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. Increased ]ucliemse—lephcon by PD98059 or U0126. (A) curedMH]14 cells transfected with the luciferase- 1ép]icon RNA construct (LMH]4) were

treated with DMSO (0.1%), TFN-ac (100 TU/m)), TL-15 (10 ng/mi), cyclosporin A (CsA, 1 pg/mi), SB203580 (10 ]IM) dexamethazone (1 pM), PD98059 (10
uM), BMP-4 (10 ng/ml), TGF-p (2 ng/ml), TGF-a (] ng/ml), cisplatin (1 pg/ml) or MMS ‘(methyl methanesulfonate; 0.1' mM). Three days later, cellular
luciferase activity was measured. (B) curedMH14 cells transfecied with the luciferase-replicon RNA construct were treated with DMSO (white circle),
PD98059 (10 1M, black box) or IFN-a (100 1U/ml). At the indicated times, cells were harvested for determination of luciferase activity. The activity of DMSO-
treated cells was set to 100%. (C), Western blotting analysis ofphospho ERK (upper panel) and total ERK (middle panel) in cells treated with or without
PDY8059 (10 M) for 10 h. CBB staining pattern of the same blot is used as a loading control (lower -panel). (D,E) Dose- dcpcndence of MEK - ERK inhibitors
on the activity of the luciferase-replicon. Cells transfected with the luciferase-replicon RNA construct were treated with varying concentrations of PD98059 (D)
or U0126 (E), and luciferase activity was subsequently determined. The luciferase activity was shown with the SD value of three independent experiments.

response to growth or stress signals, respectively, and MNK
phosphorylates elF4E (Raught and Gingras, 1999).

Cell treatment with 20 M CGP57380 decreased the
luciferase-replicon to 34% (Fig. 4A) and the ratio of IRES-
dependent over cap-dependent value to 64% when di-
cistronic vector (Fig. 4B) was used. There was little to no
effect of lower inhibitor concentrations on translation (Figs.
4A,B,C). In order to verify the effectiveness of CGP57380,
we examined the activation of elFAE by blotting with an
anti-phospho-elF4E antibody. Treatment with CGP57380
clearly eliminated elF4E ‘phosphorylation, and a partial
reduction in elF4E phosphorylation was seen following
treatment with PD98059, even though total elF4E levels
were unchanged (Fig. 4D).

These data, combined with accumulating evidence
(Scheper and Proud, 2002), suggest that elF4E phosphor-
ylation does not play a positive role in cap-dependent
translation, and, morecver, it may lmit cap-dependent

translation in cultured cells, although the physiological
significance of elFAE phosphorylation remains controver-
sial. Nevertheless, drug-induced reduction in elF4E phos-
phorylation did not enhance IRES-dependent translation
compared to cap-dependent translation.

Effect of 4EBP on HCV IRES

An additional key translation ‘regulator downstream of
the MEK-ERK pathway is the elF4E-binding protein
4EBP. When elF4E is bound by 4EBP, ribosomes are not
recruited to the cap structure and translation is blocked.
Among the three isoforms, 4EBP1 is the best characterized.
The binding of 4EBP1 with eIF4E is controlled by tl
phosphorylation state of 4EBP1, where the hypo/basal-
phosphorylated form of 4EBP1 interacts tightly with elF4E,
but upon hyper-phosphorylation, 4EBP1 binding 1o elF4E is
inhibited (Gingras et al., 2001). mTOR has been reported to
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Fig. 3. Increased HCV IRES by PD98059 or U0126. Dose-dependence of MEK — ERK inhibitors on the activity of the di-cistronic pRLIL-2 vector (A,B.EF)
and mono-cistronic expression vectors (C,D,G,H). (A,E) Cells transfected with di-cistronic pRLIL-2 were incubated with varying concentrations of PD98059
(A) or U0126 (E), and luciferase activity was subsequently determined. JRES-dependent firefly luciferase activity is shown in white, and cap-dependent renilla
luciferase activity is in black. (B,F) The.results in panels (A) and (E) are shown as the ratio of IRES-dependent over cap-dependent value, respectively. (C,G)
Cells transfected with mono-cistronic IRES-luc (white bar) and cap-rluc-pA (black bar) were incubated with varying concentrations of PD98059 (C) or U0126
(G), and luciferase activity was Rubsequenlly determined. (D,H) The results.in panels (C) and (G) are shown as the ratio of IRES-dependent over cap-dependent

value, respectively. The luciferasc:activity was shown with the SD value of three independent experiments.

phosphorylate 4EBP1 (Gingras et al., 1999), and, recently,
He1belt et al. (2002) proposed that ERK is involved in the
hyper-phosphorylation of 4EBP1.

We, investigated. a pOSSlb]e role for 4EBPI in 1l1e
observed IRES activation by PD98059. Exogenous expres-
sion of wild type or dominant active form of 4EBP1 (T46A,
Mothe-Satney et al., 2000) elevated the luciferase-replicon
to 420 and 325% of control levels, respectively, and
PD98059 treatment enhanced these effects (Fig. SA). A
mutant form of 4EBP1 unable to interact with eIF4E (mBD,
Mader et al., 1995), however, did not affect the luciferase-
replicon activity (Fig. 4A). Luciferase expression driven by
a di-cistronic vector resulted in a similar trend (Fig. 5C).

:Both the wild type and mBD forms of 4EBP] were hyper-
phosphorylated (Fig. 5D). In the cell line used, Huh-7,
endogenous 4EBP1 was not detected (Fig. 5D, vec). The

_expression levels of wild-type and T46A were reduced

compared to mBD, likely as a result of the auto-suppression
of cap-dependent translation by the wild type or T46A
4EBPI.

We next tried to eliminate ‘endogenous 4EBP. K_nock-
down of 4EBP was confirmed following individual SIRNA
(Fig. 6A) or all S]RNAS tlea’fmem (Fig. 6B). Amonn the
different 4EBP isoforms, knock-down of 4EBP2 led 1o the
strongest reduction in the luciferase-replicon (Figs. 6C.D)
and the IRES/cap-translation in the di-cistronic vector (Figs.
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Fig. 4. Effect of CGP57380 on

luciferase-replicon or HCV IRES. (A) Cells transfected with the luciferase-replicon RNA construet were treated with

CGP57380 (uM). Three days after transfection, cells were harvested for determination of luciferase activity. The activity of DMSO-treated cells was set to
100%. (B) Cells transfected with di-cistronic pRLIL-2 were incubated with CGP57380, and luciferase activity was subsequently determined. IRES-dependent
firefly luciferase activity is shown in white, and cap-dependent renilla luciferase activity is in black. (C) The results in panel (B) are shown as the ratio of IRES-
dependent over cap-dependent value. The luciferase activity was shown with the SD value of three independent experiments. (D) Western blotting was
performed to examine the phosphorylation of eIF4E (upper panel) and total elF4E (middle panel) in cells treated with or without CGP57380 (20 pM). CBB
staining pattern of the same blot is used as a loading control.
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Fig. 5. Effect of exogenous expression of 4EBP on luciferase-replicon or HCV IRES. (A) Cells were transfected with the luciferase-replicon RNA construct
together with empty vector (vec), vector for 4EBP1, 4EBP1T46A or 4EBPImBD. 4EBP1T46A is a dominant-active form of 4EBP1, and 4EBPImBD Jacks the
ability to bind with eIF4E. Cells were harvested for determination of luciferase activity after 3 days incubation with PD98059 (10 1M). White and black bars
indicate absence and presence of PD98059, respectively. The data are normalized by cotransfection with the pRL-TK. (B) Cells were cotransfected with di-
cistronic pRLIL-2 together with empty vector (vec), vector for 4EBP1, 4EBPI1T46A or 4EBPImBD. Luciferase activity was subsequently determined. IRES-
dependent firefly luciferase activity is shown in white, zmd cap- dependem renilla luciferase activity is in black. (C) The results in pane] (B) are shown as the
ratio of IRES-dependent over cap-dependent value. Wlnte and black bars indicate absence and presence of PD98059, respectively. The luciferase activity was
shown with the SD value of three independent exper iments. (D) Weslem blotting was pel fonned to examine the expression and phosphorylation state of 4EBP
in cells using anti-4EBP antibody. CBB staining patten of the same blot is used as'a loading control.

6G,H). Huh-7 cells express higher levels of 4EBP2
compared to the other isoforms, and we hypothesize that
this may account for the observed effect.

The above results suggest that 4EBP proteins, partic-
ularly 4EBP2 in this cell line, play an important role in HCV
IRES-mediated translation. However, no evidence impli-
cated 4EBP in the ERK-mediated modification of IRES
activity because, even in the presence of the mBD mutant or
the elimination of 4EBP isoforms, PD98059-mediated
activation of IRES-dependem translation still occurred.

Effect ofPD98059 on G416- IGSISI(II?I suboenomrc zephcon

Since IRES mednted translation- can.. 1evulate RNA
replication in::cultired HCV. replicon cells (He et al,
2003), we tested the effect of PD98059 on G418- resistant
replicon RNA replication. When monitored by either real-
time RT-PCR (Fig. 7A) or Northern blotting (Fig. 7C),
replicon RNA was increased up to 210% of vehicle-treated
control by the administration with 30 uM of PD98059 for
24 h. The replicon RNA levels decreased at 48 h or later
probably because of the cell growth suppression (Fig. 7B).
Additionally, PD98059 induced the production of viral
protein NS5A (Fig. 7D). Although replicon RNA levels can
fluctuate and are not the most stringent test, as Zhu and Liu
(2003) also observed, the observed up-regulation of HCV
replicon RNA and a viral protein at 24 h strongly suggests
an effect of PD98059.

