycepin was found to be a respon-
sible component for the anti-HCV activity of CM and cordycepin is
known to be an analog of nucleoside, we can estimate that cord-
ycepin inhibits the RNA-dependent RNA polymerase (NS5B) of
HCV. Previously, we reported that anti-HCV agents could be

— 495 —



344 Y. Ueda et al./Biochemical and Biophysical Research Communications 447 (2014) 341-345

Relative vadue (%1

ol

0 20 40 Ly 80 108
Capsule form of CM (ngiml)

s 3 (o

e aa -n—-ﬁkm,— D IEN-« 0.5 tUanl
m% o o 2 HFEN-00 1 $Um)

T s

B

100 &

Rddutive vabue {51

(8}
0 20 40 60 80 100

Capsule form of ONM pgimlt

m@-‘w ]
e ot ol e o 3 RBV 6.3 M
s | e T RV 13 M

s | e o o 1 RRY 28 M

Fig. 2. Additive inhibitory effects of the capsule form of CM when used in combination with IFN-o or RBV on HCV RNA replication in ORL8 cells. Open symbols in the broken
lines show the values expected as an additive anti-HCV effect and closed symbols in the solid lines show the values obtained by the ORLS assay. ORLS cells were treated with
the capsule form of CM in combination with IFN-a (A) or RBV (B) for 72 h and subjected to RL assay. *P < 0.05; NS, not significant.

Nd, z
A </’<.\§T/",},x ~, ‘;ﬂv\?,@
w3 H X
\!/q n""“\n';J 1
~ Pl ot ) ¥ (.
IR N
| /im«”‘\%«"
£
Cordycepin Ergosterol
B ORG AHIR
120 120
j e * Cell tanicily =~ o=+ Coll Yonicity

B Auli- OV aetivity

Redative value (453
o
k-3

1 18w s
Cordycepin (upimll

=
23

C OR6

~

Reladive vadoeite

0 \*wi--..---"'
14
. e € o} ity
20 B Anti-HOV activity
i
] 1 2 3 4
Ergosterad tugfmlt

HL

sl AntioHO Y activily

Relutive vadue 145 3
2

>
# ~$
-
Y -~
3 S
u.‘

4 2 4 &

Cordyeepin iugimly

AHIR
j0)
F104

% 1w
% e ey
£
Z 80 AN il
= - - g
2 6 &--m,;—»
B0 b e Coll taxicity

20 s AntIC Y aetivity

[

o 1 2 3 4

Eegnsterol tnghimb
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classified into two types: those whose anti-HCV activity is canceled
by the antioxidant VE, and those whose activity is not canceled by
VE {201 To date, we have reported that CsA, N-251 (preclinical
antimalarial drug), B-carotene, vitamin D2, and linoleic acid belong
to the former group, and IFN-a, IFN-B, RBV, and statins belong to
the latter [11,17,20]. We currently speculate that the oxidative
stress induced by the former anti-HCV agents causes the

anti-HCV activity via activation of the extracellular signal-regu-
lated kinase signaling pathway {21} Therefore, using the ORL8
assay system, we evaluated which group CM belonged to, and
determined that the anti-HCV activity of CM was not canceled by
VE, whereas the anti-HCV activity of CsA was completely cancelled
by VE (Supplementary Fig. 54). These results suggest that the
induction of oxidative stress is not associated with the anti-HCV
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activity of CM, and support our initial estimation that cordycepin is
a responsible component for the anti-HCV activity of CM and
directly inhibits the NS5B polymerase.

In this study, we identified cordycepin as a responsible compo-
nent of CM for the anti-HCV activity, because the ECsy value of
cordycepin was comparable to the concentration calculated from
the content of the capsule form of CM. However, the cell toxicity
of cordycepin was stronger than that of the capsule form of CM.
For example, in AH1R cells, the CCso value of cordycepin was
1.9 ug/ml, whereas the value of the capsule type of CM was
160 pg/ml (equivalent to 7.9 pg/ml of cordycepin) (Tabie 1). Cord-
ycepin is a promising preclinical drug that exhibits anti-tumor
activities both in vitro and in vivo {221, Since the cell lines that
we established and applied to the HCV assay (OR6, ORLS, AH1R,
etc.) were derived from HuH-7 or Li23 hepatoma cells, the
obtained low CCsy values of cordycepin would be reasonable.
Therefore, the high CCso values obtained for the capsule form of
CM are notable, and would seem to suggest that CM in the capsule
form contains certain components that reduce the cytotoxicity of
cordycepin. For this reason, we anticipate that the capsule form
of CM will be useful as an oral supplement for the treatment of
HCV with a minimal side effect profile.

In conclusion, we found that capsule form of CM, which is used
as an oral health supplement, exhibited a moderate inhibitory
effect on HCV RNA replication. This agent would therefore be use-
ful as an additional component in an existing therapeutic regimen
using HCV-specific inhibitors.
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Abstract

Background The most drstmgwshmg genetlc feature of hepatitis C virus’ (HCV) is its remarkable dlversrty and vanatlon To
understand this feature, we previously performed genetic analysis of HCV in the long-term culture of human hepatoma
HuH-7-derived HCV RNA-replicating cell lines. On the other hand, we newly estabhshed HCV RNA-repllcatmg cell Imes usmg
human hepatoma L|23 cells, which were drstmct from HuH-7 cells. ‘

Methodalogy/Prmc:paI Findings: Li23- denved Hcy RNA—repIrcatmg cells were cultured for 4 years We performed genetic
analysis of HCVs recovered from these cells at 0, 2, and 4 years in culture. Most analysis was performed in two separate parts:
one part covered from the 5’-terminus to N52, which is mostly nonessential for RNA replication, and the other part covered
from NS3 to NS5B, which is essential for RNA replication. Genetic mutations in both regions accumulated in a time-
dependent manner, and the mutation rates in the 5'-terminus-NS2 and NS3-NS5B regions were 4.0-9.0x1073 and 2.7-
4.0%x1072 base substitutions/site/year, respectlvely These results suggest that the variation in the NS3-NS5B regions is
affected by the pressure of RNA replication. Several in-frame deletions (3-105 nucleotides) were detected in the structural
regions of HCV RNAs obtained from 2-year or 4-year cultured cells. Phylogenetic tree analyses clearly showed that the
genetic diversity of HCV was expanded in a time- -dependent manner. The GC content of HCV RNA was significantly.
~increased in a time- dependent manner, as previously observed in HuH-7- derived cell systems. This phenomenon was
partially due to the alterations in codon usages for codon optimization in human cells. Furthermore, we demonstrated that
these long-term cultured ceIIs were useful as a source for the selection of HCV clones showmg resistance to anti-HCV
 agents. , ~

Conclus:ons/Slgnlf'cance Long-term cultured Hev RNA-replicating cells are useful for the analy5|s of evolutionary
dynamics and vanatlons of HCV. and for drug-resistance analysrs
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Introduction mechanisms underlying HCV replication [6,7]. HCV replicon
RINA (approximately 8 kb) is a selectable, bicistronic HCV RNA
with the first cistron, the neomycin phosphotransferase (Neo™)
gene, being translated under control of the HCV internal
carcinoma. Such persistent infection has now become a serious ribosome entry site (IRES) and the second cistron, the NS3-
health problem, with more than 170 million people worldwide  NS5B regions, being translated under control of the encephalo-
infected with HCV [1] HCV is an enveloped positive single- myocarditis virus (EMCV) IRES. Genome-length HCV RNA
stranded RNA (96 kb) virus belonging to the Flaviviridae family, (approximately 11 kb) - possesses the Core-NS5B regions in
and the HOV genome encodes a large polyprotein precursor of  gyhgtitution for the NS3-5B regions of the replicon in addition
approximately 3000 amino acid (aa) residues. This polyprotein is to the replicon structure. It was reported that infectious HCV
cleaved by a combination of host and viral proteases into at least particles are not produced in genome-length HCV RNA-
10 proteins in the following order: core, envelope 1 (E1), E2, p7, replicating cell systems using genotype 1b strains [6,8]. However,
nonstructural protein 2 (NS2), NS3, NS4A, NS4B, NS5A, and in 2005, an efficient virus production system using the JFH-1 strain
NS5B [2,3]. of genotype 2a was developed using HuH-7-derived cells [9].
The initial development of a cell culture-based replicon system Since then, this infectious HCV system became a powerful tool to
[4] and a genome-length HCV RNA-replicating system [5] using study the full viral life cycle [10].
genotype 1b strains led to rapid progress in investigations into the

