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Ubiquitination of elF4E

Cells respond to stress or apoptotic stimuli through regulat-
ing protein synthesis Jevels (21, 22). Nevertheless, the molecu-
lar mechanisms regulating cell reactions to such stimuli remain
elusive, Chip, an E3 ligase, and stresses, such as heat shock and
cadmiurm, enhanced the Ub conjugation of elF4E., Because Chip
is involved in the quality control of proteins in cells (34, 35), the
ubiquitination/degradation of elF4E may be, at least in part,
controfling protein synthesis in response to stress.

elF4E plays an important role in transiation initiation, and it
is important to understand the processes regulating eiF4E pro-
tein expression levels, including its degradation. Because elFAE
functions in association with many factors, future studies
should examine the role of el F4E ubiquitination within the con-
text of the entire translation initiation complex.
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Abstract

RNA interfercnce {(RNAI) is a cellular process that induces gene silencing by which small duplexes of RNA specifically targei a
homologous sequence for cleavage by cellular ribonucleases. Here, to test the RNAI method for blocking hepatitis C virus (HCV)
RNA replication, we created four short hairpin RNAs (shRNAs) targeting the HCV internal ribosome entry site/Core gene transcript
using T7 RNA polymerase. shRNA suppressed the seplication of HCV RNA in the FICV replicen, On the other hand, short inter-
lering RNAs synthesiz.  using the T7 RNA polymerase systesn trigger a potent induction of interferon-u and -p in a variety of cells,
We examined whethe ¢ shRNAs synihesized using the T7 RNA polymerase system activated double-stranded RNA-dependent pro-
tein kinase, 2’-3° o goadenylate synthetase. or interferon-regulatory fuctor-3. Our results demonstrated that the T7-transcribed
shRNA did noi aci.ate these proteins in Huh-7 cells and the HCV replicon. These shRNAs are a promising new strategy for

anti-HCV gene therapeutics.
© 2006 Eisevier Inc. All rights reserved.

Keprwords: Hepatitis € virus: RNAR Svmhesized shRNA: T7 RNA polymerase: IFN: PKR: 2'-5'0AS: Hepatitis C virus subgenomic replicons

RMA interference (RINAI) occurs in a variety of organ-
isms, including Caenorhabditis elegans {1), Trypanosome
brucei [2), plants [3], Drosophila (41, planaria [5]. zebra fish
[6], and mouse embryvos [7]. In most of these organisms, the
mjection of a doubile-stranded RNA (dsRINA) longer than
500 bp specifically suppresses the expression of the gene
with the corresponding DNA sequence. but has no effect
on genes with unrelated sequences.

RNAI is initiated by the RNase iIl-like nuclease Dicer,
which promotes progressive cleavage of long dsRNAs mnto
21 te 27 nucleotide (nt) short interfering RNAs (siRNAs)

" Corresponding aihor, Fax: +81 47 471 §764.
E-tnedl adedress. hireshitakakuotit-chibaac p (H. Takaku).

0006-291X/3 - see [ront matter © 2006 Elsevier Inc. All righis reserved.
doi:10.1016/1.bbre.2006.03.053

with two nt 3’-overhangs. Subsequently, the siRNAs are
incorporated into an RNA-induced silencing complex
(RISC). identified in Drosophila, and the protein-RNA
effector nuclease complex recognizes and destroys the tar-
get mRNAs [8-10].

Hepatitis C virus (HCV) is one of the main causes of
hiver-related morbidity and mortality [11]. The virus estab-
lishes a persistent infection in the liver, leading to the
development of chronic hepatitis, liver cirrhosis. and
hepatocellular carcinomas {11} HCV replication occurs
in the cytoplasm and is associated with membranes that
appear to be derived from the endoplasmic reticulum.
Genomic HCV RNA is trauslated to produce a 3000-ami-
no acid polypeptide that is processed nto at least 10 pro-
teins. The nonstructural protems 3, 4A, 4B, 5A, and 5B
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form a replicase complex that promotes transcription of a
genomic (—) strand intermediate. This serves as a tem-
plate for the production of () strands that are either
translated or packaged into virions as genomic RNAs
[12,13]). A satisfactory treatment for HCV infection has
yet to be developed, however, because studies of HCV
have been hampered by the lack of a stable celi-culture
system and a small-animal model. One recently reported
HCV replicon is a selectable subgenomic HCV RNA,
which replicates efficiently and continuously in human
hepatoma Huh-7 cells [14,15]. HCV RNA replication is
also sensitive to RINAI [16-18].

On the other hand, it was previously reported that
dsRNA triggers the production of type I interferon
(IFN), and activates dsRNA-dependent protein kinase
(PKR) [19] and 2'-5'0ligoadenylate synthetase (2'-5'0AS).
Furthermore, two recent studies demonstrated that the
mechanism of the IFN response might include recognition
of the siRNAs by Toll-like receptor-3 (TLR-3) [20]. One
simple method for limiting the risk of inducing an IFN
response is to use the lowest effective dose of short hairpin
RNA (shRNA) vector, as advocated by Bridge et al. [21].
Recently, Kim et al. reported that siRNAs synthesized
using the T7 RNA polymerase system can trigger the
potent induction of IFN-ot and - in a variety of cells [22].

In the present study, we synthesized four shRNAs tar-
geting the HCV internal ribosome entry site (IRES)/Core
gene transcript using T7 RINA polymerase. The greatest
inhibitory effects occurred with both HCV 330-349-shRNA
and HCV 340-359-shRINA, as the target of the HCV RNA.
We also examined whether the shRNAs synthesized using
the T7 RNA polymerase system activated PKR, 2'-5'0AS,
or IFN-regulatory factor-3 (IRF-3). shRNA synthesized
using T7 RNA polymerase did not, however, activate these
proteins in Huh-7 cells and HCV replicons.

Materials and methods

shRNA synthesis by T7 RNA polymerase. Desalied DNA clizonucle-
otides were obtained from Sigma Proligo (Boulder, CO): the T7 promoter
S -TAATACGACTCACTATAG-3'; EGFP 418-43nt as 5'-CTGGGGC
ACAAGCTGGAGTA-3; HCV 120-139nt as 5'-CCCCCCCTCCCGGG
AGAGCC-3, 260-279nt as S-AGTGTTGGGTCGCGAAAGGC-¥,
330-349nt as 5-AGA CCGTGCACCATGAGCAC-3, and 340-35%n1 as
5WCCATGAGCAC GAATCCTAAA-Y. Loop used CCACACC [23] and
overhang used CUU. The coligonucleotide-directed production of small
RNA transcripts with T7 RNA polymerase was described previousty {24).
For each transcription reaction, the oligonucleotide was annealed in sH,O
by heating at 95 °C; alter 5 min, the heating block was allowed to cool
down slowly to obtain the dsDINA. Transcription was performed using
AmphiScribe™ T7 High Yield Transcription Kits {EPICENTRE
Biotechnologies, Madison, WI) according (o the manufacturer's
recommended protocol. Afier incubation at 37 °C for 2 h, 1U RNase (ree-
DNase was added at 37 °C for 15 min. Single-stranded 5int RNAs were
annealed by heating a1 95 °C (or 5 min followed by 1 h al 37 °C {0 obtain
shRINAs,

Cell culture. Human hepatoma-derived Huh-7 cells and human uterus
cancer-derived HeLa cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% felal bovine serum (FBS).
HCV subgenomic replicons were cultured in DMEM-supplemesled with

10% FBS, 0.l mM MEM non-essentizl aminc-acid solution, 2 mM
t-glutamine, and penicillin-streptomycin. The growth medium contained
the active ingredient G418 (300 pg/ml) {25).