PDI9805 promotes HCV multiplication in a model of HCV

infection

To examine the effects of PD98059 on HCV rephication,
we infected curedMH14 (Fig. 8A), Huh-7 (B), OUMS-29
H-11 (C) or PH5CHS (D) cells with HCV-positive serum for
] day and incubated cells with either PD98059 or vehicle.

curedMH14 had been prepared by curing an HCV replicon
cell line of replicon RNA (Murata et al., 2005). OUMS-29/
H-11 is a human hepatocyte cell line, in which SV40 large T
antigen and hepatocyte nuclear factor 4 (HNF4) had been
introduced by stable transfection (Inoue et al., 2001), and
PH5CHS is a human hepatocyte line that hat had been
immortalized with SV40 large T antigen (Ikeda et al., 1998).
HCV replication efficiency is highly dependent on the
cell culture conditions, and poor infectivity can lead to little
or no replication. However, HCV infectivity was dramati-
cally improved by the addition of 30 pM PD98059 (Fig. 8).
With 30 uM PD98059, virus RNA levels on day 5 were 162,
113 and 146% of the levels of day 1, whereas they were 0,
33 and 0% in curedMH14, OUMS-29 H-11 and PH5CHS
~cells treated \\’itll'DMSQ, respectively. Thus, HCV repli-
catipn “was increased by 100-fold or more in curedMH14
and PH5CHS cells on the fifth day. Huh-7 cells were not as
permissive for viral infection under these conditions.

Discussion

In this study, we found that the addition of PD98059, an
inhibitor of the MEK ~ERK pathway, enhanced HCV IRES-
dependent translation and HCV replication in cultured cells.

Multiple cellular factors bind directly to the HCV IRES
including €lF3 (Sizova et al., 1998), the 40S ribosome (Otto
et al., 2002), polypyrimidine tract-binding protein (PTB, Ali
and Siddiqui, 1995), La autoantigen (Ali and Siddiqui,
1997) and heterogeneous nuclear ribonucleoprotein L
(hnRNP L, Hahm et al.,, 1998). Some of these molecules
may play a role in the PD98059-mediated activation of
HCV IRES-dependent translation.

Several reports have suggested that translation driven by

the HCV IRES (Honda et al., 2000), as well as other IRESes
(Pyronnet et al., 2000; Comel]s et al., 2000), is highest in
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Fig. 6. Effect of RNAi knock-down of 4EBPs on Juciferase-replicon or HCV IRES. (A) Cells were transfected with control siRNA (si cont) or sidEBP1, 2 or 3,
independently. Total RNA was collected to examine the levels of relevant 4EBP RNA by RT-PCR. (B) Cells were transfected with control siRNA (si cont) or
sidEBPI, 2 and 3, altogether. Total RNA was collected to examine the levels of every isoform of 4EBP RNA by RT-PCR. (C,D) Cells were cotransfected with
LMH14 luciferase-replicon RNA construct and various siRNAs, independently (C) or together (D). Luciferase activity was determined afier 3 days incubation
with or without 10 pM PD98059. White and black bars indicate absence and presence of PD98059, respectively. The data are normalized by cotransfection
with the pRL-TK. (E,F) Cells were cotransfected with di-cistronic pRLIL-2 together with various siRNAs, independently (E) or together (F). Luciferase activity
was subsequently determined. IRES-dependent firefly luciferase activity is shown in white, and cap-dependent renilla luciferase activity is in black. (G,H) The
results in panels (E) and (F) are shown as the ratio of IRES-dependent over cap-dependent value. White and black bars indicate absence and presence of
PDI8059, respectively. The luciferase activity was shown with the SD value of three independent experiments.

the mitotic phase (G2/M) and relatively lower in other In addition to ERK signaling, p38 MAPK and JNK
phases of the cell cycle. Since the MEK~ERK signaling signaling pathways are also involved in translation regu-
pathway is largely suppressed in the G2 phase (Tamemoto lation. Cellular stress negatively affects cap-dependent

et al., 1992), MEK-ERK signaling may also be a key protein synthesis (Patel et al., 2002), while EMCV (Hirasawa
regulator of this phenomenon. et al., 2003) or c-myc (Subkhankulova et al,, 2001) IRES-
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Fig. 7. Effect of PD98059 on G4]8-resistant subgenomic replicon. (A)
MH14, a G418-resistant subgenomic replicon cell line, was treated with
DMSO (white circle), 30 1M PD98059 (X), 10 uM PD98059 (black box) or
100 TU/ml IFN-o (white triangle) for 1, 3, 5 or 7 days. Following the
extraction of total RNA, the quantity of HCV replicon RNA was deterniined
by real-time RT-PCR analysis. (B) In parallel with the experiments-in Fig.
5A; cells were treated with DMSO (white cirele), 30 pM PD98059: (X),
10 pM PD98059 (black box) or 100 JU/ml IFN-a (white triangle). Cell
numbers were counted at the indicated time points. (C) Total RNA of cells
treated for 1 day was also subjected to Northern blot analysis (upper pane).
The ethiditm bromide staining of ribosomal RNA is shown as an internal
control (lower ‘panel). (D) Total protein of cells treated for 1 day was
harvested to examine the amount of NS5A (upper panel). CBB staining
pattem of the same blot is shown as a loading control (lower panel).

dependent translation is elevated by these signals. There-
fore, these signaling pathways may also affect HCV IRES-
dependent translation.

A cell culture system supporting HCV replication has
not existed for some time. When immortalized hepatocyte
cell lines are infected with HCV, viral replication
efficiency is not high despite high replication rates in
patients. Many researchers have attempted -to solve this
problem. lkeda et al. (1998) demonstrated that incubation
of cells at lower temperature helps virus replication.
Aizaki et al. (2003) used a three-dimensional hepatocyte
culturing system. Others varied the bovine serum levels,
vitamins, lipids or amino acid composition or the pH of
the culture medium. We observed that freshly thawed
cells with lower viability supported replication better than
rapidly growing cells. We now propose a simple infection
system that supports highly efficient HCV replication in
cultured cells by adding PD98059 in the medium.

Cells isolated from human liver are cultured in
conditions that substantially differ from the in vivo

environment and are often immortalized by oncogene
expression. Consequently, many signaling pathways are
likely aberrantly regulated in vitro. Among these path-
ways, it seems likely that ERK signaling is responsible
for regulating HCV replication in cultured cells, and
PD98059 may help mimic the in vivo environment and
facilitate HCV replication. by enhancing IRES-dependent
translation.

Although treatment with PD98059 increased the
replication of viral RNA in various cell lines. when
infected with HCV-positive serum (Fig. 8), replicon
RNA levels were not increased under similar conditions
(Fig. 7). The RNA copy number may explain these
differences. PD98059 may not enhance. the replication of
replicon RNA because, in. these systems, viral RNA- and
proteins are abundant even.in the absence of the inhibitor.
In cells infected with. patient serum, highly efficient IRES-
dependent translation may be essential for viral replication
due to the low copy number of viral RNA per cell.

+ Mutations of serine residues within NS5A that affect
the -protein. hyper-phosphorylation enhance replication. of
the virus replicon (Blight et al., 2000), and inhibitors of
NS5A kinase(s) activate replication (Neddermann et al.,
2004). Since the CMGC group . of serine—threonine
kinases has . been implicated in the . phosphorylation of
NS5A (Reed et al, 1997), PD98059 might affect the
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Fig. 8. Increased HCV multiplication by PD9805 in cells infected with
HCV-positive serum. curedMH14 (A), Huh-7 (B), OUMS-29 H-11 (C) or
PHSCHS (D) cells were infecled or mock-infected (white triangle) with
HCV-positive serum for 1 day. Afier extensive washing with PBS, the cells
were cultured with fresh medium supplemented with DMSO (white circle),
30 pM PD98059 (X), 10 uv PDIB0SY (biack box). At the indicated times,
total RNA was extracted, and the quantity of HCV RNA was determined by
real-time RT-PCR analysis.
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phosphorylation of the NS5A protein and thereby elevate
replication. When we ftreated cells with PD98059,
however, the levels of hyper-phosphorylated NS5A were
not affected (not shown). This suggests that PD9§059
activates viral replication through the enhancement of
IRES-mediated translation but not through a reduction in
phosphorylation state of NSSA.

Multiplication of influenza virus (Pleschka et al., 2001),
borma disease virus (Planz et al., 2001), coxsacklevuus
(Luo et al., 2002), visna virus (Ba1bel et al., 2002), human
nmnunodeﬁmency virus (Montes et al., 2000), vaccinia
virus (de Magalhaes et al.,, 2001), Epstein~Barr virus (Gao
et al., 2001), cytomegalovirus (Rodems and Spector, 1998)
and human herpesvirus-8 (Akula et al., 2004) are promoted
by MEK-ERX signaling pathway activation. Activation of
this pathway results mn efficient cell cycle promotion, high
cellular or viral gene production and increased availability
of biomaterials, such as nucleotides or amino acids. Many
of these viruses, therefore, likely exploit' the cellular
environment created through the activation of the MEK -
ERK ‘pathway. Interestingly; replication of the hepatitis B
virus (HBV) ‘is negatively regulated by the MAPK
signaling pathway (Zheng et al; 2003). Because both
HBYV and HCV infect the same target organ, it is possible
that both viruses have evolved similar means to exploit
host' signaling pathways. Much research is needed to
identify the factors conferring organ specificity to HCV,
however,

Materials and methods
Cell culture, antibodies and reagents

Huh-7 or curedMH14 cells (Murata et al., 2005) were
maintained in Dulbecco’s modified Eagle medium (Invitro-
gen, Carlsbad, CA) supplemented with 10% fetal bovine
serum, 100 units/m] nonessential amino acids (Invitrogen,
Carlsbad, CA) and 100 pg/m! penicillin and streptomycin
sulfate (Invitrogen, Carlsbad, CA). MH14 replicon cells
(Miyanari et al., 2003) were cultured in the same medium
with 300 pg/ml G418 (Geneticin, Invitrogen, Carlsbad, CA).
OUMS-29/H-11 cells (Inoue et al., 2001, Fukaya et al., 2001)
were maintained in ASF-104 medlum (Ajinomoto, Tokyo,
Japan) with 100 pg/ml penicillin and streptomycin sulfate
(Invitrogen, Carlsbad, CA), and PHSCHS cells were cultured
as described (Ikeda et al., 1998).