Hepatitis C virus (HCV) infection frequently causes chronic
hepatitis, which progresses to liver cirrhosis and hepatocellular

PLOS ONE | www.plosone.org 1 March 2014 | Volume 9 | Issue 3 | 91156
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The most distinguishing feature of the HCV RNA is its
remarkable diversity and variation. To date, six major HCV
genotypes, cach having a large number of subtypes, have been
found to show more than a 20% difference at the nucleotide level
compared with any other genotypes [11,12]. An approximately 5—
8% difference at the nucleotide level has been observed within a
single genotype [3]. Furthermore, an approximately 1% difference
at the nucleotide level is also observed among HCV genomes in an
individual [13]. Although genetic analyses of HCV using i vivo
specimens have estimated that the genetic mutation rate of HCV is
1.4-1.9x107* base substitutions/site/year [14-16], the potential
variability of HCV is not clear due to the selective pressure of
immune system functions i vivo [17,18].

To define the actual genetic mutation frequency of HCV, we
previously performed genetic analysis of HCV [19,20] using
human hepatoma HuH-7 cell culture-based HCV replicon
systems or genome-length HCV RNA-replication systems. In
studies using the 1B-1 or O strain of genotype 1b, the
accumulation of genetic mutations (mutation rate is 3.0—
4.8x 1072 base substitutions/site/year), the enlargement of genetic
diversity, and an increase in GC contents of HCV RNA were
observed in a time-dependent manner during a 2-year cell culture
[19,20]. These results suggest that the Jong-term culture of HCV
RNA-replicating cells is useful for understanding the evolutionary
dynamics and variations of HCV. However, HuH-7-derived cells
are the only cell culture system used thus far for robust HCV
replication [6,7]. Therefore, it remains unclear whether our results
obtained from HuH-7-derived HCV RINA-replicating cell culture
systems reflect the general features of HCV’s genetic diversity and
variation. On the other hand, in 2009 we established four new
human hepatoma Li23 cell-derived genome-length HGV RNA (O
strain of genotype 1b; GenBank accession no. AB191333)-
replicating cell lines, OL (polyclonal; a mixture of approximately
200 clones), OL8 (monoclonal), OL11 (monoclonal), and OL14
(monoclonal) [21], and have been culturing them for more than 4
years. Since we demonstrated that the gene expression profile of
1i23 cells was distinct from those in HuH-7 cells [22], and that
ant-HCV targets in Li23-derived cells were distinct from those in
HuH-7-derived cells [23-25], we expected to find distinct HCV
variability and diversity from those observed previously in HuH-7-
derived cells. To clarify this point, we carried out comprehensive
genetic analysis of HCVs obtained from 0-year, 2-year, and 4-year
cultures of OL, OL8, OL11, and OL14 cells, and compared them
with the original ON/C-5B/QR,KE,SR RNA [21].

Here, we report the evolutionary HCV dynamics occurring in
the long-term replication of genome-length HCV RNAs using
Li23-derived cell culture systems.

Materials and Methods

Cell Cultures

The human hepatoma Li23 cell line, which was established and
characterized in 2009, consists of human hepatoma cells from a
Japanese male (age 56) [21]. The Li23 cells were cultured in
modified medium for human immortalized hepatocytes, as
described previously [21,26]. Genome-length HCV RNA-repli-
cating cells (Li23-derived OL, OL8, OL11, and OL14 cells) were
cultured in the medium for the Li23 cells in the presence of
0.3 mg/ml of G418 (Geneticin, Invitrogen, Carlsbad, CA). These
cells were passaged every 7 days for 4 years. HCV RNA-
replicating cells possess the G418-resistant phenotype, because
Neo® as a selective marker was produced by the efficient
replication of HCV RNA. Therefore, when HCV RNA is
excluded from the cells or when its level decreases, the cells are
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killed in the presence of G418. In this study, OL, OL8, OL11, and
OL14 cells were renamed OL(0Y), OL8(0Y), OL11(0Y), and
OL14(0Y) cells, respectively, to specify the time at which the cells
were established. These “0Y” cells of passage number 3 were used
in this study. Two-year cultures of OL(0Y), OL8(0Y), OL11(0Y),
and OL14(0Y) cells were designated OL(2Y), OL8(2Y), OL11(2Y),
and OL14(2Y) cells, respectively. Four-year cultures of OL(0Y),
OL8(0Y), OL11(0Y), and OL14(0Y) cells were designated OL(4
OLB8(4Y), OL11(4Y), and OLI14(4Y) cells, respectively.

Quantification of HCV RNA

Quantitative reverse transcription-polymerase chain reaction
(RT-PCR) analysis for HCV RNA was performed using a real-
time LightCycler PCR (Roche Diagnostics, Basel, Switzerland) as
described previously [21,27]. Experiments were done in triplicate.

Western Blot Analysis

The preparation of cell lysates, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, and immunoblotting analysis
with a PVDF membrane was performed as described previously
[28]. The antibodies used to examine the expression levels of HCV
proteins were those against NS4A (a generous gift from Dr. A.
Takamizawa, Research Foundation for Microbial Diseases, Osaka
University) and NS5B (a generous gift from Dr. M. Kohara,
Tokyo Metropolitan Institute of Medical Science, Japan). Anti-f-
actin antibody (AC-15; Sigma, St. Louis, MO) was also used to
detect B-actin as an internal control. Immunocomplexes on the
membranes were detected by enhanced chemiluminescence assay
(Western Lightning Plus-ECL; Perkin-Elmer Life Sciences, Bos-
ton, MA).

RT-PCR and Sequencing

To amplify genome-length HCV RNA, RT-PCR was per-
formed separately in two fragments as described previously
[21,27]. Briefly, one fragment covered from the 5'-terminus to
NS3, with a final product of approximately 5.1 kb, and the other
fragment covered from NS2 to NS5B, with a final product of
approximately 6.1 kb. These fragments overlapped at the INS2
and NS3 regions and were used for sequence analysis of the HCV
open reading frame (ORF) after cloning into pBR322MC [28].
SuperScript II (Invitrogen, Carlsbad, CA) and KOD-plus DNA
polymerase (Toyobo, Osaka, Japan) were used for RT and PCR,
respectively. Plasmid inserts were sequenced in both the sense and
antisense directions using Big Dye terminator cycle sequencing on
an ABI PRISM 310 genetic analyzer (Applied Biosystems, Foster
City, CA). The nucleotide sequences of each of 10 (OL cell series)
or 3 (OL8, OL1l, and OLI14 cell series) independent clones
obtained were determined.

Molecular Evolutionary Analysis

Nucleotide and deduced aa sequences of the clones obtained by
RT-PCRs were analyzed by neighbor-joining analysis using the
program GENETYX-MAC (Software Development, Tokyo,

Japan).