Cuantification of HCV RNA by real-time reverse transcription-poly-
merase chain reaction. HCV replicons were seeded at 1 x 10° cells on 12-
well plates for 24 h and transfected with the shRNAs (6, 30 or 60 nM)
using Lipofectamine 2000 transfection reagent, according to the manu-
facturer’s recommendation (Invitrogen, Carlsbad, CA). After 48 h, total
RNA was isolated from cell cultures using TRIZOL (Invitrogen). HCV
RINA was quantified by real-time reverse transcription-polymerase chain
reaction (RT-PCR) using an ABT 7700 sequence detector (Perkin-Elmer
Applied Biosystems, Foster City, CA}). Real-time RT-PCR was performed
using the following primers and the TagMan probe located in the five
untranslated region (UTR): forward primer (nt 130-146), 5¥-CGGGAGA
GCCATAGTGG-3; reverse primer (nt 272-290), 5-AGTACCACAAG
GCCTTTCG-3"; TagMan probe (nt 148-168), 5-CTGCGGAACCGG
TGAGTACAC-3. These reagents were purchased from Appiied Biosys-
tems. The reporter dye, FAM, was atlached to the five end and the
quencher dye, TAMRA, was joined to the three end of the probe sequence
[26).

RT-PCR. Total cellular RNA was prepared using TRIZOL (Invitro-
gen). Toll-like receptor (TLR)-3 and IFN-B mRNAs were delected by a
RT-PCR High-Plus kit (Toyobo, Kyoto, Japan) with primers specific for
these proteins. Primers specific for glyceraldehyde-3-phosphate dehydro-
genase (G3PDH) were used as a loading conirol in a separate reaction.
After 2 min at 94 °C, the reaction parameters were set for 1 min at 94 °C,
followed by 1.5 min at 60 °C, for 40 cycles. The sequences of the primers
were as follows: TLR-3 sense, 5'“AGCCACCTGAAGTTGACTCAGG-
3, TLR-3 antisense, 5-CAGTCAAATTCGTGCAGAAGGC-3' [27%
IFN-B sense, 5-ACCAACAAGTGTCTCCTCCA-3"; and IFN-f anti-
sease, 5S'-GAGGTAACCTGTAAGTCTGT-3' [28].

Hult-7 cells and HCV replicon iransfection and reporrer gene assay.
Huh-7 cells and HCV replicons were seeded at 5x 10* cells on 24-well
plates for 24 h and transfected with the plasmid DNA pIRF-3/Luc
(0.5 1g) using Lipofectamine 2000 transfection reagent according to the
manufacturer’s recommendation (Invitrogen). After 4 h, shRNA (60 or
200 aM) or polyinosinic acid:pelycytidylic acid (polyl:C) (0.2 pg/mi)
were {ransfected using Lipofectamine 2000 transfection reagent.
Untreated cells were used as a control. After 20 h, luciferase actlivity was
measured in the czll lysates using a luminometer (Berthold, Bad Wild-
bad, Germanys}.

Western biot analysis. Transfections of the shRNAs or polyl:C were
performed in Huh-7 cells and HCV replicons with Lipofectamine 2000
reagent in accordance with the manufacturer’s recommendation {Invit-
rogen). After 24 h, the cell extracts were prepared with lysis buffer. A
sample (80 ug) of the total cell lysale was separated using 7.5% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and blotted onto a
nitrocellulose membrane. The membrane was incubated with monoclonat
anti-PKR (Thr446) (Cell Signaling Tech., Beverly, MA) and detection was
performed via a chemiluminescence reaction.

Ribosomal RNA-cleavage assay. Huh-7 cells and HCV replicons were
transfected with the shRNAs or polyl:.C using Lipofectamine 2000 in
accordance with the manufacturer’s recommendation (Invitrogen). After
24 h, the cells were harvested, washed in phosphate-buffered saline (PBS),
and stored at —80 °C. The cell pellets were lysed in 1.5 pellet voiumes of
NP-40 lysis buffer containing 10 mM Hepes {pH 7.5), 90 mM KCI,
1.0 mM magnesium acetate, 0.5% (v/v} Nonidet P-40, 2.0 mM fresh 2-
mercaptoethancl, and 100 pg/ml fresh leupeptin, The bufler was added o
the frozen peliet and left on ice until it had thawed. The cell pellets were
then dispersed in the buffer and left on ice for at least 5 min. The crude
lysate was centrifuged a1 10,000g and 4 °C for 10 min before the supes-
natant was transferred (o a clean tube. The cell lysale containing 200 ug
protein was then combined with 2 pi of 10 cleavage buffer [comprising
100 mM Hepes (pH 7.5}, 1 M KCI, 50 mM magnesium acetate, 10 mM
ATP, and 0.i4 M 2-mercaptoethanol], plus 2 uf of a 10 concentration of
the desired 2-5A activator and sH-O to a final reaction volume of 20 pl.
Immediately after the addition of the 2-3A activalor, incubation was
initiated ai 30 °C [29]. The positive control 2-5A sample was a gift from
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Professor Sawai of the Department of Chemistry, Facuity of Engineering,
Guama University, Japan.

Results

Inhibition of HCV RNA replication of synthesized shRNAs
using T7 RNA polymerase in the HCV replicon

We synthesized four shRNAs targeting the HCV IRES/
Core gene transcript using T7 RNA polymerase (Fig. 14)
and verified the sequences using 18% polyacrylamide gel
electrophoreSls {data not shown). The sequences are shown
in Fig. 1B. To assess the inhibitory effects of the shRNAs
on the intracellular replication of HCV, we used HCV rep-
licons. Transfection of the shRNA into the HCV replicons
{Fig. 1A), which stably express the HCV subgenome, indi-
cated that the 330-349-shRNA and 340-359-shRNA both
inhibited HCV RNA replication in a dose-dependent man-
ner (Fig. 2). On the other hand, the control, EGFP-
shRINA, did not induce efficient inhibition (Fig. 2).

ShRNA stimulates TLR-3 in Huh-7 cells but nort in the HCV
replicons

To date, in mammals, 11 TLRs have been identified that
recognize pathogen-associated molecular patterns, such as
bacterial cell wall materials, bacterial or viral genomic
DNA and RNA, and small molecules. At least four TLRs

HCV subgenomic replicon

ACore

st NooR nS3 |aaf 48 | A | sB

EMCV

| I IRES
5'-UTR/ACore {1-377)

B
EGFP 418-437 shRNA

120-139 shBNA

CCCCCCCUCCCGGCGAGAGCC c
CGGGGGGGAGGGCCCUCUCGGCCA

160
140
120
10C
80
60
40
20

£ 6nM
B 30nM
BeonM|

Relative HCV ANA (%)

Fig. 2. Inhibition of HCV repiication by shRNAs synthesized using the
T7 RNA polymerase system in the HCV replicons. The eflect of
transfection with shRNAs or control EGFP HCV replication was
measured by RT-PCR of HCV RNA 48 h after transfection. All values
are shown as the percentages of the EGFP negative control.