Rabbit anti-ERK, labblt anti-phospho-ERK, rabbit anti-
elF4E and mouse anti-phospho-elF4E antibodies were
purchased from Cell Signaling Technology (Beverly, MA).
Rabbit anti-4EBP antibody was from Santa Cruz Biotech-
nology (Santa Cruz, CA). Horseradish-peroxidase-linked
goat antibodies to mouse or rabbit 1gG were from
Amersham Biosciences (Piscataway, NJI). PD98059 and
other inhibitors were obtained commercially from Calbio-
chem-Novabiochem (San Diego, CA).

Plasmid construction

The pLMH14, used to synthesize the luciferase-replicon
LMH14 RNA and mono-cistronic IRES-luc RNA, has been
described previously (Murata et al., 2005). The di-cistronic
plasmid vector, pRLIL-2, was based on the pRL-CMV
Vector (Promega, Madison, WI) and contains HCV IRES
sequence (complete 5'-UTR sequence and initial part of the
Core gene) plus the firefly luciferase sequence obtained
from pGL2 Vector (Promega, Madison, WI).

The human 4EBP! gene was cloned by RT-PCR into
the mammalian expression vector pcDNA3 (Invitrogen,
Carlsbad, CA) to obtain pcDNA4EBP.. Primers used to

clone the gene were 5'-cggaattcgatgtccgggggcageagetge-3'’

and . 5'-ctgactcgagttaaatgtccatctcaaactgtg-3'. To generate
pcDNS4EBPT46A and pcDNA4EBPmBD plasmids,
mutations  were inserted into pcDNAA4EBP by PCR-based
site-direcled mutagenesis using the - primers 5'-ctggtacc-
tcccggggeggtactgaagagegtg-3’ for T46A and 5'-gaggtac-
caggatcatctatgaccggaaattcgcgoc gagtOtcggaﬁctc -3 for
mBD, Bold letters in the pnmels denote the substituted
nucleotldes i

RNA synthesis in vitro

In order to synthesize the LMHI14 luciferase-replicon
RNA or mono-cistronic IRES-luc RNA, pLMHI4 was
digested with Xbal or Kpnl, respectively, and subjected to in
vitro” transcription using a MEGAscript T7 kit (Ambion,
Austin, TX) according to the manufacturer’s instructions.
Following DNase treatment, RNA was purified by lithium
chloride precipitation. For production of mono-cistronic
cap-rluc-pA RNA, the pRL-TK Vector (Promega, Madison,
WI) was cut with Xbal and transcribed in vitro using
mMESSAGE mMACHINE T7 Kit (Ambion, Austin, TX)
for capping. Poly(A) Tailing Kit (Ambion, Austin, TX) was
then used for polyadenylation of the RNA.

Luciferase assay

Lipofection with RNA was performed using DMRIE-C
reagent (Invitrogen, Carlsbad, CA) according to the
manufacturer’s instructions. Plasmid DNA, including
PRLIL-2, was transfected into cells using FuGENEG reagent
(Roche, Indianapolis, IN). Luciferase activity was measured
using a Dual-Luciferase Reporter Assay System (Promega,
Madison, WI). Assays were performed in triplicate; standard
deviations are denoted by bars in the figures.

Real-time RT-PCR analysis

Total RNA was extracted from cells using Sepasol
RNAI super reagent (Nacalai Tesque, Kyoto, Japan)
according to the manufacturer’s protoccl. The 5'-UTR of
HCV genomic RNA was quantified with the ABI PRISM
7700 sequence detector (Applied Biosystems, Foster City,
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CA) as described (Watashi et al., 2003) using the 5'-
CGGGAGAGCCATAGTGG-¥ (f01wa1d) and 5-AGTAC-
CACAAGGCCTTTCG-3' (reverse) primers and the fluo-
rogenic probe 5-CTGCGGAACCGGTGAGTACAC-3'.
As an internal control, ribosomal RNA was quantified
using TagMan ribosomal RNA control reagents (Applied
Biosystems, Foster City, CA).

Northern and Western blot analysis

Total RNA was extracted from cells using Sepasol RNAI
super reagent (Nacalai Tesque, Kyoto, Japan). Northern or
Western blot analysis was performed as described previ-
ously (Kishine et al., 2002). The 1.5-kb. EcoRI fragment of
PNNRZ2 was used as the probe, which corresponds to the
C-terminal half of the NS5A gene and N-terminal half of the
NS5B gene.’

In vitro HCV infection

The in vitro HCV infection experiment was carried out as
described previously (Watashi et al.,, 2003). In shoit, cells
were infected with the serum which was prepared from an
HCV-positive blood donor. At 24 h post-inoculation, the
cells were washed three times with PBS and maintained
with fresh  medium with-DMSO or PD98059 until the
extraction of the RNA sample.

SIRNA

Sequences of siRNAs (Invitrogen, Carlsbad, CA) were
as follows: 5'-aactcaccigtgaccaaaaca-3' for 4EBPI, 5'-
aagactccaaagtagaagtaa-3' for AEBP2 ‘and 5'-aagctggagtg-
caagaactca-3’ for 4EBP3. Before using, the siRNAs were
dissolved in RNase-free water, denatured once at 98 °C for
1 min and annealed at 37 °C for 1 h. For electroporation of
SiRNA, 4 x 10° cells and 0.8 g siRNA were suspended in
400 ]l of OPTI-MEM (Invitrogen, Carlsbad, CA) and
pulsed at 250 V and 950 pF using GenePulser (Bio Rad,
Hercules, CA) at 4 °C. To evaluate the silencing effects of
siRNAs, RT-PCR was performed using One-Step RT-PCR
Kit (TaKaRa, Ohtsu, Japan) according 1o the manufacturer’s
instruction. Primer sequences used were as follows: 4EBP1,
5'-cggaattcgatglccgggggcageagetge-3' and 5 -ctgactcgagt-
taaatgiccatctcaractgig-3’, 4EBP2, 5'-cggaattcatgtectegt-
cagccggeag-3’ and 5'-ctgactcgagtcagatgtccatctcgaac-3,
4EBP3, 5'-cggaattcatgtcaacgtecactagetg-3’' and 5'-ctgacte-
gagttagatgtccatttcaaattg-3', GAPDH, 5'-tttctcgagatggg-
gaaggtgaaggtcg-3' and 5 -ccggaattctggagggatctegetectg-3'.
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Summary :

Viruses depend on host-derived factors for their effi-
cient genome replication. Here, we demonstrate that a
cellular ‘peptidyl-prolyl cis-trans isomerase. (PPlase),
cyclophilin B (CyPBY), is critical - for. the -efficient repli-
cation 'of: the :hepatitis C virus. (HCV) genome. CyPB
interacted with-the HCV RNA:polymerase NS5B to.di-
rectly stimulate . its ‘RNA: binding activity. Both. the
RNA interference (RNAi)-mediated. reduction of. en-
dogenous CyPB expression. and.the induced loss of
NS5B binding to . CyPB decreased:the levels of HCV
replication. Thus, CyPB functions as-a stimulatory
regulator of NS5B in HCV replication machinery. This
regulation -mechanism for viral replication identifies
CyPB as a target for antiviral therapeutic strategies.

Introduction .- -

CyP was originally discovered:as a cellular factor with
high affinity for.the immunosuppressant cyclosporin A
{CsA) (Handschumacher et al.,:1984; Schreiber, 1981).
CyPs are a family of PPlases, which catalyze the cis-
trans interconversion of peptide bonds amino-terminal
to proline residues, facilitating changes in protein con-
formation (Fischer et al., 1998; Takahashi, 1999; Wald-
meier et -al., 2003). In mammals, CyPs include more
than ten subtypes (Braaten and Luban, 2001; Taka-
hashi, 1999; Waldmeier et al., 2003). CyP family mem-
bers function in numerous cellular processes, including
transcriptional regulation, immune response, protein
secretion, and mitochondrial function (Braaten and Lu-
ban, 2001; Brazin et al.; 2002; Colgan et al., 2004; Duina
et al., 1996; Rycyzyn and Clevenger, 2002; Waldmeier
et al., 2003). In this study, we report the involvement
of CyPB in HCV. genome replication and propose its
molecular mechanism.