Antiviral Assay

To monitor the anti-HCV activity of telaprevir, genome-length
HCV RNA-replicating cells were plated onto 6-well plates (2x10°
cells for OL(0Y) cells or 8x10* for OL(4Y), OL8(4Y), OL11(4Y),
or OL14(4Y) cells per well). After 24 hrs in culture, the cells were
treated with telaprevir (a generous gift from Dr. T. Furihata,
Chiba University, Japan) at 0.2 uM or 0.4 uM for 3 days. After
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Figure 1. Characterization of genome-length HCV RNA-replicating cells after 4 years in culture. (A) Quantitative analysis of intracellular
genome-length HCV RNA. The total RNAs from OL{4Y), OL8(4Y), OL11(4Y), and OL14(4Y) cells used were analyzed. The levels of intracellular genome-
length HCV RNA were quantified by LightCycler PCR. OL(0Y) and Li23 cells were used as a positive and a negative control, respectively. (B) Western
blot analysis. The cellular lysates from the cells used for RT-PCR analysis were also used for comparison. NS4A and NS5B were detected by Western
blot analysis. B-actin was used as a control for the amount of protein loaded per lane.

doi:10.1371/journal.pone.0091156.g001

treatment, the cells were subjected to quantitative RT-PCR
analysis for HCV RNA.

Statistical Analysis
The significance of differences among groups was assessed using
Student’s t-test. P<0.05 was considered significant.

Results

Efficient replication of genome-length HCV RNA is
maintained in long-term cell culture

To prepare the specimens for the genetic analysis of HCV,
genome-length  HCV  RNA-replicating  OL(0Y), OLS8(0Y),
OL11(0Y), and OL14(0Y) cells were cultured for 4 years. Since
we previously demonstrated that the levels of HCV RNAs
increased in all cases after 2 years of constitutive HCV RNA
replication [26], in the present study we examined the levels of
intraccllular HCGV RNAs after the cell culture of 4 years by
quantitative RT-PCR. The results revealed that the levels of HGV
RNAs in all cases were significantly higher than that of OL(0Y)
cells (Fig. 1). Western blot analysis for HCV NS4A and NS5B also
showed that the expression levels in all cases were higher than that
of OL(0Y) cells. However, the present results were matched with
previous findings regarding a 2 year-culture [26], revealing that
the levels of HCV RINAs of OL8(4Y) and OL11(4Y) cells become
lower than those of OL8(0Y) or (2Y) and OL11(0Y) or (2Y) cells,
respectively. Unlike the results for the OL8 or OLI11 series, the
levels of HCV RNAs of OL(4Y) or OL14(4Y) cells were each
maintained throughout cultures of 2 years and 4 years. Overall, we
showed that the HCV RNA levels in all cases were more than
5x10° copies/pg of total RNA, indicating that efficient HCV
RNA replication occurred during those 4 years.

PLOS ONE | www.plosone.org

We next examined whether infectious HCV particles are
produced from genome-length HCV RNA-replicating cells after
4 years of culture, although it has been reported that infectious
particles were not produced in genome-length HCV RNA-
replicating cell systems [6,8]. To clarify this point, we performed
infection experiments to HCV (JFH-1) susceptible Hul-7-derived
RSc and Li23-derived ORLS cells [21] using the supernatant of
OL(0Y), OL4Y), OL8(#Y), OL11(4Y), or OL14(4Y) cclls as an
inoculum. At 7 days and 8 days post-infection, we quantified the
Core in the supernatants by enzyme-linked immunosorbent assay
and HCV RNA in the cells by quantitative RT-PCR. The results
(Fig. S1) showed that both Core and HCV RINA were not detected
in our long-term cultured cells, suggesting that the cells produced
no infectious virus particles over time.

Genetic variations of genome-length HCV RNAs during

long-term cell culture

To clarify the genetic variations of HCVs during the period of
cell culture, we carried out sequence analysis of genome-length
HCV RNAs obtained from OL(2Y), OL(4Y), OL8(2Y), OL8(4Y),
OL11(2Y), OLI11(4Y), OL14(2Y), and OL14(4Y) cells. The
determined nucleotide sequences of genome-length HCV RNAs
were compared with those of the original ON/C-5B/QR,KE,SR
RINA [2]1] used for the establishment of the OL(0Y), OL8(0Y),
OL11(0Y), and OL14(0Y) cell lines. To compare the nucleotide
sequences, the data on genome-length HCV RNAs from OL(0Y),
OLB8(0Y), OL11(0Y), and OL14(0Y) cells were also used [21].
Most of the sequence analysis was performed in two separate parts:
one part covers from the 5'-terminus to NS2, which is mostly
nonessential for RINA replication, and the other part covers from
NS3 to NS5B, which is essential for RNA replication. The results
revealed that the numbers of base substitutions in both regions
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Figure 2. Genetic variations occurring in long-term replication of genome-length HCV RNAs. (A) Genetic variations in the 5'-terminus-
NS2 regions. The left vertical line indicates the mean numbers of base substitutions detected per cDNA clone, by comparison with ON/C-5B/QR,KE,SR
RNA [21]. The right vertical line indicates the mean numbers of aa substitutions in the Core-NS2 regions deduced per cDNA clone, by comparison

with the original aa sequences deduced from ON/C-5B/QR, KE, SR RNA [
base substitutions and aa substitutions are indicated as shown in (A).
doi:10.1371/journal.pone.0091156.g002

increased in a time-dependent manner (Fig. 2A and 2B). The
numbers of deduced aa substitutions in HCV ORFs correlated
well with the numbers of base substitutions of genome-length
HCV RNAs (Fig. 2A and 2B). These base substitutions were
considered mutations that occurred during the intracellular
replication of genome-length HCV RNA. Based on the results
after 2 or 4 years in culture, we calculated the apparent mutation
rates of genome-length HCV RNAs in these cell lines. For this
analysis, genome-length HCV RINA was divided into three parts:
the 5'-terminus-EMCV IRES regions (partly essential for RINA
replication), the Core-NS2 regions (nonessential for RINA replica-
tion), and the NS3-NS5B regions (essential for RINA replication).
The results revealed that the mutation rates (base substitutions/
site/year) in the three distinct regions calculated from the data of
the 2-year culture were about the same as the mutation rates
calculated from the data of the 4-year culture (Fig. 3). These results
suggest that genetic variations of HCV have occurred at the same
speed for four years in Li23-derived genome-length HCV RNA
replicating cells. Furthermore, we noticed that the mutation rates
in the NS3-NS5B regions (2.7-4.0 x 1073 were lower than those in
the 5'-terminus-EMCV IRES regions (4.1-6.9x107% and the
Core-NS2 regions (5.3-9.1 x107%) (Fig. 3). Moreover, we exam-
ined the numbers of synonymous (dS) and nonsynonymous (dN)
mutations with transition (Ts) or transversion (Tv) in two divided
regions (Core-NS2 and NS3-NS5B). The results are summarized
in Table 1. The dN/dS ratio in the Core-NS2 and NS3-NS5B
regions were 1.55 to 3.00 and 0.45 to 1.06, respectively. These
values imply the positive selection in Core-NS2 regions and the
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21]. (B) Genetic variations in the NS3-NS5B regions. The mean numbers of

purifying (stabilizing) selection in NS3-NS5B regions except
OLI11(2Y) and OL8(4Y) cells. Since the dN/dS ratios in NS3-
NS5B regions of OL11(2Y) and OL8(4Y) cells were 1.06 and 1.03,
respectively, we can estimate that neutral selection acted in these
cells. In addition, the Ts/Tv ratios in the Core-NS2 and NS3-5B
regions were 3.50 to 7.21 and 3.58 to 10.08, respectively. These
results showed a tendency similar to that found in a previous study
[20] using HuH-7-derived genome-length HCV RNA-replicating
cells, suggesting that the NS3-NS5B regions, which are essential
for RNA replication, are evolutionally limited. Together these
results indicate that HCV can mutate at the same level in both
HuH-7-derived cells and Li23-derived cells.