(TLR-3, 7, 8, and 9) recognize and respond to mono-, oli-
go-, and pelynucleotides of natural and/or synthetic origin.
TLRs 3, 7, and 8 recognize viral and synthetic single-
stranded and dsRNAs, such as polyl:C and siRNA [30].
Toll-like receptor-3 recognizes dsRNA, which is com-
monly produced during viral replication, and is required
for the full induction of IFN-«/B and pro-inflammatory

HCV 5' UTRARES

UTR

—{U)— 250 nt

278 m
J9 nt

120 nt 349 nt

230 nr
340 mt

359 nr

C
CUGGGECACAAGCUGGAGUAC A
'CGACCCCGUGUUCGACCUC‘AUCCA

cCa

cCa
AGUGUUGECUCECGAARGGECT

260-279 shRNA

330-348 shRNA

CUCUGGCACGUGGUACUCGUG (arara)

340-358 shRNA

cCa
AGACCEUSCACCAUGAGCAC

C
CUCACAACCCAGCG CUUUCCGCCA

C

C
CCAUGAG CACGAAUCCUAAAC AC

CGGUACUCGUGCUUAG GAUUUCCA

Fig. . shRNA-targeted regions of the HCV subgenomic replicons and shRNA sequences. (A} Schematic representation of HCV subgenomic replicons
and shRNA targeted regions on HCV $-UTR/IRES secondary structure. (B) Sequences of shRNAs synthesized by phage polymerase. The control

shRNA:EGFP-shRNA.
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cytokines in response to exogenous stimulation by synthet-
ic dsRNA or virus-derived dsRINA. Similar to TLR-4,
TLR-3 activation can induce IFN-¢/p expression via a
MyD8&3-independent, TRIF-, NAPI-, and TBKI- depen-
dent signaling pathway [31],

Therefore, we examined whether the shRNAs synthe-
sized using T7 RNA polymerase induced type I IFN in
Huh-7 cells and HCV replicons. First, we analyzed the
expression of TLR-3 mRNA. Total cellular RNA was iso-
lated from the cells and analyzed by RT-PCR using specific
TLR-3-detection primers. TLR-3 mRNA was detected in
all of the cells (Fig. 3A). Next, we examined whether 340-
359-shRNA synthesized using T7 RNA polymerase acti-
vated IRF-3 in Huh-7 cells and HCV replicons. We
assessed the trigger for IRF-3 phosphorylation by 340-
359-shRNA in Huh-7 cells and HCV replicons. For this
analysis, we constructed a luciferase reporter gene-expres-
sion vector (pIRF-3/Luc reporter} with an IRF-3 binding
region (5-GAAACCGAAACT-3) in the pGL3-basic vec-
tor [32). The pIRF-3/Luc and 340-359-shRNA were then
co-transfected into Huh-7 cells and the HCV replicons
using Lipofectamine 2000. IRF-3 activation was monitored
using a luciferase assay (Fig. 3B). The internal control, pol-
yI:C, simultaneously induced phosphorylation of IRF-3
and Luc gene expression in the Huh-7 celis. In contrast,
the 340-359-shRNA mediated neither the phosphorylation
of IRF-3 nor Luc gene expression in these cells. Both pol-
yI:C and the 340-359-shRNA, however, failed to trigger the
phosphorylation of IRF-3 and Luc gene expression in
HCV replicons (Fig. 3B).

=7
T
[

7
4

Relative Luc aclivity {ALW/pg-sec}

Huh-7 cells and HCV replicons that were transfected
with the 340-359-shRNA were also used to evaluate the
induction of IFN-f gene expression. The transcribed
IEN-B mRNA was detected using RT-PCR analysis with
an appropriate primer. IFN-f mRNA expression was
detected in polyl:C-transfected Huh-7 cells (Fig. 4, lane
3), but not in cells transfected with the 340-359-shRNA
(Fig. 4, lanes 4 and 5). In contrast, IFN-f mRNA expres-
sion was not observed when either the 340-35%-shRNA
(Fig. 4, lanes 4 and 5) or polyl:C (lane 3) was transfected
into HCV replicons. These results suggested that the syn-
thesized shRNAs using T7 RNA polymerase did not
induce type I IFN production.

Detection of PKR phosphorylation induced by synthesized
shRNAs using T7 RNA polymerase

Activation of PKR by viral dsRNA and synthesized
dsRNA results in autophosphorylation and subsequent
phosphorylation of the eukaryotic initiation factor 2a sub-
unit, causing general inhibition of cellular protein synthesis.
In addition to its role as a translational inhibitor, PKR is
also a component of signal transduction pathways that reg-
ulate events such as cell growth and stress responses [33].

To investigate the association of these transductional
pathways in relation to the inhibition of HCV replication,
we analyzed the phosphorylated PKR activity induced by
the 340-359-shRINA in Huh-7 cells and HCV replicons.
The levels of phosphorylated PKR activity were detected
with a Western blot assay. Phosphoryiated PKR activity

-a—TLR-3 mRNA

e (33PDH
HCV replicon
g
é 6
5 5 ———
»d -
£y _— = —
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z 3- . i
g2 |° i .
3 i H
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Fig. 3. Activation of IRF-3 after transfection of Huh-7 cells and HCV replicons with shRNAs synthesized using the T7 RNA polymerase systern, (A) RT-
PCR analysis of TLR-3 mRMNA expression in Huh-7 cells and HCV replicons cells. The RT-PCR assay for TLR-3 mRNA was performed using TLR-3
mRNA-specific primers with concurrent amplification of G3PDH mRNA. The RT-PCR-amplified products were fractionaled by electrophoresis on a
2.0% agarose gel and stained with ethidium bromide. Lane 1, DNA ladder; lane 2, Huh-7 cells; lane 3, HCV replicons. (B) Huh-7 cells and HCV replicons
transfected with either polyl:C (0.2 pg) or the 330-349-shRNA (60 or 200 nM) were treated with 0.5 pg pIRF-3/Luc plasmid. After 24 b, the cell bysates

were prepared and assayed for luciferase activity. NC, pIRF-3/Luc.
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Fig. 4. RT-PCR analysis of IFN- mRNA expression in Huh-7 cells and
HCV replicons. The RT-PCR-amplified products were fractionated by
electrophoresis on a 2.0% agarose gel and stained with ethidium bromide.
Lane |, DNA ladder; lane 2, negative control; lane 3, polyl:C (10 ug);
ianes 4 and 5, 330-349-shRINA (60 and 200 nM, respectively).

was detected in polyl:C-transfected Huh-7 cells as an inter-
nal control {Fig. 5A, lane 3), whereas no such activity was
detected in the cells transfected with the 340-359-shRNA
(Fig. 5A, lanes 4 and 5). In addition, no phosphorylated
PKR activity was detected in HCV replicons transfected
with either polyl:C (Fig. 5A, lane 3) or the 340-359-shRNA
{Fig. 5A, lanes 4 and 5).