HCV is a major causative agent of liver diseases such
as chronic hepatitis, liver cirrhosis, and hepatoceliular
carcinoma (Liang et al., 1993). HCV, a member of the
Flaviviridae family, has a positive-strand RNA genome.
The genome encodes a large precursor polyprotein,
which is cleaved by host and viral proteases to gener-
ate at least ten functional viral proteins: core, envelope
(BE)1, E2, p7, nonstructural protein (NS)2, NS3, NS4A,
NS4B, NS5A, and NS5B (Grakoui et al., 1993). NS5B is

*Correspondence: kshimoto@virus.kyoto-u.ac.jp

an RNA-dependent RNA polymerase (RdRp), which is
crucial in viral genome replication (Bartenschlager and
Lohmann, 2001; Tellinghuisen and Rice, 2002). Until re-
cently, research into HCV genome replication has been
hampered by the lack of a cell culture system that can
efficiently reproduce HCV infection and proliferation.
Even now, we do not have an.in vitro system that effi-
ciently produces infectious HCV viral particles. Loh-
mann et al. previously established the HCV subgenomic
replicon system in which the HCV subgenomxc RNA au-
tonomously replicates in Huh-7 cells (Lohmann et al.,
1999), which we refer to throughout this report as HCV
replicon cells. This replicon system enables us to inves-
tigate HCV genome replication in a cell culture system.
By usmg this system, several groups have recently re-
ported that HCV genome rephcatlon occurs in a dis-
tinct, subcellulal replication complex (RC), which in-
cludes viral genome RNA and HCV proteins (Aizaki et
al., 2004; Egger et al., 2002; El-Hage and Luo, 2003;
Gosert et al.,, 2003; Miyanari et al., 2003), in a manner
similar to other BRNA viruses (Noueiry and Ahlquist,
2003). The RC is formed on intracellular membranes,
including the endoplasmic reticulum (ER) membrane.
This membrane structure protects the RC from external
nucleases and proteases, which seems advantageous
for efficient viral genome replication:(Aizaki et al., 2004;
El-Hage and Luo, 2003; Miyanari et al., 2003). However,
the role of cellular factors directly regulating the activity
of the RC has remained unclear.

We and other groups have previously reported that
CsA has the potential to suppress HCV genome replica-
tion (Nakagawa et al., 2004; Watashi et al., 2003a). In
this study, we used CsA as a bioprobe to identify cellu-
lar factors involved in HCV genome replication. This
strategy revealed that CyPB, one of the celiular targets
of CsA, was required for the efficient replication of the
HCV genome in the cells. Investigation into the molecu-
lar mechanism showed that CyPB interacted with NS5B
and directly promoted its RNA binding activity. The
CyPB-NS5B association is a potent target for the devel-
opment of an antiviral therapeutics.

Resulis

Functional Inhibition of CyP Suppressed HCV
Genome Replication

As HCV does not efficiently infect cultured cells, we
studied viral replication by using HCV replicon cells. We
have previously reported that CsA treatment suppressed
HCV genome replication (Watashi et al., 2003a). A num-
ber of studies have shown that CsA has three major
cellular targets: CyP, the calcineurin (CN)-NF-AT path-
way, and P-glycoprotein (P-gp) (Loor et al., 2002; Taka-
hashi, 1999) (Figure 1A). We initially determined which
of these cellular targets of CsA were involved in HCV
genome replication. We examined the effect of several
CsA mutants (functional characteristics are shown in
Figure 1A) on HCV genome replication by real-time RT-
PCR and immunoblot analyses. CsA, (8'-OH-MeBmt')Cs,
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Figure 1. Funclional Inhibition of Cyclophilin Suppressed HCV Ge-
nome Replication

(A). Characteristic features of cyclosporin A {CsA)-and its deriva-
tives, 8'-OH-MeBmt'-Cs (8'-OH-MB?), MeAla®-Cs (MeAla®), D-lys®-
Cs (D-lys®), MeVal®-Cs.(MeVal), cyclosporin H (CsH), NIM811, and
PSC833. "Anti-HCV activity” summarizes the potentlal for each de-
rivative to decrease HCV repllcatlon defmed as + (eﬁectxve) or -
(not effective). The inhibition activity to cellular cyclophilin‘(CyP),
calcineurin (CN)-NF-AT pathway, and P-glycoprotein (P- gp) is simi-
larly defined by x. 7

(B and C) MH-14 cells, carrying the HCV subgenomic repllcon, were
treated with 1 jug/mi CsA or its derivatives for seven days. Levels
of NS5A (B, top) and actin as an internal control (B, bottom) in
these cells were detected by immunoblot analysis. HCV RNA titers
were quantified by real-time RT-PCR analysis, and relative titer is
shown in (C). The data represent the means of three lndependent
experiments. Error bars represent the SD.

(D) HCV RNA titers in MH-14 cells treated with 3 ug/mi sanglifehrin
(SF)A and SFB for seven days were measured as described in (C).
Error bars represent the SD.

(MeAla®)Cs, (MeVal?)Cs, and NIM811 had anti-HCV ac-
tivity, decreasing both HCV protein production and HCV
RNA titer in HCV replicon cells (Figures 1B and 1G,
lanes 2, 3, 4, 6, and 8). In contrast, (D-lys®)Cs, CsH, and
PSC833 had little effect on HCV genome replication
(Figures 1B and 1C, lanes 5, 7, and 9). A comparison of
anti-HCV activity with the characteristics of these CsA
derivatives (Figure 1A) indicates that the anti-HCV ac-
tivity correlated with inhibition of CyP, but not the CN-
NF-AT pathway or P-gp. Sanglifehrin (SF)A and SFB,

additional CyP inhibitors (Sanglier et al., 1999), also de-
creased HCV RNA titers in replicon cells {Figure 1D},
suggesting that CyP is linked to HCV genome repli-
cation. '

CyPB Played a Significant:Role

in HCV Genome Replication

In mammalian cells, the CyP family contams more than
ten subfamilies (Braaten and Luban, 2001; Takahashi,
1999; Waldmeier et al., 2003). CyPA and CyPB are the
most abundant subtypes (Waldmeier et al., 2003). We
applied RNAi methods to investigate the role of CyPs
in HCV genome replication. By introducing small in-
terfering RNA (siRNA) designed to recognize several
CyP subtypes (si-CyP[broad]) (see Experimental Pro-
cedures), both endogenous CyPA and CyPB:proteins;
but not actin, were downreguiated in replicon cells (Fig-
uré 2A,ldne 2). The titer of HCV RNA in these cells was
diminished to approximately one-fifth of the levels seen
in*thé cells-transfected ‘with a randomized siRNA: (si-
control): (Figure 2B):: Specific knockdown' of ‘endoge-
nous CyPB :also- significantly reduced-HCV: RNA -titer,
whereas depletion of endogenous CyPA did not (Figure
2A; lanes 3:and 4, and Figure 2B): Depletion of CyPB
did riot affect-cell proliferation (data not shown).'A sim-
ilar- result ‘was+obtained: in: another ‘HCV-replicon cell
clone;:50-1 (Watashi et:al.;- 2003a).(data: not shown).
Introduction of siRNAs specific .for. other CyP family
members;: CyPC, CyPE, or CyPH: (Figure 2C), had no
effecton: HCV: RNA titer-in replicon-celis (Figure :2D).
These:data suggest that among:the CyP:family, CyPB
is specifically linked to HCV genome replication. Also,
in a system in which HCV genome replicationcan be
monitored by luciferase activity (Murata et al., 2005)
{(Figure 2E), depletion of CyPB inhibited HCV genome
replication (Figure 2F). This effect was reversed by the
exogenous overproduction of FLAG-tagged CyPB (Fig-
ure 2G). These results further indicate: that CyPB plays
a significant role in HCV genome replication. A weak;
nonspecific cross-silencing effect of si-CyPA on CyPB
(Figure 2A, lane3) did not affect HCV ‘RNA titer, -sug-
gesting the possibility that the expression level of CyPB
has a threshold to support HCV genome rephcatlon

CyPB Interacted with HCV NS5B

To clarify the mechanisms underlying CyPB regulation
of HCV genome replication, we analyzed the molecular
interaction between CyPB and HCV proteins expressed
in HCV replicon cells by GST pull-down. Human immu-
nodeficiency virus (HIV)-1 Gag, which binds CyP family
proteins (see Discussion) (Braaten and Luban, 2001;
Luban et al., 1993), was used as a positive control (Fig-
ure 3A, panel €).' As a result, the GST fusion of CyPB
(GST-CyPB) coprecipitated only the NS5B viral protein
{Figure 3A, panel d). The interaction between NS5B and
CyPB was confirmed by immunoprecipitation of NS5B
from replicon cells ectopically expressing CyPB (Figure
3B, lane 4). In addition, endogenous CyPB copurified
with NS5B from replicon cells (Figure 3C, lane 2). En-
dogenous CyPB also associated with exogenously ex-
pressed NS5B in Huh-7 cells (Figure 3D, lane 4). In con-
trast, we could not detect the binding of CyPA to NS5B
by using either a GST pull-down assay or an immuno-
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precipitation assay (Figure 3A, panel d and Figure 3B,
lane 8). These results suggest that CyPB specifically
interacts with NS5B. CyPBAPPI, which was previously
shown to lose the catalytic activity (Rycyzyn and Clev-
enger, 2002), had a strong binding to NS5B (Figure 3B,
lane 6).