Characterization of aa substitutions in HCV ORFs during
long-term cell culture

We next characterized aa substitutions in HCV ORFs that
occurred during 4 years in culture of OL(0Y), OLS8(0Y),
OL11(0Y), and OLI14(0Y) cells. The conserved aa substitutions
(mutated in all 10 clones sequenced in the cases of OL(2Y) or
OL(4Y) cells and mutated in all 3 clones sequenced in the cases of
OL8(2Y), OL8(4Y), OL11(2Y), OLI11(4Y), OL14QY), or
OL14(4Y) cells) are summarized in Table 2 (Core-p7 regions)
and Table 3 (NS2-NS5B regions). Among the many aa
substitutions, only 19 were the same as those detected in the 2-
year culture of one of five kinds of HuH-7-derived genome-length
HCV RNA (O strain of genotype 1b)-replicating cell lines [20]
(Tables 2 and 3). In addition, 17 aa were substituted to the type of
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JFH-1 strain (genotype 2a: accession number AB237837) (Tables 2
and 3). We noticed that 12 aa substitutions were commonly
detected in at least two different cell lines (Tables 2 and 3). The
remaining 338 conserved aa substitutions were independently
caused in each of the Li23-derived genome-length HCV RNA-
replicating cell lines (Tables 2 and 3). However, from these results,
we cannot conclude it whether genetic variations of HCV occur in
a cell-line-specific manner or in a random manner.

Evolutionary Dynamics and Variations of HCV

Genetic deletions were characterized in the first half of

genome-length HCV RNAs during long-term cell culture
Recently, Pacini et al. demonstrated that naturally occurring
HQCV subgenomic RNAs, mostly lacking the E1 or E2 region,
were capable of autonomous replication and could be packaged
and secreted in viral particles [29]. In the present cell-based study
also, we detected several conserved deletions within genome-
length HCV RNAs, although a previous study using HuH-7-
derived cell lines did not reveal any conserved deletions [20]. As
shown in Figure 4, all deletions were located in the first half of
genome-length HCV RNA. In OL8(2Y) and OL8(4Y) cells, a
conserved 51 nucleotides (nts) deletion in frame was detected,
resulting in a 17 aa deletion (aa 686-702 in the E2). In OL14(2Y)
and OL14(4Y) cells also, two kinds of conserved 3 nts deletion in
frame were detected, resulting in a 1 aa deletion in each (aa 414 in
the E2 and aa 847 in the NS2). Furthermore, a conserved 105 nts
deletion in frame was observed in OL14(4Y) cells, resulting in a 35
aa deletion (aa 725-746 in the E2 and aa 747-759 in the NS2). In
addition, 26 nts (nt 1248-1273) located between the Neo™ gene and
IRES was conservatively deleted in OL11(2Y) and OL11(4Y) cells.
These results suggest that nonessential regions for RINA replication
are deleted during long-term culture of Li23-derived cells.
However, such deletion was not caused in the OL cell series.

Genetic diversity of genome-length HCV RNA arising
during long-term cell culture

Based on the sequence data of all clones obtained after 0-year,
2-year, and 4-year culture, we examined the genetic diversities of
genome-length HCV RNAs by the construction of phylogenetic
trees. The results revealed that the genetic diversities of genome-
length HCV RNAs were clearly expanded at both the nucleotide
(Fig. 5) and aa (Fig. S2) sequence levels in the 5'-terminus-NS2
regions and the NS3-NS5B regions, and that the 10 clones derived
from OL cell series and 3 clones derived from each other cell series
were clustered and located at similar genetic distances from the
origih (ON/C-2 or O/3-53B/QR,KE,SR for the nucleotide
sequence level and O/C-2 or O/3-5B/QR,KE,SR for the aa
sequence level [21]) (Fig. 5 and Fig. S2).

We next compared the nucleotide sequences among 10
independent OL(4Y) clones obtained after 4-year cell culture. In

Table 1. Base substitutions occurring in genome-length HCV RNAs during long-term cell culture.

Full-length
HCV RNA
series

dN/ds Ts/Tv

C-Ns2 NS3-5B NS3-5B  C-Ns2 NS3-5B

14.3%1.2 123%21 23.7%£.25 7.7x06

0OL8(4Y) 56.7*+4.2  357*1.2 29725 383*23 143+0.6

OL14(4Y) 343%15 23.7%£1.2 27.3%35 473%x29 103+1.2

57*x1.2

12.3%0.6

5.0£0

1706 43*06 3.00 0.71 5.00 3.80

13x06 8306 229 1.03 5.51 3.58

3715 156 0.56 5.29 8.19

1.3X£06

Average numbers of base substitutions per cDNA clone are shown.
Ts: Transition; Tv: Transversion; dN: Nonsynonymous; dS: Synonymous.
doi:10.1371/journal.pone.0091156.t001
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Base substitutions were counted by comparison with the sequence of genome-length HCV RNA (ON/C-5B/QR KE,SE [20]).
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Table 2. Conservative aa substitutions occurring during long-term replication of genome-length HCV RNAs (1).

oL oL8

Core VA6A T52A K10R*® T11S

N163D L185S W76R E89V®

él Y201H Y214C C207Y

W320R L332P (M318V)°
Q342R

W368R
(384~746) S450P M456T K410E

N556S K596E 1462A

W736R

p7 E749K G764S S767P

E159V N163T*

V230A

N417D

5668P 1674T°

(L7971)

OL11 oL14

(130T) S53P K10R*® K12N®

M134T L139PP S56P 165V

D206G V240L V203i

V365A L377F

L427P (G436E) S419R 14221

54491 F465L K562E T563M

V609! D610G

5663G

L721pP?

N750D L766F (L748P) A747-759

?Conservative aa substitutions detected in at least two of four cell line series.
bConservative aa substitutions detected in HuH-7-derived cell line series (O, OA, OB, OD, or OF) used in the previous study [20].
“Conservative aa substitutions that became the same aa as the JFH-1 strain.
Conservative aa substitutions detected after 2-year and 4-year cultures are shown by bold letters.
Conservative aa substitutions detected only after 2-year culture are shown within parentheses.

doi:10.1371/journal.pone.0091156.t002

the 5'-terminus-NS2 regions and the NS3-NS5B regions derived
from OL{#Y) cells, 0.38-1.28% and 0.22-0.56% differences in
nucleotide sequences were observed, respectively. These results
suggest that the quasispecies nature of genome-length HCV RNA
was acquired steadily over long-term intracellular RNA replica-
tion.

Classification of mutations occurred in genome-length
HCV RNAs during long-term cell culture

We next examined the mutation patterns occurring in genome-
length HCV RNAs. The results revealed that U to C and A to G
transition mutations were the most and second-most frequent
mutations in total, although three cases (OL8(2Y), OL8(4Y), and
OL14(4Y)) showed the opposite result (Table 4). High frequencies
of U to C and A to G mutations were also observed in a previous
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study using HuH-7-derived HCV replicon- or genome-length
HCV RNA-replicating cell lines [19,20]. The rarest mutation was
C to G transversion in 2-year and 4-year cultures (T'able 4). This
result was the same as in a previous report using HuH-7-derived
cell systems [20]. Since the frequency of U to G and A to G
mutations was two or three times higher than that of G to U and G
to A mutations, the GC content of HCV RNA increased
significantly in a time-dependent manner in both the 5'-
terminus-NS2 regions (Fig. 6A) and the NS3-INS5B regions
(Fig. 6B). The increase in GC content of HCV RNA was observed
in all Li23-derived cells after 2-year or 4-year culture. In the 5'-
terminus-NS2 regions of HCV RNA, a remarkable (more than
1%) increase in GC content was found after the 4-year culture of
all the cells except OL14(0Y) cells (Fig. 6A).