Detection of activated RNase L following transfection with
synthesized ShRNAs using T7 RNA polymerase

Activation of 2/-5'0AS by viral dsRNA and synthesized
dsRNA results in avtophosphorylation and subsequent
activation of RINase L, causing general inhibition of cellu-
lar protein synthesis. Thus, the RNase L induced by the
synthesized shRNAs might have degraded the HCV

RNA. Therefore, we examined whether synthesized shR-
NAs activated RNase L in Huh-7 cells and HCV replicons
using a ribosomal RNA-cleavage assay to investigate the
induction of RNase L acitvity in the target cells. The cells
were transfected with either 340-359-shRNA or polyl:C
using Lipofectamine 2000. The positive control contained
the phosphorylated 2/-5°0AS. Total RINA was extracted
with TRIzol and analyzed using a ribosomal RNA-cleav-
age assay with 1.0% agarose gel electrophoresis. RNase L
activity was detected after the addition of the positive con-
trol (phosphorylated 2'-5'OAS) to both Huh-7 cells and
HCYV replicons (Fig. 5B, lane 2). In contrast, no RNase L
activity was detected in cells that were transfected with
the 340-359-shRINA (Fig. 5B, lanes 3 and 4). Notably,
RNase L activity was not stimulated in Huh-7 cells and
HCV replicons that were transfected with polyl:C as an
internal control (Fig. 5B, lane 5). In addition, polyl:C
induced negligible RNase L activity in HeLa cells (data
not shown). These results demonstrated that the T7-tran-
scribed shRNA did not induce RNase L activity in Huh-
7 cells, Hela cells, or HCV replicons.

Discussion

The present study examined whether HCV RNA repli-
cation was inhibited by an RNAI1 mechanism. We synthe-
sized four shRNAs targeting the HCV IRES/Core gene
transcript using T7 RNA polymerase (Figs. 1A and B).
The 330-349-shRNA and the 340-359-shRINA both inhibit-
ed HCV RNA replication in a dose-dependent manner
(Fig. 2). On the other hand, the control, EGFP-shRINA,
did not induce efficient inhibition (Fig. 2). These findings
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Fig. 5. Activation of PKR and RNase L with shRNAs synthesized using the T7 RNA polymerase system. {A)} After 24 h, the Huh-7 cells and HCV
replicons were lysed with lysis buffer, The lysates (80 pg protein/lane) were assayed by Western blot analysis with antibodies against phosphorylated PKR
or P-actin as a control. The protein bands were visualized using the ECL method {Amersham). Lane 1, biotinylated protein marker; lane 2, negative-
control celis; lane 3, cells fransfected with 10 pg polyl:C; lanes 4 and 5, cells transfected wilh 330-349.shRNA (60 and 200 nM, respectively). (B} An RNase
L assay was performed for Huh-7 cells and HCV replicons. Lane |, negative control; lane 2, pSA2 p5 A2 p5 A (1 pM); lanes 3 and 4, 330-349-shRNA (60
and 200 nM, respectively); lane 5, Huh-7 celis and HCV replicons, polyl:C {10 ng).
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suggest that targeting the region that includes the AUG of
the HCV IRES/Core is effective.

It was previously reported that dsRNA triggered pro-
duction of type I IFN, activation of PKR, and activation
of 2'-5'0OAS. Recently, Kim et al. demonstrated that siR-
NAs synthesized using the T7 RNA polymerase system
can trigger the potent induction of IFN-g and -J in a vari-
ety of cells [22]. In the present study, we investigated
whether the dsRNA stimulated various metabolic path-
ways in HCV replicons in addition to suppressing RNA
replication.

First, we examined whether synthesized shRNAs
induced IFN-f. It is expected that the induction of
IFN-B occurs so that shRNA is recognized by TLR-3.
We detected TLR-3 mRNA in Huh-7 cells and HCV
replicons. Next, we examined the activation of IRF-3,
which is one of the transcription factors. The results sug-
gested that shRNAs did not induce activation of IRF-3
in Huh-7 cells and HCV replicons. Similarly, shRNAs
did not induce IFN-B mRNA in Huh-7 cells and HCV
replicons. Recent analyses of potential mediators of
induction of the IFN response revealed that the initiating
5'-triphosphate is required for IFN induction in HEK
293 and HeLa cells {22]. Our synthesized shRINAs, how-
ever, did not induce IFN in Huh-7 cells and HCV repli-
cons. Huh-7 cells might be less sensitive to dsRNA than
HEK 2593 and Hela cells.

Next, we examined whether the synthesized shRNA
activated PKR and 2’-5'0AS. PKR and 2'-5'0AS are acti-
vated by dsRNA and viral infection [34]. PKR activation
stops translation. Activation of 2'-3’OAS activates RNase
L and degrades RNA [35]. Qur synthesized shRNAs, how-
ever, did not induce activation of PKR and 2'-5'0AS in
Huh-7 cells and HCV replicons. Even polyl:C did not
induce activation of these proteins in Huh-7 cells and
HCV replicons. These proteins in Huh-7 cells might be
insensitive to dsRNA. Therefore, we used Hela cells,
which were sensitive to dsRINA. The synthesized shRNAs
also did not induce activation of PKR and 2'-5'CAS in
Hel.a cells. These results demonstrated an association
between the sequence specific-inhibition via the RINAI
mechanism without stimulating the TLR-3 signal pathway,
PKR [36], or 2'-30AS by HCV proteins, because the
TIL.R-3-adaptor pratein TRIF is cleaved by HCV nonstruc-
tural 3/4A protease [37]. On the other hand, the nonstruc-
tural 5A protein might bind with PKR and block
dimerization, which inhibits the activation of eukaryotic
initiation factor 2a [38,39].

In conclusion, our results demonstrate that shRNAs tar-
geting the HCV TRES/Core gene transcript using T7 RNA
polymerase inhibited RNA replication in HCV replicons.
In addition, our study revealed that the 330-349-shRNA
and 340-359-shRINA inhibit the replication of HCV RNA
via an RNAI mechanism without stimulating the TLR-3
signal pathway, PKR, or 2/-5'0AS. This suggests that
RNAI might be an effective method for blocking HCV
RNA replication in infected celis.
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Abstract

Hepatitis C virus (HCV) is a major causative agent of hepatoceliular carcinoma. We recently discovered that the immunosuppressant
cyclosporin A (CsA) and its analogue lacking immunosuppressive function, NIM811, strongly suppress the replication of HCV in cell
culture. Inhibition of a cellular replication cofactor, cyclophilin (CyP) B, is critical for its anti-FICV effects. Here, we explored the poten-
tial use of CyP inhibitors for HCV treatment by analyzing the HCV replicon system. Treatment with CsA and NIMSII for 7 days
reduced HCV RNA levels by 2-3 logs, and treatment for 3 weeks reduced HCV RNA to undetectable levels. NIM811 exerted higher
anti-HCV activity than CsA at lower concentrations. Both CyP inhibitors rapidly reduced HCV RNA levels even further in combination
with [FNu¢ without modifying the IFN« signal transduction pathway. In conclusion, CyP inhibitors may provide a novel strategy for

anti-HCV treatment.
® 2006 Elsevier Inc. All rights reserved.
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Hepatitis C virus (HCV), which is associated with non-
A and non-B hepatitis {1], is a major causative agent of
chronic hepatitis, liver cirrhosis, and hepatocellular carci-
noma (HCC). Worldwide, HCV infection constitutes a seri-
ous health threat, and is estimated to affect more than 200
million individuals and cause approximately 280,000
deaths per year [2,3] The current standard therapy for
chronic HCV infection is interferon (IFN) or pegylated
IFN, either alone or in combination with ribavirin {4,5].
Because treatment with these agents fails to produce sus-
tained virus elimination in about half the total patients
[6.7], however, alternative and more effective strategies to
treat hepatitis C are needed.