GST pull-down assays demonstrated that the CyPB-

NS5B interaction was reduced in a dose-dependent
manner after treatment with CsA, which is an inhibitor
of HCV genome replication (Figure 3E). Immunopreci-
pitations demonstrated that CyPB completely dissoci-
ated from NS5B in the presence of CsA (Figure 3F, lanes
2 and 4). We then determined the region of the NS5B
molecule responsible for binding to CyPB by deletion
analysis. The region comprising amino acids (aa) 71-
591 of NS5B, which is deficient in RNA binding (ishii

et al., 1999), coprecipitated with GST-CyPB (Figure 3G, .=
panel b). 401-591 and 521-591 aa, but not 201-400 aa, ..
regions could be precipitated with GST-CyPB (Figure :
3G, panels c-e). These results indicate that the carboxy
(C)-terminal region of NS5B (521-591) interacts with *°

CyPB. On the other hand, aa 1-570, which lack ‘the
C-terminal hydrophobic region, had little affinity ‘for
GST-CyPB (Figure 3G, panel f). Analysis of additional
deletion mutants (Figure 3G, panels g-i) suggests that
the whole 521-591 aa region rather than only the C-ter-
minal 21 region {571-591 aa) of NS5B is likely to be
important for the interaction with CyPB.

CyPB Associated with NS5B, which Is Functional

for HCV Genome Replication

We next examined the subceliular localization of CyPB.
In contrast to CyPA, which exhibited a diffuse distribu-
tion throughout the cell (Figure 4A, panel a), CyPB con-
centrated in the perinuclear region (Figure 4A, panel d).
CyPB was colocalized with NS5B (Figure 4A, panels
c-€), which reportedly resides on the cytoplasmic face
of the ER membrane (Schmidt-Mende et al., 2001). To
investigate whether CyPB is also located on the cyto-
plasmic face of the intracellular membrane, we next

performed modified immunofluorescence analysis in....
which we pretreated the cells with digitonin to permea-
bilize the plasma membrane, but not intracellular mem- .
branes, followed by washing out the cytosol (see Ex-"vjr
perimental Procedures) (Watashi et al.,, 2001). PDI, a =
protein in the lumen of the ER, was not detected in this .

assay (Figure 4B, panel g), whereas CyPB as well as
NS5B could be detected around the perinuclear region
(Figure 4B, panels i and k). Also in Huh-7 cells, CyPB
was observed in the perinuclear region (Figure 4B,
panel o). This suggests that a fraction of CyPB is lo-
cated on the cytoplasmic face of the intracellular mem-
brane (see Discussion).

We labeled the site of newly synthesized HCV RNA
by treating the cells with actinomycin D followed by ad-
dition of bromouridine (BrU) (El-Hage and Luo, 2003;
Gosert et al.,, 2003; Restrepo-Hartwig and Ahlquist,
1996). In treated replicon cells, labeling was detected
in the perinuclear region as previously reported (El-
Hage and Luo, 2003; Gosert et al., 2003) (Figure 4A,
panel g, shown by green), whereas no signal was ob-
served in Huh-7 cells or replicon cells in the absence

of BrU (Figure 4A, panels p and r). This signal merged
with the localization of both NS5B and CyPB (Figure
4A, panels g-I). :

“In cells, a fraction of NS5B is involved in viral genome
replication, but another fraction is not (Aizaki et al.,
2004; El-Hage and Luo, 2003; Miyanari et al., 2003).
These two fractions can be distinguished by digitonin/
protease treatment; NS5B that does not function in
HCV genome replication is sensitive to digitonin/prote-
ase treatment, whereas that participating in the viral RC
and functioning for replication is protected from digi-
tonin/protease digestion. After treatment with digitonin/
proteinase K followed by washing and permeabilization
with Triton X-100 (effective digitonin permeabilization
and proteinase K digestion were confirmed by the com-
plete loss of cytoplasmic protein IxBo.-detection. [data
not shown]), the sighal intensities of NS5B and CyPB
staining were reduced. Even under these conditions, a
portion of NS5B, CyPB, and BrU was still detected
merging in the perinuclear region (Figure 4A, panels
m-o, and data not shown), although CyPB in the lumen
of the ER could also be detected in this system (the
jocalization of the NS5B-CyPB interaction:is discussed
further below). By using replicon cells treated with digi-
tonin/proteinase K, NS5B and endogenous CyPB still
coprecipitated (data not shown). Moreover, HCV RNA
copurified with anti-CyPB as well as anti-NS5B anti-
body from the replicon cells crosslinked by formalde-.

~hyde (Figure 4C), suggesting the association between

CyPB and NS5B-HCV RNA complex in the cells. These
data cumulatively suggest that CyPB associates with a
fraction of NS5B that is functional for viral genome rep-
lication.

CyPB Stimulated RNA Binding Activity of NS5B

To investigate which function of NS5B was modulated
by CyPB, we first assumed the possibility that CyPB
might alter formation of the RC like hVAP-33 does (see
Discussion) {Gao et al, 2004). We estimated the
amount of HCV proteins in the RC by examining the
levels .of digitonin/protease-resistant. NS5A .and NS5B
as described previously (Miyanari ét"al., .2003). The
amouht; of NS5A and NS5B resistant to digitonin/pro-
teinase K digestion, however, was not affected by treat-
ment Wj'th CsA, which inactivates CyPB function (Figure
5A). We did not observe any significant effect on the
total protein levels of NS5A and NS5B after serial treat-
ment with CsA for up to 24 hr (Figure 5A, lanes 1 and
6; Figure 5B, lower right panels; and.Figure 5D, upper
panel lanes 1 and 2). CsA treatment also had no effect
on the subcellular localization: of “NS5B (data not
shown). The RNA synthesis activity of the isclated RC,
however, was significantly reduced after this CsA treat-
ment condition (Figure 5B).

These results raised the possibility that CyPB directly
regulated the function of NS5B within the RC. NS5B
binds HCV RNA as a template to function as an RdRp.
We therefore investigated the effect of CyPB on the
RNA binding activity of NS5B in replicon cells by using
poly-U Sepharose beads as a model RNA substrate, as
described previously (Ishii et al., 1999; Lohmann et al.,
1997; Qin et al., 2001). The association of NS5B with
poly-U RNA was confirmed by using replicon cells {Fig-
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Figure 2. CyPB Regulated HCV Genome Replication

(A) Knockdown of endogenous. CyPA and CyPB proteins. MH-14 cells were transfected with siRNA specific for CyPA (si-CyPA)}, CyPB (si-
CyPB), or a broad range of CyP subtypes (si-CyP[broad]) or with a randomized siRNA (si-contral). At 72 hr posttransfection, CyPA (top), CyPB
(middle), and actin as an internal control (bottom) were detected in total cell lysates by immunobiot analysis.

(B) Depletion of CyPB decreased HCV RNA titers. At 5 days postiransfection of siRNA, HCV RNA titers were quantified by real-time RT-PCR
analysis. The data represent the means of three independent experiments. Error bars represent the SD.

(C) siRNA constructs spegcific for CyPC (si-CyPC), CyPE (si-CyPE), CyPH (si-CyPH), or si-control were introduced into MH-14 cells. At 72 hr
posttransfection, we analyzed the mRNA levels of CyPC, CyPE, CyPH, and GAPDH as an internal control by RT-PCR analysis.

(D) The experimental procedure is the same as described in (B). Error bars represent the SD.

(E) Schematic representation of the LMH14 RNA construct, which carries the luciferase gene driven by the HCV 5'- untranslated region (UTR)
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ure 5C, upper panel lane 6). Endogenous CyPB, but not
CyPA, also coprecipitated with poly-U RNA (Figure 5C,
middie and lower panels lane 6). In Huh-7 cells, how-
ever, such CyPB-RNA binding was not observed (Figure
5C, lower panel lane 4), suggesting that CyPB binding

to RNA is dependent on NS5B. The RNA binding affinity

of NS5B isolated from the digitonin/protease-resistant
fraction was largely abolished by CsA treatment (Figure
5D, upper panel lane 6), which abrogated the interac-
tion of CyPB with NS5B (Figure 3F, lane 4). A similar
result was obtained in another replicon cell clone, 50-1
(data not shown). siRNA-mediated knockdown of the
endogenous CyPB also reduced the NS5B-poly-U RNA
binding within the digitonin/protease-resistant fraction
(Figure 5E, lane 6). These data suggest that CyPB pro-
motes the binding of NS5B to RNA. This effect of CyPB
was further documented by using an in vitro RNA bind-
ing assay. The binding of NS5B to either poly-U (Figure
5F) or poly-A {data not shown) RNA was increased by

the addition of recombinant GST-CyPB. RNA binding,

however, was unaffected by the addition of either re-
combinant GST-CyPA or GST-CyPBAPPI, a PPlase-
inactive point mutant of CyPB (Rycyzyn and Clevenger,
2002) that retained strong binding to NS5B (Figure 3B,
lane 6) (Figure 5F). In contrast, CyPB did not augment
the RNA binding activity of NS5B(1~570), which had lit-
tle affinity for CyPB (Figure 3G, panel f) {Figure 5G). The
stimulatory effect of CyPB .on the RNA binding activity
of NS5B was negated by treatment with CsA (Figure

5H). Although the conditions in.this in vitro system differ = -

from the cellular environment, these results clearly de-

monstrate that CyPB can augment RNA binding actlvrty

of NS5B even in vitro.