The time-dependent increase in the GC content of the HCV
RNA may gradually change to an energetically stable form during
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Table 3. Conservative aa substitutions occurring during long-term replication of genome-length HCV RNAs (il).

NS2 Y835H ms814l

A855T

(1027~1657)

(1658~1711)

(1712~1972)

P1908L

L1956M

(1973~2419) $2246P 122525 K1998R

52283P* D2292E* E2263G

S$2355P P2369H Y2293H

G2403R S$2409R F2352v

D2381G

E2470K

52079Y

E2265V

D2305N

T2364A

WB845R V853A F823S W844R

1885T (P898L)

1983T

T1280A (11412v) D1581G R1596K

F1644L

Q1955R

V1906A

T22171 12274V

K2320R* T2336S¢ S2373P D2374N

W2405R*? S2401N W2405R*°

(2420~3010)

L2853I Q2933R

K2689R

Q2728R

V2918i

2Conservative aa substitutions detected in at least two of four cell line series.

‘Conservative aa substitutions that became the same aa as JFH-1strain.

doi:10.1371/journal.pone.0091156.t003

RNA replication. We assumed that the increase in GC content is
due to an increase in G- and C-ending codons, except for AGG
and UUG codons, for efficient expression in human cells, so-called
codon optimization [30], and we examined this possibility. The
results in the NS3-NS5B regions revealed the time-dependent
increase of G- and C-ending codons, except for AGG and UUG
codons, in all four cell series (Table 5). However, this phenomenon
was not remarkable in the Core-NS2 regions (Table 5). These
results suggest that codon usage in the NS3-NS5B regions adapts
to cfficient translation in the human cells in a time-dependent
manner. Further long-term cell cultures will clarify this point.

Usefulness of long-term cultured genome-length HCV
RNA-replicating cells as a source of resistant HCV for anti-
HCV agents

As described above, we demonstrated that genetic mutations
and the diversity of HCV RNA expanded during long-term
culture of genome-length HCV RNA-replicating cells. From these
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bConservative aa substitutions detected in HuH-7-derived cell line series (O, OA, OB, OD, or OE) used in the previous study [20].

Conservative aa substitutions detected after 2-year and 4-year cultures are shown by bold letters.
Conservative aa substitutions detected only after 2-year culture are shown in parentheses.

results, we assumed that these HGV populations that mimic the
state of long-term persistent infection become the source of
resistant HCV for anti-HCV agents. To clarify this point, we
examined the effect of telaprevir, an inhibitor of HCV NS3-4A
protease, which is the first directly acting antiviral reagent to be
used for the treatment of HCV genotype 1, using 4-year cultured
cell lines [31]. To know the effective concentration area, we first
evaluated the anti-HCV activity of telaprevir using our previously
developed HCV reporter assay systems (HuH-7-derived OR6 [27]
and Li23-derived ORL8 [21]). The results revealed that 50%
effective concentration (ECsg) values were 0.17 pM and 0.14 uM
in the OR6 and ORLS assay systems, respectively, indicating that
telaprevir exhibited strong anti-HCV activities in our HCV cell
culture systems (data not shown). In reference to these ECsq
values, we next examined the anti-HCV activity of telaprevir at
0.2 and 0.4 pM for 3 days on OL(4Y), OL8(4Y), OL11(4Y), and
OL14(4Y) cells. OL(QY) cells were also used as a control.
Telaprevir at 0.2 and 0.4 pM inhibited approximately 60% and
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Figure 4. Genetic deletions occurred in the first half of genome-
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length HCV RNAs during the long-term cell culture. The conservative

deleted portions in the genome-length HCV RNAs derived from OL8(2Y), OL8(4Y), OL11(2Y), OL11(4Y), OL14(2Y), or OL14(4Y) cells were shown by

boxes. The original sequence was from ON/C-5B/QR,KE,SR RNA [21].
doi:10.1371/journal.pone.0091156.g004

80%, respectively, of HCV RNA replication on OL(0Y) cells, as
expected from the results of the reporter assay, and that the anti-
HCV activities of telaprevir on OL(4Y), OL11(4Y), and OL14(4Y)
cells were similar to that on OL(0Y) cells (Fig. 7A). Unexpectedly,
however, HCV RNA replication on OL8(4Y) cells was highly
sensitive to telaprevir. Approximately 97% of HCV RNA
replication was inhibited by 0.2 UM of telaprevir (Fig. 7A). These
results suggest that HCV mutations that occur during long-term
cell culture do not control the anti-HCGV activity of telaprevir.
Next we examined the possibility that long-term cultured cells can
become the source of telaprevir-resistant HCV. First, OL(0Y) and
OL(4Y) cells were treated with or without 0.4 puM of telaprevir (3
times at 6-day intervals) and 0.8 UM of telaprevir (3 times at 6-day
intervals) in the presence of G418. The growth of the cells treated
with telaprevir first slowed but then recovered. In this stage, we
checked the anti-HCV activity of telaprevir at 0.2 pM for 3 days
on telaprevir-treated OL{0Y) and OL@#Y) cells (designated
OLOY)T and OLHAY)T cells, respectively) with untreated
OL(Y) and OL@4Y) cells. The results clearly indicated that
OL(OY)T and OLM4Y)T cells completely converted telaprevir-
sensitive phenotypes into telaprevir-resistant phenotypes (Fig. 7B).
It is noteworthy that telaprevir-resistant OL(4Y)T cells were
provided without a decrease in the level of HCV RNA replication.
These results suggest that long-term cultured OL(4Y) cells may
easily convert the phenotypes against anti-HCV drugs such as
telaprevir.

Discussion

In the present study, using Li23-derived cells unlike HuH-7, we
characterized the genetic evolution and dynamics of HCV in the
long-term culture of four kinds of genome-length HCV RNA-
replicating cells, and demonstrated that genetic mutations of HCV
accumulated and the genetic diversity of HCV expanded in a
time-dependent manner. The GC content of HCV RINA was also
significantly increased in a time-dependent manner. These
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phenomena, including the increased mutation rates, were consis-
tent with those observed in the previous study using HuH-7-
derived cell culture systems [19,20]. However, we detected several
in-frame deletions in the structural regions, suggesting that the
environment maintaining RNA genomic stability differs between
Li23 and HuH-7 cells. Furthermore, we observed for the first time
that GC content in nonstructural regions increased for codon
optimization in human cells. Moreover, we demonstrated that the
long-term cultured genome-length HCV RNA-replicating cells
were useful as a library source for the isolation or characterization
of resistant HCVs against anti-HCV agents.

Using Li23-derived cell culture systems, we observed that the
mutation rates of HCV RNAs were 4.0-9.0x107% and 2.7-
4.0x1072 base substitutions/site/year in 5’-terminus-NS2 regions
and NS83-NS5B regions, respectively. These values were 2.1-6.4
times and 1.4-2.9 times higher than those (1.4-1.9x107° base
substitutions/site/year) previously obtained in chimpanzees
[15,16] and in a patient [14] with chronic hepatitis C. Since we
previously found that the mutation rates of genome-length HCV
RNAs were 4.4-7.4x107° and 2.5-3.7x 107> base/substitutions/
site/year in 5'-terminus-NS2 regions and NS3-NS5B regions,
respectively, using HuH-7-derived cell culture systems [21], most
of the mutation rates were proved not to change, regardless of the
cell type. Since the selective pressures of the humoral immune
responses [17] targeting the envelope proteins and cellular
immune responses [18] targeting all HCV proteins function
uivo, the mutation rates obtained using the cell culture systems
without the immunological pressure would be reasonable values as
a potential mutation rate of HCV in RNA replication.