We recently discovered that an immunosuppressant,
cyclosporin A (CsA), and its nonimmunosuppressive

* Corresponding author. Fax: +81 75 751 3998,
E-mail address: kshimotof@virus.kyole-u.acjp (K. Shimotohno).

0006-291X/3 - see front matter © 2006 Elsevier Inc. All rights reserved.
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analogue, NIMS811, suppress HCV genome replication
in a cell culture system. The maximum effect of each
cyclosporin was comparable to that of IFNo. The anti-
HCV effects of the cyclosporins correlated with cyclophi-
lin {CyP) inhibition [8). We also revealed that CyPB, one
of the cellular targets of CsA, regulated HCV replication
through its interaction with viral RNA-dependent RNA
polymerase NS5B [9]. Cyclosporins suppressed HCV rep-
lication by dissociating CyPB from NS5B. These proper-
ties recommended the CyP inhibitors as agents for
clinical use, especially considering the fact that hepatitis
C treatment should preferably suppress the emergence
of drug-resistant viruses, Because the CyP inhibitors spe-
cifically target a cellular factor, they are expected to exert
robust anti-HCV activities with a low risk of developing
drug resistance (see Discussion). Therefore, it will assist
in the development of new anti-HICV strategies to inves-
tigate the effects of cyelosporins on HCV replication in a
cell culture system.
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In this report, we examined in detail the anti-HCV
effects of CsA and NIMS11 and the effects of the cyclo-
sporins in combination with IFNg, using an HCV repli-
con system [10} Treatment with CsA and NIMSI11
reduced HCV RNA in the replicon system. NIMS811
was a more potent anti-HCV agent than CsA., We
observed further reduction of HCV RNA using a combi-
nation of either CsA or NIM8&11 with IFNo, and detect-
ed little to no increase in cytotoxicity. In addition, HCV
RNA was reduced to background level after 21 days of
treatinent with each cyclosporin. Based on these results,
CyP inhibitors could potentially serve as a new class of
anti-HCV agents.

Materials and methods

Compounds. CsA, IFNo, and ribavirin were purchased from Sigma,
Otsuka Pharmaceutical Co., Ltd., and Calbiochem, respectively. NIM381 1
was generously provided by Novartis (Basel, Switzerland).

Cell Culture. WNC and LMHI4 cells were cultured in Dulbecco’s
modified Eagle’s medium (Invitrogen) with 10% fetal bovine serum,
nonessential amino acids {Invitrogen), and L-glutamine (Invitrogen) in the
presence of 500 pg/ml G418 (Invitrogen). LucNeo#2 cells were generated
by selecting Huh7 cells transfected with LNMH14 RNA in the presence of
800 pg/ml G418.

Plasimid construction, The pENMHI4 plasmid was constrocted as
follows, The luciferase gene was amplified from pLMHI14 [11] by poly-
merase chain reaction (PCR) with the primers sspfor -AATATTATTG
AAGCATTTATCAGGG-3' and lucneorev 3'-GAACCTGCGTGCAAT
CCATCTTGCAATTTGGACTTTCCGCCCTTC-3'. The gene for neo-
mycin phosphotransferase (Neo®) was amplified by PCR from pMHI14
using the primers lucneofor Y-GAAGGGCGGAAAGTCCAAATTGC
AAGATGGATTGCACGCAGGTTC-3'and neonotrev §-CAATTGTT
ACCGCGGCCGCTGGAGGATC-3". Both cDNA  fragments were
annealed, followed by PCR amplification using the primers sspfor and
neonotrev. The amplified DNA fragment was digested with Sspl and AfII
and cloned into pMHI14.

In vitro RNA synthesis. LNMH14 RNAs were prepared by in vitro
transcription using a MEGAscript T7 kit {Ambion), as described previ-
ously {12},

Synergy and antagonism analysis. The effects of drug combinations
were evaluated using the Loewe additivity model, in which data were
analyzed with CalcuSyn software (Biosoft, Ferguson, Mo.), a computer
program based on the method of Chou and Talalay {13]. Afller con-
verting the dose-effect curves for each drug or drug combination to
median-effect plots, the program caiculated a combination index (CI)
value based on the following equation: [(Dh/{D ]+ {(D)f
(D2) + (DL (P)ADN(D,)). where (D} and (D,); are the doses of
drugs 1 and 2, respectively, that have the same x effect when used in
combination. CT values of <1, |, and >1 indicate synergy, an additive
eflect, and antagonism, respectively.

Colony formation assay. NNC cells were treated with drugs {CsA and
NIM811 alone or in combination with IFNw) in the presence of 500 pg/ml
G418 for 2 weeks, followed by fixation and staining with crystal vioiet.

Real-time RT-PCR analysis. The 5'-nontranslated region of HCV
RNA was quantified using an ABI PRISM 7500 sequence dstector
{Applied Biosystems), as previously described {8].

RT-PCR emalysis. RT-PCR was performed as described previously (8]
using the following primer sets: 5" TGACGCTGACCTGGTTGTCTT-3/
and 5-CAGGCTTCCAGCTGTCTCCTAA-3" to delect mRNA for 2/,
5'-cligoadenylate synthetase (2°,5'-0AS), 5-CCGCAGCCAAATTAGC
TGTT-3, and 5-GGCCTATGTAATTCCCCATGG-3 ta detect double-
strand RNA-dependent protein kinase (PKR), and 5-TGGAGGGATCT
CGCTCCTGG-Y  and 5-ATGGGGAAGGTGAAGGTCGG-3 to
detect glyceraldehydes-3-phosphate dehydrogenase (GAPDH).