Association of CyPB with NS5B Was Critical

for Efficient Replication of HCV Genome

To examine the physiological relevance of the associa-
tion of CyPB with NS5B in HCV genome replication, we
identified a point mutant of NS5B that was unable to
bind to CyPB by alanine scanning mutation analysis on

the 521-591 aa region of NS5B. In a GST pull-down - -

assay, NS5B(P540A), which bore the replacement of
the proline at 540 aa of NS5B by alanine, had little affin-
ity for GST-CyPB (Figure 6A). We confirmed that
NS5B(P540A) did not bind CyPB by immunoprecipita-
tion (Figure 6B, lane 6). This P540A mutation decreased
the RNA binding activity of NS5B in replicon cells (Fig-
ure 6C, lane 6), supporting our conclusion that CyPB
plays a stimulatory role in RNA binding of NS5B. Be-
cause the P540A mutation may induce the overall confor-
mational change of NS5B protein and destroy its function,

we examined the basal function of NS5B(P540A). The
levels of protein production and subcellular localization
of exogenously produced NS5B(P540A) in Huh-7 cells
were, however, similar 1o those seen in cells with wild-
type (wt) NS5B (data not shown). This mutation did not
cripple the molecular function of NS5B itself, including
RNA polymerase activity and RNA hinding activity in
vitro (data not shown). The introduction of this point
mutation into the NS5B sequence should not destroy

--the stem-loop RNA structure of the cis-acting replica-

tion element in the coding region for NS5B, which is
present downstream of the P540 codon (Lee et al.,

2004; You et al.; 2004). The association of NS5B with
the ER membrane via its 571-591 aa region is report-
edly essential for HCV replication in cells (Moradpour
et al., 2004). NS5B(P540A) still associated with intracel:
lular “membrane fractions (data not shown). Thus,
NS5B(P540A) possessed basal functions of NS5B as
far as we examined. However, the replication compe-
tency of HCV replicon RNA carrying this one point mu-
tation was significantly decreased from levels observed
for the wt in the luciferase assay system (Figure 6D). In
this assay, we did not find any reversions at the second
site or back to the wt within the.NS5B-coding region
in HCV replicon RNA of the transiected cells (data not
shown). The colony formation assay also demonstrated
a reduction in HCV genome replication with'the NS5B
P540A mutant (Figure 6E). These data suggest that the
functional regulation of NS5B by CyPB is critical for the

~efficient replication of the HCV genome in the cells.

Discussion

Viruses exploit cellutar factors for their efficient prolifer-
ation. Although it was recently reported-that a SNARE-
like protein,-hVAP-33, augmented HCV replication by
modulating RC formation (Gao et al.,;:2004), céllular fac-
tors directly regulating the activity of thvefRC have re-
mained unknown. By using CsA, a8 compound exerting
a strong anti-HCV potential, we determined that CyPB

- is-required for efficient replication of the HCV genome.

This cellular factor regulates HCV genome replication
through modulation of the RNA binding activity of
NS5B. CsA impaired this regulation of NS5B-RNA bind-
ing by CyPB to inhibit HCV genome replication. Pre-
viously, the CyP family was known to regulate the func-
tion of specific substrates such as calcineurin
(Schreiber, 1992), prolactin (Rycyzyn and Clevenger,
2002), Itk (Brazin et al., 2002; Colgan et al., 2004), ade-
nine nucleotide translocase (Waldmeier et al., 2003),
and steroid receptors (Duina et al., 1996) by altering

and the coding region for HCV N83.to NS5B whose expression is regulated by the EMCV IRES. By using this RNA construct, HCV replication
can be monitored by measuring resultant luciferase activity as described previously (Murata et al., 2005).

(F) Suppression of HCV replication after CyPB knockdown. Cured MH-14 cells were transfected with LMH14 or LMH14(GHD) RNA together
with si-control or si-CyPB. After 3, 4, or 5 days, luciferase activities were measured to plot against the time course. Solid line, transfected
with LMH14 RNA and si-control; broken line, LMH14 RNA and si-CyPB; and faint line, LMH14(GHD) RNA, a replication-deficient mutant of

LMH14 used as a negative control.

(G) On the right, cured MH-14 cells were transfected with LMH14 RNA plus si-control (si-control), LMH14 RNA plus si-CyPB (si-CyPB), LMH14
RNA plus si-CyPB and the expression plasmid for FLAG-tagged CyPB (si-CyPB + CyPB-FLAG), or LMH14(GHD) RNA (LMH14[GHD)). Lucifer-
ase activities were then quantified at 5 days posttransfection. Error bars represent the SD. Left panels show the immunoblot analysis (upper
panels) by using anti-CyPB and anti-actin antibody and RT-PCR analysis (lower panels) by using the primer detecting CyPB and GAPDH
upon the transfection of si-control, si-CyPB, and si-CyPB with CyPB-FLAG,



Molecular Cell

116
A & E B 1B : anti-FLAG
38
B CyPA-FL: -
g— w un u
=000 CyPB-FL: -
NS3 a CyPBAPPI-FL : +
NSaB |2 b o
] =4
NS5A c P 2

NS5B d
HIV Gag {] | e
' H
cBB | A
staining [

o

1 234568678 8101112

c " leanﬁ_C'yPB D 1B: anti-CyPB
T m HA-NSEB: = = + 4+ = ~ =+ -+
P: 0 0 > o ..o
sitlaleub P %283 $35%83

B <
E RORRE=" |
% GST-CyPB ' cyPB . g
© Y pinding 25
£ 0 o
NS5B : k NS5B ‘
s 1-591
1 234567 1 591
4+ 71591
71
F 1B: anti-FLAG . + 461501
401 o
CyPB-FL : + 4+ + .
. ot + —_— 4 521591
CeA: - = o+ - 521
o, 8. 90 0 - 201-400
p. O B0 . : C T
$8¢%48 33 I
1 570 - 1570
= . 401520 [
401 520 541 +541-591 *
. 401540 7
540 571 +571-591.
e ~ 401570 i
570
cBB | i
staining
e o)

Figure 3. CyPB Interacted with HCV NS5B

(A) [?S]-labeled in vitro transiation products of HCV NS3 (panel a), NS4B (panel b), NS5A (panel ¢c), NS5B (pane! d), and HIV-1 Gag as a
positive control (panel e) were incubated with recombinant GST fusions of CyPA or CyPB (GST-CyPA or GST-CyPB, respectively) or with GST
as a negative control. “Input” designated the signal for 1/10 of the amount of [#5S]-labeled product used in the pull-down assay. CBB staining
patterns for the pulled-down proteins are shown in the bottom panel. Open circle, GST; closed triangle, GST-CyPA; and closed square,
GST-CyPB.

(B) Coimmunoprecipitation from lysates of MH-14 cells transfected with expression plasmids for FLAG-tagged CyPA (CyPA-FL) (lanes 7, 8,
and 12), CyPB (CyPB-FL) (lanes 3, 4, and 10), CyPBAPPI (CyPBAPPI-FL) {lanes 5, 6, and 11), or empty vector (lanes 1, 2, and 9 and right panel).
The plasmids used for transfection are indicated at the top of the panel by + or - “IP” designates the antibodies used for immunoprecipitation.
Coimmunoprecipitated proteins were detected by immunoblot analysis using either anti-FLAG (left) or anti-NS5B {right) antibodies, respec-
tively. Closed square, Ig heavy chain; closed triangle, Ig tight chain; and open circle, nonspecific band. CyPA, CyPB or CyPBAPPI, and NS5B
are indicated. Ectopically expressed CyPB showed a double band, consistent with the previous report (Price et al., 1994). The upper-slight
band of CyPBAPP! in lane 5 is likely to show nonspecific binding, because it was not precipitated with IgG in a buffer containing higher
concentration of NP-40 {1% NP-40) (data not shown).

(C) Coimmunoprecipitation of endogenous CyPB with NS5B in MH-14 cells. The data are presented as in (B). The immunoprecipitates were
detected with an anti-CyPB antibody. -

(D) Coimmunoprecipitation ot endogenous CyPB with exogenous NS5B in Huh-7 cells. Huh-7 cells were transfected with an expression
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protein-protein interactions, nuclear import, enzymatic
activity, or protein phosphorylation. In this study, we

demonstrated that CyPB also modulated the activity of -

RNA-protein binding. This information will significantly
impact our understanding of the molecular functlons
of CyP.

Regarding the role of CyP in virus proliferation, CyPA - -

has been reported to be involved in the life cycle of

HIV-1. CyPA binds HIV-1 Gag (Luban et al., 1993) and =

is incorporated into viral particles (Franke et al:, 1994;
Thali et al., 1994). This CyPA promotes viral infectivity
(Braaten and Luban, 2001; Towers et al,, 2003). HIV-1
Gag, however, binds to not only CyPA but also most
other members of the CyP family (Braaten and Luban,
2001; Luban et al., 1993). In contrast to HIV-1 Gag, HCV
NS5B bound CyPB, but not CyPA. Among the CyP fam-
ily members examined, only CyPB regulated HCV ge-
nome replication. The subcellular localization of each
CyP subtype varies; CyPA is found in the cytoplasm
and nucleus, CyPD in the mitochondria, and CyPE in
the nucleus (Takahashi, 1999). CyPB is located mainly
in the lumen of the ER (Price et al., 1994; Takahashi,
1999). A subset of CyPB, however, was speculated to
localize in the cytoplasm or in ER substructures on the
cytoplasmic side (Bram et al., 1993). We found that a
portion of CyPB localized on the cytoplasmic face of
the ER irrespective of the presence of HCV replicon
(Figure 4B), consistent with this previous speculation.
Almost all HCV proteins and genomic RNA are lo-
cated around the ER (Bartenschlager and Lohmann,
2001). The majority of events in the HCV life cycle, in-

cluding genome replication, protein maturation, assems,. .
bly, and budding, occur. .around intracellular, ER-like

membranes (Bartenschlager and Lohmann, 2001) NSSB
mainly localizes on’the cytoplasmic ‘side of ‘the ER
membrane through s+ C- terminel"571—591” aa hy-
drophobic region (Schmldt Meénde’ et al;; 2001). /A sub-
set of the total NS5B. pammpates in the:RC} which is
thought to have a: cytoplasrmc side: membrane topol-
ogy and is surrounded by a membrane structure (Aizaki

et al., 2004). We cannot conclude clearly where CyPB-f
NS5B-RNA assomatlon occurs.: The 521—591 iaa.region:

of NS5B, which is: the blndlng reglon for: CyPB ‘how
ever, is thought to be'inseited, in the ER lipid bllayer
membrane on the cytoplasmic face (Schmidt-Mende et
al., 2001). A part of CyPB was also found on the cyto-
plasmic face of the membranes as described above.
Moreover, crosslinking analysis (Figure 4C) suggests
the interaction of CyPB with the HCV RNA-NS5B com-
plex, which is likely to occur mainly in the RC. Thus,
CyPB likely interacts with NS5B on the cytoplasmic
face within the RC compartment (and in the lipid bi-
layer membrane).