Thus far, many studies using the HCV replicon system,
including the whole-virus system of JFH-1 strain HCV, have
clarified the aa positions that are essential for the efficient HCV
reproduction [32—34]. On the basis of those reports, we made lists
of functional aas in HCV genotype 1 (partly genotype 2a) (Tables
Sl and S2) and then checked whether the position of each

8 March 2014 | Volume 9 | Issue 3 | e91156

505 —



i
gh s # 2 4wy
A ouzn) -terminus-NS2

{5,016 nis}

" S
. ’ m—C31 1A
SLIHAYS
i LAY
GLIIEYS
OLIHRY
o T OLHRY

0 1 2 3 %
Calculated genetic distance

B

Evolutionary Dynamics and Variations of HCV

N53-NSsB
{5,955 nts)

Bifth
E:c;;zx{;e’f} ’

LYY
OLILAY)
LAY

07 SBIOR KE SRIOrging

- CL 16

e LIV

CRBY)

0 05 1.0 15 %
Caiculated genetic distance
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of ON/C-5B/QR,KE,SR RNA [21].
doi:10.1371/journal.pone.0091156.g005

functional aa was the same as the position of the aa substitution
detected in this study. This investigation revealed that most of the
functional aas were conserved during the 4-year culture of
genome-length HCV RNA-replicating cells, suggesting that the
basic HCV RNA replication mechanism does not change during
long-term cell culture. However, as we observed several aa
substitutions in the Core from OLI11 series, the function of the
Core may be lost in long-term-cultured OL11 cells, although the
Core is not essential for RNA replication.

Although our report is the only one to conduct genetic variation
and diversity analyses of HCV during the long-term HCV RNA
replication of genotype 1b in cell culture, several similar reports
use long-term HCV RNA (JFH-1 strain of genotype 2a)-
replicating HuH-7-derived cells [35—41]. In those studies, many
adaptive mutations were found as the result of long-term persistent
HCV reproduction. Although it is a bit complicated to decide the
corresponding aa positions exactly, as the O strain and JFH-1
strain belong to different genotypes, we examined whether the
substituted aas detected in this study were found in those adaptive
mutations obtained from reports using the JFH-1 strain. We
noticed that only I1414T substituted between 2- and 4-year cultures
of OL cells was the same aa substitution as the JFH-1 strain (Table
S3). It is unlikely that this substitution functions as an adaptive
mutation for RINA replication because the HCV RNA level
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decreased between 2- and 4-year cultures (Fig. 1 and [26]). It is
also unlikely that this substitution increases virus production
because virus particles were not produced from the cells cultured
for 2 or 4 years (Fig. S1). However, we can exclude the possibility
that other aa substitutions detected at the corresponding positions
to the JFH-1 strain are adaptive mutations.

In our previous study using HuH-7-derived cell culture systems,
we noticed that none of the aa substitutions were detected in the
N-terminal half (242 aa of aa 1976 to 2217) of the NS5A after 2-
year cultures, suggesting that this region would be the most critical
for maintaining RNA replication. However, we detected many aa
substitutions in this region in all Li23-derived cell lines after 2-year
or 4-year cultures (Table 3). These were the following aa
substitutions: L2003F and H2057R in OL series; R1978K,
DI979E, KI1998R, S2079Y, and K2212R in OL8 series;
K2050R, F2099Y, and T2217I in OLI1 series; L2125V in
OL14 series. These results suggest that the N-terminal half of
NS5A also possesses further variability to allow a better
environment for HCV RNA reproduction. Another interesting
feature we noticed is that several aa substitutions were spontane-
ously detected in the interferon (IFN) sensitivity determining
region (ISDR) [42] (aa 2209-2248) and in the IFN/Ribavirin
(RBV) resistance-determining region (IRRDR) [43] (aa 2334—
2379) of NS5A in the cells without IFN or RBV treatment. In
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doi:10.1371/journal.pone.0091156.g006

Table 4. Base substitution patterns occurred in genome-length HCV RNAs during the long-term cell culture.

Average numbers of base substitutions per cDNA clone

substitution oL oL oLs OoL8 oLm oL OL14 OL14 OL~OL14 OL~OL14 O, OA, OB,
OD&OE

Transition

A -G 250 394 393 77.0 260 713 293 577 29.9%6.5 61.4+16.7 30.5+6.2

G —A 8.7 15.5 10.7 20.0 103 19.0 17 243 104£13 19.7+3.6 10.5%4.0

C—A 6.1 9.1 9.0 9.7 1.3 6.3 4.0 33 5.1%33 71£29 1.7x1.1

Base substitutions were counted by the comparison with the sequence of genome-length HCV RNA (ON/C-5B/QR,KE,SR [20]).
*Data from the previous study [20).
doi:10.1371/journal.pone.0091156.t004
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Table 5. Contribution degrees of the G- and C-ending codons except AGG and UUG codons in the GC content increase during 2-

C-NS2

2Y culture 3%/24.0** (39%) 7.3/27.7 (26%)

NS3-5B

2Y culture 2.1/9.0 (23%) 4.0/12.7 (31%)

4.3/20.6 (21%) 3.0/17.4 (17%)

0/7.9 (0%) 3.3/6.7 (49%)

ISDR, K2212R (OL8 series), T2217I (OL11 series), D2220G
(OL8 and OL14 series), and $S2246P (OL series) were detected.
Furthermore, in IRRDR, T2336S (OL11 series), S2338P (OL
series), $2342P (OLS8 series), L2347R (OLS8 series), T2351A (OL11
series), F2352V (OL8 series), F2352S (OLI11 series), F2352L
(OL14 series), S2355P (OL series), S2355T (OL14 series), T2364A
(OLS8 series), P2369H (OL series), S2373P (OL14 series), D2374N
(OL14 series), and D2377G (OL8 series) were detected (Table 3).
These aa substitutions except for D2220G also appeared in a

*The increased numbers of G- and C-ending codons except AGG and UUG codons per cDNA clone.
**The increased numbers of G and C per ¢cDNA clone.
doi:10.1371/journal.pone.0091156.t005

seemingly random manner, although aa 2352 and 2355 were hot
spots for aa substitutions in the Li23-derived cell culture system
but not in the HuH-7-derived cell culture system [20]. These
results suggest that the sensitivity to IFN or RBV might change
during long-term cell culture, although it has not yet been proved
that variations in ISDR or IRRDR may change the sensitivity to
IFN or RBV.

When we explored this possibility, we newly noticed that
L2003F (L31F in NS5A) was detected as a conservative aa in

A
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Figure 7. Sensitivity to telaprevir of the 4-year cultured genome-length HCV RNA-replicating cells. (A) Telaprevir sensitivities on
genome-length HCV RNA replication in OL(4Y), OL8(4Y), OL11(4Y), and OL14(4Y) cells. OL(0Y) cells were used as a control. The cells were treated with
telaprevir for 72 h, and then the levels of intracellular genome-length HCV RNA were quantified by LightCycler PCR. (B) Telaprevir-treated OL(0Y) and
OL(4Y) cells (designated as OL(OY)T and OL(4Y)T, respectively) became telaprevir-resistant easily. Telaprevir treatment and quantitative RT-PCR were
preformed as shown in (A).

doi:10.1371/journal.pone.0091156.9g007
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OL(2Y) and OL{4Y) cells. F in aa 2003 has been reported as an aa
showing low-level resistance to daclatasvir (BMS-790052), an
NS5A inhibitor that will soon serve as a clinical cure [44].
Furthermore, V1081A (V55A in NS3) was also detected as a
conservative aa in OL(4Y) cells. A in aa 1081 has been reported as
an aa showing low-level resistance to boceprevir, an NS3-4A
serine protease inhibitor that was approved as a new direct-acting
antiviral drug [45]. These facts indicate that clones resistant to
ant-HCV agents emerge naturally without treatment. Since
V1081A and L2003F were detected in all HCV clones derived
from OL(4Y) cells, these aa substitutions may possess some
advantage for cell proliferation. Furthermore, as a minor
population, a larger number of resistant HCV clones may emerge
from such a long-term cell culture. Although neither daclatasvir
nor boceprevir was available in this study, we demonstrated that
telaprevir-treated OL(4Y) cells completely and easily converted a
telaprevir-sensitive phenotype into a telaprevir-resistant phenotype
without a decrease in the level of HCV RNA replication,
suggesting that telaprevir-resistant HCV clones rapidly became
dominant populations in the telaprevir-treated OL(4Y) cells.