Results

Response of HCV genome replication to treatment with
CsA and NIM811

We previously reported that CsA and its nonimmuno-
suppressive derivative, NIM§11, strongly suppress HCV
genome replication in the replicon system [8,10]. To charac-
terize the anti-HCV effect profile of cyclosporins, we first
examined in detail the cyclosporin responses of HCV repli-
cons. Consistent with previous results, HCV RNA levels in
NNC cells, which harbor full-genomic HCV replicons,
were decreased by over 2 logs following treatment with
1-3 pg/ml of either CsA or NIMB81{1 for 7 days (Fig. 1A).
In this assay, NIMS8I11 tended to decrease HCV RNA more
strongly than CsA at lower concentrations; the decreasing
effect of NIM811 on HCV RNA at 0.5 pg/ml was about |
log higher than that of CsA at the same concentration.
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Fig. 1. Response curve of HCV RNA titers vs. the concentration of CsA
and its nomimmunosuppressive anatogue, NIM811. (A) NNC celis,
harboring the HCV full genome replicon, were trealed with either CsA
or NIMS811 for 7 days, and the HCV RNA extracted [rom these cells was
quantified by real-time RT-PCR. The data represent percentages of HCV
RNA levels in celis either untreated or treated with CsA or NIM&I1. {B)
Schematic representation of the RNA construct carried in LucNeo#2
cells, LucNeo#2 cells were established as described in the Materials and
methods. HCV replication can be monitored by measuring the activity of
the resulting luciferase activity. (C) Luciferase activities were measured in
Lthe tysates of cells treated with either CsA or NIM811 for 7 days. The data
show the means of the results from three independent experiments, with
the standard deviation vaiues indicated by error bars.
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To confirm this result in another experimental system with
higher sensitivity to antiviral agents, we performed a lucif-
erase assay, which quantifies the activity of luciferase driv-
en from a subgenomic HCV replicon construct (Fig. 1B).
The maximum effect of treatment with each cyclosporin
was a drop in luciferase activity of more than 4 logs
(Fig. 1C). The difference in magnitude of suppression
between Figs. 1A and C is likely due to differences in the
experimental systems, because the response of the full gen-
ome replicon to CsA is similar to that of the subgenomic
replicon {10]. Also, in this assay, the decreasing effect of
NIMS811 on HCV RNA at 0.5 pg/ml was approximately
2 logs higher than that of CsA at the same concentration.
These results suggest that the anti-HCV effect of NIMS11
is more potent than that of CsA, especially at lower
concentrations.

Analysis of cotreatment with IFNw and either CsA4 or
NIMS8II

We examined the effect on HCV replication of cotreat-
ment with both IFNa and a cyclosporin by treating
NNC cells for 7 days with varying concentrations of a
cyclosporin and IFNo. The combination of each cyclospor-
in with TFNea showed a greater decrease in HCV RNA lev-
els compared to each compound alone (Figs. 2A and C),
with little to no increase in cytotoxicity (Figs. 2B and D).
The amplification of the IFNo-induced anti-HCV effects
of NIM811 was stronger than that of CsA {Figs. 2A and
C). This effect was further demonstrated using a colony for-
mation assay (Fig. 3). Cells treated with [FNo (3 and
10 1U/ml) or each cyclosporin (0.5 and 0.7 ug/ml) survived
under G418 selection similarly io untreated control cells,
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but a drastic reduction of the colony formation resulting
from replicating HCV was apparent following cotreatment
with IFNo and either CsA or NIME811. These data suggest
that combination treatment of cyclosporins with IFNu
exhibits a stronger antiviral effect than single treatments.
The next question is whether the antiviral effect of the
combination treatment is synergistic or additive. We there-
fore analyzed the data in Fig. 2A, obtained by cotreatment
with IFNa and CsA, using Loewe additivity models [14]
and a computer program, CalcuSyn [13]. Fig. 4 shows
the analysis results of the combination effects of IFNu (in
units per milliliter) and CsA (in micrograms per milliliter)
at a fixed ratio of 100:1. Fig. 4A presents a conservative
isobologram, illustrating lines that represent the elfective
doses (ED,) of the two compounds that would be required
to attain X% imhibition if the combination were simply
additive. The actual experimental doses inducing 50 {filled
triangle), 90 (filled square), and 99 (filled circle) % inhibi-
tion obtained in the data of Fig. 2A were more than, nearly
equal to, and less than, respectively, the expected doses
from ED curves which showed the additive interaction
between the two compounds. This result indicates antago-
nistic, nearly additive, and synergistic effects for EDsp,
EDgg, and EDgs, respectively, between CsA and IFNu.
Combination effect was further examined in Fig. 4B by
the calculation of a CI value (In this figure, more than,
equal to, and less than 1 of CI value indicate antagonistic,
additive, and synergistic effect, respectively). CI values of
the combination effects of IFN« and CsA at the fixed ratio
of 100:1 in the experiment shown in Fig. 2A were >1 in
fower fractional effect and <1 in higher fractional effect,
indicating a synergistic effect at high fractional effect levels.
A stronger synergistic effect was observed at the dose
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Fig. 2. The effects on HCV replication of cotreatment with both IFNu and cyclosporins. {A,C) NNC cells were treated with varying concentrations of
either CsA (A) or NIM811 {C} in combination with varicus concentrations of IFNw for 7 days. HCV RNA levels were determined by real-time RT.-PCR
and are shown as percentages of the level in cells unireated (control). (B,D) The numbers of NNC cells treated with either CsA (B) or NIIM8!1 (D) in
combination with IFNg for 2 days were deterniined to show the cytotoxicity of the drugs. The data represent means of the resuits from three independent

experiments, with the standard deviation values indicated by error bars.
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NIM811 0.5

Fig. 3. Colony formation assay showing the effects of cotreatment with
IFNw and cyclosporing, CsA {A) or NIMS8I1 (B). NNC cells were treated
with cyclosporins in combination with IFNe at the indicaled doses in the
presence of 500 pg/ml G418. After 2 weeks in culture, cells were fixed and
stained with crystal violet.

region providing higher antiviral eflfects than EDgq (data
not shown). The data clearly show that the stronger the
antiviral effect, the more synergistic the effect of cotreat-
ment becomes, though the cotreatment shows additive to
antagonistic interactions at relatively low concentrations.
A similar result was obtained by analyzing cotreatment
of IFNu and NIMRI11 (data not shown). Based on our
computational analysis, to induce a synergistic antiviral
effect by cotreating with IFNa and cyclosporins, it is
important to use doses representing more than 90% inhibi-
tion. Because the EDgy of NIMB811 is less than that of CsA,
NIMS811 more strongly potentiates the antiviral effects of
IFNo than does CsA at the same cotreatment dose.

The antiviral effects of cyclosporins alone or in combination
with IFNuw were sustained for over 10 days

To analyze the anti-HCV kinetics of the cyclosporins and
cotreatment with a cyclosporin and IFNew, we treated cells
with either cyclosporin, IFNo, or ribavirin alone, or IFNa

0.8
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synergistic

T
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Fractional Effect

Fig. 4. Analysis of the combination treatment of CsA and IFNw« using a
Loewe additivity model. {A) Conservative isobologram determined by
analyzing the data shown in Fig. 2A using the CalcuSyn program. The
lines represent the effective doses (ED,) of two drugs that would be
required to attain X% inhibition if the effects of combination were simply
additive, and the filled dots (filied triangles, squares, and circles for
ED g, py, and gg, respectively) are the actual doses used to accomplish these
inhibition effects obtained from the data of Fig. 2A. (B) The combination
index {CI} was calculated and plotted as the solid curve versus the percent
inhibition (i.e., the fractional effect). Two dotted curves represent the 95%
confidence intervals {1.96 standard deviations) of the CL.

in combination with either a cyclosporin or ribavirin for 3,
5,7, and 10 days and measured the quantity of HCV replicon
RNA (Fig. 5). CsA and NIMS81l, at 0.5pg/ml, both
decreased HCV replicon RNA in a time-dependent manner,
resulting in about 2 and 2 logs reduction, respectively, of
HCV RNA titers after 10 days of treatment, similar to
10 IU/ml IFNe. On the other hand, the combination of
10 IU/ml IFNo with 0.5 pg/ml CsA or NIM811 led to great-
er than 3 and around 4 [ogs reduction, respectively, of HCV
RNA after 10 days of treatment. These effects were greater
than that of cotreatment with IFNo and ribavirin
(200 uM, which was the highest dose without significant
cytotoxicity). Three weeks of treatment with CsA or
NIMEI1I reduced HCV RINA to below detectable levels as
assayed by real-time RT-PCR (data not shown). These
results indicate that the strong antiviral effects of cyclosporin
and NIMB811 alones or in combination with IFNo were sus-
tained over time and that viruses were eventually eliminated.