_lmmunoblol Analysis - :
: Immunoblol analysls was performed essemlally as described pre-

Viral polymerases are promising targets for the devel-

ropment of antiviral agents. Several chemicals targeting

NSEB have anti-HCV activity (Wu and Hong, 2003).

~These compounds directly inhibit the activity of recom-
. binant NS5B in vitro. In addition to these typical anti-

HCV compounds, inhibition of the association of CyPB

<with NS5B may. serve as a strategy for the design of
-antiviral therapeutics. Our-findings not only reveal cne
~"of the mechanisms of -viral replication in the cells but
“also may ‘lead to the development of antwrral thera-

peutlcs

Expenmenlal Procedures [

Cell Culture end Translecnon

Huh-7 and cured;MH-14 cells (Murata et al 2005) were cultured in
Dulbecco's :modified: [Eagle medium (DMEM) (Invitrogen): supple-
mented:with 10%: fetal -bovine serum, L-glutanime. (lnvntrogen)
MEM nonessenual ammo acids. (Invitrogen),-and kanamycin (Meiji}.
MH-14 cells, carrying HCV. ‘subgenomic_replicon. {Miyanari et al.,

2003), were cultured in:the same medium supplemented:with 300
pa/ml G4183 ltrogen) Plasmid transfection was performed as
described. prewously (Watashl et-al.; 2003b) RNA transfection for
the reporter assay was achieved by using DMrie-C transfectlon
reagem (lnwtrogen) as recommended ‘by the manufacturer. siRNA
was transfected by using siLentFect (BIORAD) accordmg to the
manufactu r's:p tocol :

Heagents e 5

CsA ‘was purchased from Slgma The CsA derlvatlves 8 ~OH-
MeBmt1 Cs, MeAlaB Cs, 7 D-lys®-Cs, ‘MeVal*-Cs, Cyclosporln H,
NIM811, and PSC833 and the macrolide type CyP inhibitors sangli-
fehrin A and B were kindly provided by Novartis (Basel, Switzer-
land). The characteristic feature of each CsA derivative is shown in
Figure 1A (for details, see Billich et al. [1995], Loor et al. [2002];

<.' and Silverman et al. [1997])."(D-lys®Cs binds CyP in vitro: In cells,
-however, the -effective.binding-affinity to CyP is low because of

inefficient: cellular uptake (Billich et al., 1995).

__The amlbodles used in this expenment were antl NS5A (a generous

gift from Dr. Takamizawa, ‘Osaka University), anti-NS5B (10 and 14;
indly provnded by.Dr; Kohara; Tokyo Metropolitan Institute of Med-
cal, Sc:lence) anti- actln (Slgma), anti-CyPA (Upstate Cell Signaling),
anti=CyPB’ (Affinity BloReagenls) ‘anti-FLAG (M2; Sigma), anti-HA

- (3F10; Roche),"anti-BrdU (Sigma), anti-l¥Ba (Santa Cruz), anti-PDI

(StressGen), and anti-calnexin {StressGen) antibodies.

Real-Time RT-PCR Analysis
Real-time RT-PCR analysis was performed as described previously
{Watashi et al., 2003a). -

RANAI Technique

siRNA duplexes (si- CyPA 5' AAGCATACGGGTCCTGGCATC 3'; si-
CyPB, 5' -AAGGTGGAGAGCACCAAGACA 3'; and si-CyP(broad),
5'-AAGCATGTGGTGTTTGGCAAA-3") "containing 3'dTdT over-

plasmid for HA-tagged NSSB (lanes 3 4, 7, and 8) or an empty vector {lanes 1, 2, 5, and 6). The immunoprecipitates were detected by an
anti-CyPB antibody.

(E and F) The interaction of CyPB with NS5B was disrupted by CsA treatment. In (E), a GST pull-down assay between GST-CyPB and NS5B
was performed in the absence {lane 3) or presence (lanes 4-7) of CsA. The concentrations. of CsA in lanes 4-7 are 0.8, 4, 8, and 16 pg/ml,
respectively. In (F), coimmunoprecipitation between CyPB-FL and NS5B in MH-14 cells treated without {lanes 1, 2, and 5} or with 3 pg/ml
CsA (lanes 3, 4, and 6) was analyzed.

(G) Mapping of the regions of NS5B responsible for the interaction with CyPB. At the left of the panel, schematlc representation of the full-
length and truncated mutants of NS5B is shown. The numbers indicate the amino acids residue numbers in NS5B. “"CyPB binding” summa-
rizes the results of a GST pull-down assay by =; GST pull-down data are presented as described in (A).
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Figure 4. Colocalization of CyPB with NS5B around the Endoplasmic Reticulum

(A) CyPB colocalized with NS5B. Indirect immunofluorescence analysis was performed on MH-14 cells incubated in the absence (panels a-f
and ) or presence of actinomycin D/BrU (panels g-o and g). Huh-7 cells were treated with actinomycin D/BrU as a negative control (panel
p). Prior to immunofluorescence analysis with permeabilization by Triton X-100, cells were treated with digitonin (Digi) followed by digestion
with 0.3 ng/mi proteinase K {PK) in panels m-o. The primary antibodies used were anti-CyPA (panel a, red), anti-CyPB {panels d, k, and n,
red), anti-NS5B (panel c, greeh and panel h, red), and anti-BrdU (panels g, j, m, and p-r, green) antibodies. DAPI was used 1o visualize the
nuclei (panels b, f, and p-r, blue). Panels a-b, c-{, g-i, j-}, and m-o show the same cells. Merged images of green and red signals are shown
in panels e, i, |, and o. Panels p-r are the merged images of green (BrU) and blue (DAPI) signals.

(B) A portion of CyPB was located on the cytoplasmic face of the intracellular membrane. MH-14 cells were fixed and followed by permeabili-
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hanging sequences were synthesized (QIAGEN). A control nucleo-
tide, si-control, was purchased from Dharmacon (nonspecific con-
trol duplex IX). si-CyPC, si-CyPE, and si-CyPH were obtained from
Ambion (predesigned siRNA). The seguence -of si-CyP{broad)
matches 100% with CyPA and CyPB mRNAs, a 20 bp match with
CyPH, a 19 bp match with CyPC and CyP40, and a 17 bp match
with CyP33. The sequence of si-CyPA and si-CyPB does not have
significant identity to mRNA for CyPB and CyPA, respectively.

RT-PCR Analysis

RT-PCR analysis was performed as described (Watashi et al,
2003b) by using the following primer sets: 5'-GTTGGATCCATG
GGCCCGGGTC-3' and 5'-GTTCTCGAGTCACCAATCAGCGATC-3'
for the detection of CyPC, 5'-GTTGAATTCATGGCCACCACCAAG-
3" and 5'-GTTCTCGAGTCACACGTACTCCCCAC-3' for CyPE, and
5'-GTTGGATCCATGGCGGTGGCAAATTC-38' and 5'-GTTCTCGAG
CTACATCTCCCCACAG-3' for CyPH.

Luciferase Assay

A luciferase assay monitoring HCV replication levels was per-
formed as previously described (Murata et al., 2005). The reporter
RNAs used in this study were LMH14, LMH14(GHD), in which the
GDD polymerase motif of NS5B was replaced by GHD to lose repli-
cation activity, and LMH14(P540A),:in which the proline at.position
540 of NS5B was replaced by alanine.

Plasmid Constructs o o
The CyPA and CyPB cDNAs were-obtained-by RT-PCR from a hu-
man liver cDNA library (Clontech) templéte by using‘the following
primers: 5'-GTTGGATCCGCCATGGTCAACCCCACCG-3' and 5'-GTT
GAATTCTTCGAGTTGTCCACAGTC-3' for CyPA and 5'-GTTGGA
TCCGCCATGCTGCGCCTCTCC-3' and 5'-GTTGAATTCCTCCTTG
GCGATGGCAA-3' for CyPB. pGEX-CyPA and pGEX-CyPB, which
encode glutathione S-transferase (GST) fusions of CyPA and CyPB
were constructed by insertion of the BamHI-EcoRl fragments into
the appropriate site of the pGEX-6P1 vector (Clontech). The pCMV-
CyPA-FL and pCMV-CyPB-FL plasmids expressing FLAG-tagged
CyPA and CyPB, respectively, were obtained by inserting the CyPA
and CyPB fragments into the BamHI-EcoRI site of the pCMV-
FLAG(C) vector. CyPBAPPI, of which arginine and phenylalanine at
position 95 and 100 of CyPB were replaced by alanines, was an
enzymatic-inactive mutant of CyPB (Rycyzyn and Clevenger, 2002).
The subcloning of pCMV-CyPBAPPI-FL, which encodes a FLAG-
tagged CyPBAPPI, was performed essentially as described (Rycy-
zyn and Clevenger, 2002). Expression plasmlds for HCV NS3,
NS4B, NS5A, and NS58 (pcDNA-NS3, pcDNA-NS4B, pcDNA-NS5A,
and pcDNA-NS5B, respectively) were generated by insertion of
PCR-amplified fragments encoding each HCV protein into the
pcDNABS vector (Invitrogen). The series of plasmids expressing de-
letion mutants of NS5B were constructed.by inserting into the
pcDNA3 vector various fragments amplified. by PCR using appro-
priate synthetic oligonucleotides as primers and pLMH14 as a tem-
plate. The primers for oligonucleotide-directed mutagenesis used
o generate the NS5B(P540A) mutant were 5'-ACTCCAATTGCGG
CTGCGTCC-3', .and 5'-GGACGCAGCCGCAATTGGAGT-3'. LMH14
and LMH14{GHD) have been described previously (Murata et al.,
2005). The expression plasmid for HIV-1 Gag was kindly provided
by Dr. Adachi, Institute of Health Biosciences, The University of
Tokushima.