As well as V1081A and L2003F, we noticed for the first time
that D2292E (D320E in NS5A) appeared in OL(2Y), OL(4Y),
OL14(2Y), and OL14(4Y) cells as a conservative aa substitution,
although our previous study using Hul-7-derived cells detected
D2292E as a conservative aa substitution after 2-year cultures of
genome-length HCV RNA-replicating OB and OE cells [20]. It
has been reported that D2292E is an aa substitution that causes
resistance to cyclosporine (CsA) and other cyclophilin inhibitors,
including NIM811 and DEB025 [46,47]. These facts also indicate
that the HCV species possessing D2292E substitution can become
the main species naturally in cultured cells without CsA or other
treatments.

This study demonstrated that a single genome-length HCV
RNA could exhibit a remarkable diversity after 4 years in cell
culture with RNA replication. Our results, together with previous
results, suggest that such diversity of HCV obtained by long-term
cell culture may be useful not only for understanding the genetic
variations and diversity of HCV but also for the examination of
the resistant spectrum of anti-HGCV agents.

Supporting Information

Figure S1 No infectious virus production from long-
term cultured genome-length HCV RNA-replicating
cells. HCV infection to RSc (1x10% and ORL8c (5x10% cells
was performed using the supernatant (each 1 ml after filtering
through a 0.20-pum filter [Kurabo, Osaka, Japan]) of OL(0Y),
OL(4Y), OL8(4Y), OL11(4Y), or OL14(4Y) cells as an inoculum,
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IPS-1 Is Essential for Type III IFN Production by
Hepatocytes and Dendritic Cells in Response to Hepatitis C
Virus Infection
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Hepatitis C virus (HCV) is a major cause of liver disease. The innate immune system is essential for controlling HCV replication, and
HCYV is recognized by RIG-I and TLR3, which evoke innate immune responses through IPS-1 and TICAM-1 adaptor molecules,
respectively. IL-28B is a type III IFN, and genetic polymorphisms upstream of its gene are strongly associated with the efficacy of
polyethylene glycol-IFN and ribavirin therapy. As seen with type I IFNs, type III IFNs induce antiviral responses to HCV. Recent
studies established the essential role of TLR3-TICAM-1 pathway in type II IFN production in response to HCV infection.
Contrary to previous studies, we revealed an essential role of IPS-1 in type III IFN production in response to HCV. First, using
IPS-1 knockout mice, we revealed that IPS-1 was essential for type III IFN production by mouse hepatocytes and CD8* dendritic
cells (DCs) in response to cytoplasmic HCV RNA. Second, we demonstrated that type III IFN induced RIG-I but not TLR3
expression in CD8* DCs and augmented type III IFN production in response to cytoplasmic HCV RNA. Moreover, we showed that
type HI IFN induced cytoplasmic antiviral protein expression in DCs and hepatocytes but failed to promote DC-mediated NK cell
activation or cross-priming. Our study indicated that IPS-1-dependent pathway plays a crucial role in type IIl IFN production by

CD8" DCs and hepatocytes in response to HCV, leading to cytoplasmic antiviral protein expressions.
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disease (1). The 3’ untranslated region (UTR) of the

HCV genome is recognized by a cytoplasmic viral RNA
sensor RIG-I (2). HCV RNA induces RIG-I-dependent type I IFN
production to promote hepatic immune responses in vivo (2). RIG-
I is a member of RIG-I-like receptors (RLRs), which include
MDAS and LGP2. RLRs trigger signal that induces type I IFN and
other inflammatory cytokines through the IPS-1 adaptor molecule
(3). RLRs are localized in the cytoplasm and recognize cyto-
plasmic dsRNAs. Another pattern recognition receptor, TLR3,
recognizes dsRNAs within early endosomes or on cell surfaces
(4). Human monocyte-derived dendritic cells (DCs) require TLR3
to recognize HCV RNA in vitro (5), and TLR3 induces type I IFN
production through the TICAM-1 adaptor, also called Toll/IL-1R
domain-containing adapter inducing IFN-@ (6, 7).

l l epatitis C virus (HCV) is a major cause of chronic liver
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IL-28B is a type III IFN (also called IFN-\), which includes IL-
28A (IFN-A2) and IL-29 (IFN-A1) (8). Type III IFNs interacts
with heterodimeric receptors that consist of IL-10R and IL-28Ra
subunits (8). Polymorphisms upstream of the IL-28B (IFN-A3)
gene are significantly associated with the responses to polyethyl-
ene glycol-IFN and ribavirin in patients with chronic genotype 1
HCV infections (9-12). As seen with type I IFNs, type III IFNs
have antiviral activities against HCV (13). Type I IFNs induce the
expression of IFN-inducible genes, which have antiviral activities,
and can promote cross-priming and NK cell activation (14).
However, the roles of type III IFN in cross-priming and NK cell
activation are largely unknown, and the functional differences
between type I and III IFN are uncertain.

Mouse CD8" DCs and its human counterpart BDCA3* DCs are
the major producers of type III IFNs in response to polyL:C (15).
CD8* DCs highly express TLR3 and have strong cross-priming
capability (16). A recent study showed that TLR3 was important
for type III IFN production by BDCA3* DCs in response to cell-
cultured HCV (17). RIG-I efficiently recognizes the 3' UTR of the
HCV RNA genome, and, thus, RIG-I adaptor IPS-1 is essential for
type I IEN production (2). However, the role of an IPS-1-depen-
dent pathway in type III IFN production in vivo has been under-
estimated. In this study, we investigated the role of an IPS-1-
dependent pathway in type III IEN production in vivo and in vitro
using IPS-1 knockout (KO) mice and established an essential role
of IPS-1 in type III IFN production in response to HCV RNA. Our
study indicated that not only TICAM-1 but also IPS-1 are essential
for type III IFN production in response to HCV.

Materials and Methods
Mice

All mice were backcrossed with CS7BL/6 mice more than seven times
before use. The generation of TICAM-1 and IPS-1 KO mice was described

— 511 —



The Journal of Immunology

previously (18). All mice were maintained under specific pathogen-free
conditions in the Animal Facility of the Hokkaido University Graduate
School of Medicine (Sapporo, Japan). Animal experiments were conducted
according to the guidelines established by the Animal Safety Center,
Japan.

Cell lines and reagents

Human hepatocyte cell lines O cells and O cured (Oc) cells that contained
HCV 1b replicons were provided by N. Kato (Okayama University). Mouse
hepatocyte cell line was described previously (19). Polyl:C was purchased
from GE Healthcare and dissolved in saline. An OVA (H2K"-SL8) tetra-
mer was purchased from MBL. PE-CDS80, -CD86, -NK1.1, FITC-CDS,
and allophycocyanin-CD3e Abs were purchased from BioLegend, and
PE-CD40, FITC-CD69, and allophycocyanin-CDllc Abs were from
eBioscience. An ELISA kit for IFN-B was purchased from PBL Bio-
medical Laboratories, and ELISA kits for mouse IL-28 (IFN-A2/3) were
purchased from Abcam and eBioscience. An ELISA kit for mouse IFN-y
was purchased from eBioscience. ELISA was performed according to the
manufacturer’s instructions. Mouse IFN-a and IFN-A3 (IL-28B) were
purchased from Miltenyi Biotec and R&D Systems, respectively.