Cotreatment with CsA augmented the anti-HCV effecis of
IFNo withour enhancing the IFNa signal transduction
pathway

To investigate the mechanisms of action for the enhanc-
ing effects of cyclosporins on the anti-HCV activity of
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Fig. 5. Time course for the reduction of HCV RNA levels in NNC celis treated with CsA, NIM8i 1, [FNa, or ribavirin. The levels of HCY RNA in the
cells treated with the compounds for 3, 5, 7, and 10 days were determined by real-time RT-PCR and plotted vs. the days of treatment. The data represent

the means of the results of three independent experiments.

CsA - - sl
IFNe - + + + +

Fig. 6. Effects of the addition of CsA on the IFNa signal transduction
pathway. NNC cells were treated either without (lane 1) or with 100 IU/m]
IFNu (lanes 2-5) in combination with 0.5 pg/ml (lane 3}, 1 ug/ml {lane 4),
and 3 pg/ml (lane 5) CsA for 2 days. The mRNAs of 2,5 -cligoadenylate
synthetase (2',3-OAS) (upper panel), double-strand RNA-dependent
protein kinase (PKR) (middle panel), and glyceraldehydes-3-phophate
dehydrogenase (GAPDH} as an internal control (lower panels) were
detected by RT-PCR.

IFNa, we examined the IFNo signal transduction pathway
following the addition of a cyclosporin in NNC cells. The
IFNo-induced upregulation of mRNA coding for 2/,5'-oli-
goadenylate synthetase (2',5-0AS) and double-strand
RNA-dependent protein kinase (PKR), which are antiviral
proteins downstream of IFNw, were not augmented by the
cyclosporin cotreatment (Fig. 6). This result suggests that
the IFNo-induced transcriptional activation was not
altered by the cyclosporin treatment.

Discussion

We previously reported [8] that CsA and NIMS811 sup-
press HCV replication. In the present study, we evaluated
the anti-HCV effects of CsA and NIM811 in detail and
revealed that these compounds achieve multiple-log reduc-
tion of HCV RNA levels in a cell culture system. NIME11]
exhibited a more potent anti-HCV activity than did CsA,
especially at relatively low concentrations. We previously
demonstrated [9] that CyPB is a ceilular replication cofac-
tor that regulates the function of NS5B. CsA suppressed
HCYV replication via the dissociation of CyPB from NS5B
[9). In addition, NIMS811 is reported to bind CyP with
higher affinity (about 2-fold) than does CsA [15] Taken

together, the stronger anti-HCV activity of NIME811 over
CsA at low concentrations may be due to NIM811°s higher
binding affinity to CyPB. In actuality, the strength of sup-
pression of cyclosporins against vaccinia virus correlates
with their inhibition/binding activities to CyP [16), in
agreement with the above explanation. The higher anii-
HCV activity of NIMS8I11 at relatively low concentrations
may be important for anti-HCV therapies in vive because
the trough level of CsA in the peripheral blood during
the employment of CsA as an immunosuppressive agent
during liver transplantation is 0.2-0.3 pg/ml (Pezk cyclo-
sporin levels are 0.8-2.3 pg/ml) [17-19). Thus, NIMS8I1
may eliminate HCV at the concentrations that are permis-
sive in vivo, although other factors, such as pharmacody-
namics and side effects, must be validated. Moreover,
CsA might exert some pro-viral effects due to its immuno-
suppressive activity against T lymphocytes [20-22] in addi-
tion to its antiviral effects in hepatocytes. Thus, NIMS811,
which has little immunosuppressive function [15,23], is
expected to be preferable to CsA for eliminating HCV
in vivo.

Combining antiviral compounds that have different tar-
gets is effective in suppressing the emergence of drug-resis-
tant viruses, as illustrated by the example of human
immunodeficiency virus. Highly active antiretroviral com-
bination therapy, which consists of a nucleoside backbone
plus either a nonnucleoside reverse transcriptase inhibitor
or a protease inhibitor, has dramatically decreased the
mortality rate of AIDS patients [24]. Combining anti-
HCY drugs might be one therapeutic approach to eradicate
HCV, in addition to conventional therapy using IFNg,
PeglFNg, or either compound in combination with ribavi-
rin, In this study, we showed that both CsA and NIME&I1
exhibited enhanced ant-HCV effects in combination with
IFNo. Importantly, a recent clinical study reported that
the combination use of IFNa with CsA achieved a more
sustained virological response than did CsA monotherapy
[25] This elevated antiviral effect with CsA cotreatment
did not modify the IFNo signal transduction pathway
(Fig. 6). Past candidates with anti-HCV potential, such
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as protease inhibitors or polymerase inhibitors, which are
now undergoing clinical trials, directly target viral proteins
and inhibit their enzymatic activity. Because cyclosporins
such as CsA and NIMS811 target a cellular factor, CyPR,
as described above, these compounds could serve as an
additional type of anti-HCV agent. Moreover, viruses
resistant to cyclosporins are less likely to occur, since anti-
viral compounds that target cellular factors generally
induce less drug resistance than those inhibiting viral pro-
teins; this difference is due to the high mutation rates of
RNA viruses [26-30]. Thus, this novel anti-HCV candidate
could provide an alternative strategy to combat HCV.
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We previcusly reported that nucleolin, a representative nucleolar marker, interacts with nonstructural
protein SB (NS5B) of hepatitis C virus (HCV) through twe independent regions of NS5B, amino acids 208 to
214 and 500 to 506. We also showed that fruncated nucleolin that harbors the NS5B-binding region inhibited
the RNA-dependent RNA polymerase activity of NS5B in vitro, suggesting that nucleofin may be involved in
HCV replication. To address this question, we focused on NSSB aminoe acids 208 to 214. We constructed one
alanine-substituted clustered mutant (CM) replicon, in which all the amino acids in this region were changed
to alanine, as well as seven different point mutant (PM) replicons, each of which harbored an alanine
substitution at one of the amino acids in the region. After transfection into Huh7 cells, the CM replicon and
the PM replicon containing NS5B W208A could not replicate, whereas the remaining PM replicons were able
to replicate. In vivo immunoprecipitation also showed that the W208 residue of NS5B was essential for its
interaction with nucleolin, strongly suggesting that this interaction is essential for HCV replication. To gain
further insight into the role of nucleclin in HCV replication, we utilized the small interfering RNA (siRNA)
technique to investigate the knockdown effect of nucleolin on HCV replication. Cotransfection of replicon RNA
and nucleolin siRNA into Huh7 cells moderately inhibited HCV replication, although suppression of nucleolin
did not affect cell proliferation. Taken together, our findings strongly suggest that nucleolin is a host compo-

nent that interacts with HCV NS5B and is indispensable for HCV replication.