GST Pull-Down Assay
A GST pull-down assay was performed as described previously
(Watashi et al., 2003b). .

Immunoprecipitation Assay and RNA-Protein

Binding Precipitation Assay

An immunoprecipitation assay was essentlally performed as de-
scribed (Watashi et al., 2003b). For the RNA-protein binding precip-
itation assay, either cells or digitonin/protease-treated cells were
lysed in IP buffer containing 50 mM Tris-HCI (pH 8.0}, 150 mM NacCl,
0.5% NP-40, and 1 mM PMSF. After centrifugation, supernatants
were incubated for 2 hr with poly-U or protein.G Sepharose resin
as a negative control {Amersham Biosciences). After four washes
with IP buffer, precipitates were analyzed by immunoblot analysis.

Indirect Immunofluorescence Analysis

The normal indirect immunofluorescence analysis in Figures 4A
and 4B, panels a—f, was performed as described previously (Wa-
tashi et al., 2003b). Briefly, the cells were fixed, and permeabiliza-
tion with 0.1% Triton X-100 followed. These cells were subjected
to the antibody reaction to detect each protein. In Figure 4A, panels
g-r, de novo-synthesized HCV RNA was labeled with 5-BrU. Cells
were treated with 10 g/ml éctinomycin D to block’RNA transcrip-
tion by cellular DNA-dependent RNA polymerases {Restrepo-Hari-
wig and Ahlquist, 1996). After a 30 min incubation, 40. mM BrU was
added to the culture medium for labelmg RNA (Fuchsova et al.,
2002). After ani‘additional 2 hr, the cells were subjected to'immiuno-
fluorescence analysis. In:the modified immunofluorescence analy-
sis (Watashi .et.al.,-2001) in Figure 4B, panels g-r, we treated the
cells with 50 p.g/ml digitonin at 27°C for .5 min to permeab!hze the
plasma membrane, but not the intracellular membrane. After wash-
ing out the cytosol, these cells were fixed and subjected to the
antibody reaction.

Crosslinking Assay for the Detection of RNA-Protein Complex
Crosslinking and the subsequent immunoprecipitation were essen-
tially performed as described (Watashi et al., 2003b). The immuno-
prempnanon was done in the presence of RNase inhibitor and
polydi-dC. Recovered immunocomplexes were digested with pro-
teinase K and treated.with phenol/chloroform. RT-PCR was per-
formed with the extracted RNA and 5'-TCCCGGTTGGACTTGTCC-
3’ and 5'-GCCTATTGGCCTGGAGTG-3' as a template and primer
sets, respectively, by using a one-step RNA PCR kit. "~

Cell Permeabilization with Digitonin Followed

by Digestion with Protease

Digitonin/protease treatment was performed as  described pre-
viously {Miyanari et al,, 2003). Briefly, cells were permeabilized by
a 5 min incubation in buffer B containing 50 jug/mi digitonin at 27°C.
After two washes in buffer B, celis were treated for 5 min with vary-
ing concentrations of proteinase K at 37°C.

RNA Synthesis with the Replication Complex
RNA synthesis reaction was performed as described (Miyanari et
al., 2003), using reaction times of 0.5, 1, 2, 4, 6, 12, and 24 hr.

In Vitro RNA Binding Assay

An in vitro RNA binding assay was performed by using poly-U or
poly-A Sepharose as a model RNA‘substrate, as described pre-
viously (Ishii et al., 1999). In vitro-translated [**S]-labeled products
and poly-U, poly-A, or protein G Sepharose resin as a negative

zation with 0.1% Triton X-100 to detect PDI (panel a), CyPB {panel ¢), and NS5B (pane! e) by normal immunofluorescence analysis as a
control experiment (Triton X-100). In panels g-r (digitonin), MH-14 (panels g-I) and Huh-7 cells (panels m-r) were permeabilized with 50 pg/
ml digitonin followed by extensive washes. These cells were then fixed and subjected to detection of PDI (panels g and m), CyPB (panels i
and o), and NS5B (panels k arid g). DAPI (panels b, d, 1, h, j, |, n, p, and r) shows the nuclear staining in the same cells as that shown in

panels a, ¢, €, g, i, kK, m, 0, and q.

(C) CyPB associated with HCV RNA-NS5B complex in the cells. Formaldehyde-crosslinked RNA-protein complexes in MH-14 cells were
immunoprecipitated with anti-NS5B, anti-CyPB, or normal rabbit IgG {igG). The RNA extracted from the immunoprecipitates was amplified
by RT-PCR as described in the Experimental Procedures. “input” designated the signal for 1/50 of the amount of cell lysate used in the

immunoprecipitation assay.
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Flgure 5. CyPB Stimulated RNA Binding Activity of NS5B

(A) Quantitation of the amount of HCV proteins in the digitonin/protease-resistant fraction. MH-14 célls were treated without (fanes 1-5) or
with {lanes 6-10) 3 ug/ml CsA for 24 hr. Cells were then treated without {lanes 1 and 6) or with 50 pig/mi digitonin, followed by dlgest:on with
varying concentratlons of PK (0 pg/ml for lanes 1, 2, 6, and 7, 0.03 png/ml for lanes 3 and 8, 0.1 ug/ml for lanes 4 and 9, and 0.3 png/ml for
lanes 5 and 10) NSSA NS5B, IxBo, and calnexin in whole-cell lysate were detected by immundblot analysis.

(B) RNA synthesis activity in the HCV RC. MH-14 cells were treated without or with 3 jLg/mi CsA for 24 hr. After isolaiing the RC by digitonin
permeabilization, RNA synthesis reaction was performed with varying reaction times (0.5, 1, 2, 4, 6, 12, and 24 hr). At the top of the panel
treatment of CsA and reaction time is surhmarized. "HCV RNA” indicates the in vitro- -synthesized HCV subgenomic replicon RNA. in the lower
left panel the radioactivity of synthemzed RNA is plotted against the reaction time. The lower right panels show the proteln expressmn levels
of NS5B and actin.

(C) An RNA-protein binding precipitation assay was performed by using Huh-7 or MH-14 cells as described in the Experimental Procedures.
The resultant precipitates were detected by immunoblot analysis with anti-NS5B (top), anti-CyPA (middle), and anti-CyPB (bottom) antibodies.
“Total” indicates 1/6 of the amount of cell lysate used in the precipitation assay. "G” and "pU” designate the samples using protein G
Sepharose and poly-U Sepharose as a resin, respectively.

(D) MH-14 cells treated with digitonin followed by digestion in 0.5 ug/ml PK were used for an RNA-protein binding precipitation assay with
anti-NS5B antibody (top). Prior to the assay, CsA was treated (lanes 2, .5, and 6) or left untreated (lanes 1, 3, and 4) for 24 hr. CyPB levels
were also examined in CsA-treated or untreated cells (bottom).

(E) MH-14 cells were transfected with si-control or si-CyPB. After 72 hr, cells were treated with dlgltonln/PK and analyzed as in (C).

(F-H) An in vitro binding assay was performed as described in the Experimental Procedures. [35S)-labeled in vitro translation products of
either the full-length NS5B (F and H) or the 1-570 aa region of NS5B (G) were incubated with poly-U Sepharose in the presence of either
recombinant GST-CyPB {F-H), GST-CyPA {F), or GST-CyPBAPPI (F). In (H), varying concentrations of CsA were also added to the reaction
mixtures. The radioactivity of NS5B protein in the pulled-down fraction was counted to plot against either the amount of the recombinant
product (F and G) or the concentration of CsA {H). In (F), the solid line represents being in the presence of GST-CyPB; the broken line, GST-
CyPBAPPI; and the faint line, GST-CyPA. These results were reproduced in three independent experiments.
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control, were_incubated. in the presence of a varying amount of
GST-fusion proteins, including GST-CyPB, GST-CyPA, and GST-
CyPBAPPI, at 4°C for.1-12 hr. in.Figure 5H, CsA ‘was added simul-
laneously After five washes, resin bound radlolabeled protems
were frac onated and |ts radloachvuly was quantltated

Colony Forhdation Assay

Plasmlds were linearized with Xbal and transcribed into RNA in
vitro by usmg a MEGAscript T7 kit (Amblon) accordlng to the manu-
facturer’s protocol. In vitro-transcribed RNA (2.5-10 g} was trans-
fected into’Huh-7:cells by using DMrie-C transfection reagent. At
48 ‘hr'posttransfection, 1 mg/ml G418 was added to the medium.
~3 weeks later, cells were fixed and stained with crystal violet..
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