Cell preparation

Spleen CD8* and CD4" DCs were isolated using CD8" DC isolation kit
and CD4-positive isolation kit, according to manufacturer’s instruction
(Miltenyi Biotec). Spleen CDI1lc¢* DCs were isolated using CD1lc
microbeads. To obtain splenic double-negative (DN) DCs, CD4* and
CD8™ cells were depleted from mouse spleen cells using CD4 and CD8
MicroBeads (Miltenyi Biotec), and then CD11c* DCs were positively
selected using CD11c MicroBeads (Miltenyi Biotec). We confirmed that
>90% of isolated cells were CD4™, CD8™, and CD11c* DCs. Splenic NK
cells were isolated using mouse DX5 MicroBeads (Miltenyi Biotec). The
cells were analyzed by flow cytometry on a FACSCalibur instrument (BD
Biosciences), followed by data analysis using FlowJo software.
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Generation of bone marrow-derived DCs and bone marrow—
derived macrophages

Bone marrow cells were prepared from the femur and tibia. The cells
were cultured in RPMI 1640 medium with 10% FCS, 100 pM 2-ME, and
10 ng/ml murine GM-CSF or culture supernatant of L929 expressing
M-CSF, Medium was changed every 2 d. Six days after isolation, cells
were collected.

Hydrodynamic injection

Total RNA from the human hepatocyte cell lines O cells and Oc cells was
extracted using TRIzol reagent (Invitrogen). HCV genotype 1b 3 UTR
RNA, including the polyU/UC region, was synthesized using T7 and SP6
RNA polymerase and purified with TRIzol, as described previously (20).
RNA was i.v. injected into a mouse by a hydrodynamic method using a
TransIT Hydrodynamic Gene Delivery System (Takara), according to the
manufacturer’s instruction.

Quantitative PCR

For quantitative PCR, total RNA was extracted using TRIzol reagent
(Invitrogen), after which 0.1-1 pg RNA was reverse transcribed using
a high-capacity cDNA transcription kit with an RNase inhibitor kit (Ap-
plied Biosystems), according to the manufacturer’s instructions. Quanti-
tative PCR was performed using a Step One real-time PCR system (Applied
Biosystems). The expression of cytokine mRNA was normalized to that of
B-actin mRNA, and the fold increase was determined by dividing the
expressions in each sample by that of wild type at 0 h. PCR primers for
mouse IFN-A amplified both IFN-A2 and A3 mRNA. The primer sequences
are described in Supplemental Table 1.

Activation of NK cells in vitro

NK cells and CD11c* DCs were isolated from spleens using DX5 and
CD11c MicroBeads (Miltenyi Biotec), respectively. A total of 2 X 10° NK
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FIGURE 1. Type I and type III IEN productions in response to HCV RNA in vivo. (A) O cell and Oc cell RNA (20 pg) were hydrodynamically injected

into wild-type mice. Six hours later, mouse livers were excised, and IFN-3,

a2, and -A2/3 mRNA levels were determined by quantitative RT-PCR. (B) O cell

RNA (20 pg) with HCV replicons was hydrodynamically injected into wild-type, TICAM-1 KO, and IPS-1 KO mice. Six hours after injection, IFN-, a2,
and -A2/3 mRNA levels in liver were determined by quantitative RT-PCR. IFN-B protein levels in mouse livers were determined by ELISA. (C) HCV
ssRNA or HCV dsRNA (5 pg) was hydrodynamically injected into wild-type, TICAM-1 KO, and IPS-1 KO mice. Six hours after injection, IFN-8 and -A2/3
mRNA levels in liver were determined by quantitative RT-PCR. (D) O cell RNA (20 p.g) with HCV replicons was hydrodynamically injected into wild-type,

TICAM-1 KO, and IPS-1 KO mice. Six hours after injection, serum IFN-f

and -A2/3 concentrations were determined by ELISA. (E) HCV ssRNA or HCV

dsRNA (5 pg) was hydrodynamically injected into wild-type, TICAM-1 KO, and IPS-1 KO mice. Six hours after injection, serum IFN-B and -A2/3 con-

centrations were determined by ELISA.
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cells and 1 X 10° DCs was cocultured with IFN-\, IFN-a, or polyl:C.
After 6, 12, and 24 h, IFN-y concentrations in the supernatants were de-
termined by ELISA. To determine CD69 expression, NK1.1* and CD3e*
cells in 24-h sample were gated.

Ag-specific T cell expansion in vivo

OVA (1 mg) and IFN-A (0.5 pg) or 1 X 10° U IFN-« were i.p. injected
into mice on day 0, and then 0.5 pg IFN-\ or 1 X 10° IU of IFN-o was
injected into mice on days 1, 2, and 4. On day 7, spleens were homogenized
and stained with FITC CD8a Ab and PE-OVA tetramer for detecting OVA
(SL8)-specific CD8* T cell population. For a negative control, PBS in place
of IFN was injected on days 0, 1, 2, and 4. For a positive control, 100 p.g
polyl:C and OVA were injected into mice on day 0.

Results

TICAM-1 is essential for type IIl IFN production in response to
polyl:C

DCs require the TLR3 adaptor TICAM-1 to produce type II IFN
in response to polyl:C (15). Adding polyl:C to culture medium
for mouse bone marrow—derived macrophages (BM-Mf) induced
IFN-B, IFN-a2, IFN-a4, and IFN-A2/3 mRNA expression, and
TICAM-1 KO abolished IFN-A2/3 mRNA expression (Supplemental
Fig. 1A). These results suggested an essential role for TICAM-1
in type III IFN expression by BM-Mf.

IPS-1-DEPENDENT TYPE III IFN PRODUCTION

Next, we examined cytokine mRNA expression in mouse tissues
in response to i.p. injected polyl:C. IFN-8, IFN-a2, and IFN-a4
mRNA expression was detectable in both wild-type and TICAM-1
KO mice livers, whereas IFN-A2/3 mRNA expression was not
detected in TICAM-1 KO mouse liver (Supplemental Fig. 1B-1E).
A recent study showed that TLR3 KO abolished IFN-A serum levels
in response to i.v. polyl:C injection (15). Our results and those in the
previous study confirmed that TICAM-1 is essential for type III IFN
expression in response to polyl:C.

IPS-1 plays a crucial role in type III IFN production in
response to HCV in vivo

IPS-1 is essential for type I IFN production in response to HCV
RNA and polyl:C in vivo (2, 3). We investigated whether IPS-1
could induce type III IFN production. An ectopic expression study
using IPS-1 and TICAM-1 expression vectors showed that both
TICAM-1 and IPS-1 activated the IFN-A1 promoter (Supplemental
Fig. 2A, 2B), which suggested that IPS-1 has the ability to induce
IFN-A1 expression. A deletion analysis showed that a 150- to 556-aa
region of TICAM-1 and the transmembrane region of IPS-1 were
essential for IFEN-B, -A1, and 2/3 promoter activations (Supplemental
Fig. 2C, 2D).

Hydrodynamic injection is a highly efficient procedure to deliver
nucleic acids to the mouse liver (21), and Gale Jr. and colleagues
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FIGURE 2. Type I and type III IFN expression in mouse DCs and Mfs in response to HCV RNA. (A and B) O cell RNA (A) or polyl:C (B) (20 p.g) was
added to the culture medium of BM-DCs and BM-Mfs derived from wild-type, TICAM-1 KO, and IPS-1 KO mice. IEN-8 and IFN-A2/3 mRNA levels were
determined by quantitative RT-PCR at indicated hours. (C and D) O cell RNA (C) or polyl:C (D) (1 wg) was transfected into BM-DCs and BM-Mfs derived
from wild-type, TICAM-1 KO, or IPS-1 KO mice. IFEN-B (C) and -A2/3 (D) mRNA levels were determined by quantitative RT-PCR.
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