Hepatitis C virus (HCV) is a major cause of chronic hepatitis
around the world (1, 7). Chronic infection with HCV results in
liver cirrhosis and may lead 1o hepatocellular carcinoma (53, 54).
HCV is an enveloped positive-strand RNA virus belonging to the
genus Mepacivirus in the family Flaviviridae. The HCV RNA ge-
nome is ~9.6 kb in length and consists of a 3' noatranslated
region (NTR), a large open reading frame, and a 3’ NTR, The 5’
NTR contains an internal ribosome entry site, which rediates the
translation of a single polyprotein of ~3.000 amino acid (aa)
residues (61, 64). This polyprotein is cleaved by host and viral
proteases into at least 10 different products (33). At the amino
terminus of the polyprotein are the core protein, Ei, and E2,
followed by p7, a hydrophobic peptide with unknown function,
and the ponstructural (NS) proteins NS2, NS3, NS4A, NS4B,
NS5A, and NS5B. The 3' NTR consists of a shorl variable se-
quence, a poly(U)-poly(UC) tract, and a highly conserved X re-
gion and is critical for HCV RNA replication and HCV infection
(13, 29, 68, 71).

HCV is unique ameng positive-strand RNA viruses in that it
causes persistent and chrenic infections. In addition, the high
mutation rate of the gene encoding the E2 protein allows it to
escape host immune surveillance. which is strengly associated
with chronic inflammation of the liver (19, 23, 66. 67). As a
result, HCV replication has become a target for the treatmeni
of chronically infected individuals. The RNA-dependent RNA
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Oncology, Cancer Research Institute. Kanazawa University, 13-1
Takara-Machi, Kanazawa, Ishikawa. Japan. Phone: 81-76-263-273]
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polymerase (RdRp) NS5B is the central catalytic enzyme in
HCV RNA replication. Several recombinant and catalytically
active forms of NS3B have been expressed and purified from
insect cells and Escherichia coli, and these proteins have pro-
vided insights into the biochemical and catalytic properties of
NS3B (2, 12, 34, 68). Studies of HCV replication in vitro have
to overcome several difficulties, since replication requires all or
most NS proteins and/or host proteins and occurs at the mem-
brane. An understanding of the biology of HCV replication has
been facilitated by the development of subgenomic and full-
length HCV replicons, which express HCV proteins and rep-
licate their RNA when transfected into human hepatoma-cell-
derived Huh7 cells and other cell lines (22, 24, 35).

Nucieolin is a major nucleclar phosphoprotein, and nucleo-
lin-specific antibodies have been used to identify nucieoli (14,
59). Nucleolin has been shown to be an RNA chaperone
and/or shuttling protein for various host and viral compenents
in nuclecli, nucleoplasm, cytoplasm, and the plasma mem-
brane (18, 37, 41}, We previously reported that the transient
expression of NS3B causes the redistribution of endogenous
nucteolin from the nucleus to the cytoplasm and that nucleolin
and NS3B interact, in vitro and in vivo, through two indepen-
dent regions of NS5B. aa 208 to 214 and 500 1o 506. We also
showed thai the C-terminal region of nucleolin inhibited NS3B
RdRp activity through this interaction in vitro (20}. Because
fuil-length nucleolin was not available in that experimental
condition {70), we could not determine the exact role of this
interaction in vivo.

To further investigate the interaction between nucleolin and
NS5B, we focused on NS5B aa 208 to 214, We prepared a
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series of mutant replicons in which each amino acid within this
region was altered to alanine(s). Here, we report that the
W208 residue is critical for transient HCV replication as well
as for binding to nucleolin in vivo. HCV replication was con-
siderably inhibited in cells in which endogenous nucleolin was
transiently down-regulated by small interfering RNA (siRNA).
Qur resulis strongly suggest the involvement of nucleolin in
HCYV replication through its interaction with NS5B and that
nucleolin acts as a positive madulator of HCV replication.

MATERIALS AND METHODS

Construction of plasmids. The piasmid pNNRZ2RU {28), which harbors a
subgenomic replicon derived from MT-2C cells infected with HCV (a genowpe
Ib isolate. MILE [GenBank accession no. AB0B0299)) and contains wild-type
MILE replicon (M1LEAvild) cDNA, was digested with Mlu! and Bgill, und the
obtained frugment was inserted into the Miul and Bgill sites of the vector
pGL3Basic {Promegs) 1o create pGL3-Mul-Belll. The Intermediate vector
pGL3-Mlui-Bgll[-82321 was constructed by introducing the point mutation $2321
of NS5A into the Ml and Sac! sites of pGL3-Mlul-Bgltl by site-directed
miagenesis using primers carrying the necessary nucleotide changes. Subsc-
quently, mutations were introduced into pGL3-Mhel-Bell1-52321, which was di-
sested with Miul and Belll. The resulting DNA fragments were subsequentdy
ligated into the Mlul and Bglll sites of pNNRZZRU. Plasmids containing the
individual NS3B substitutions W208A, K209A, 52104, K211A, K212A, C213A,
and P214A and the T-amine-acid alanine substitution, em21}, were constructed
by introducing each mutation into the Eco811 and Ndel sites of pGL3-Miul-
Bel13-5232F by site-directed mutagenesis using primers carrying the necessary
nucleotide changes.

The vector pNKFLAG (49) was used to express amino-terminaliy FLAG-
tagged proteins, The plasmid pNNRZ2RU was subcloned by PCR using the
primers  5-TATCGAGCTCGATGTCAATGTCCTACTCATGGACAGGT-3'
(NS3B For), which contains an artificial initistion codon downstream of the Sacl
site, and 3-ATGGATGGATCCGCGGGGTCGGGCGCGAGACAGGCT-3
(NS5Bt Rev), which comaing a BarmB site. NSSBL, contuining full-length NS3B
truncated by 21 aa ot the C lerminus, was subcloned into the Sacl and BamHI
sites of pNKFLAG to create pNKFLAGNSSBL,

The plusmid pNEGST/Nucleolin (20) was vsed for the expression of glutathione-
S-transferase (GST)-fused nucleolin proteins. FLAG-labeled plasmids containing
the individual NSSB substitutions W208A, K209A, 5210A, K211A, K2i2A, C213A,
and P214A and the 7-amino-acid alanine substitution em21T were constructed by
introducing fragments of pGL2-MI-Bell1-52321 containing each mutation into the
EcoRlI and Smal sites of pNKFLAGNSAB1,

The sequences of all the constructs were conlirmed using the dideasy sequence
method. The plasmids pLMH14 and pLMH14/GHD (40} were used s templates
for replicon RNA LMHI14 and EMH {4/GHD, respectively.

Cell culture. We used twe Rinds of Huh? cells, one derived from our own
laboratory’s original Hub7 ceils, designated Fluh7-DMB (36). and the other
cured of MHI4 gamma interferon, designated cured MHI14 (40}, Huh7-DMB
cells were used for colony-forming assays, and cured MIT14 cells were used for
luciferase assavs. Both types of Huh7 cells were grown in Duelbecee’s modificd
Eagle's medium {Gibco-BRL. Invitrogen Life Technologies) suppiemented with
1% feral bovine serum, 2 mM L-glutamine. nonessential amino acids, 100 U of
penicillin, and 160 wg of streptomycin.

Tn vitra transcription and purification of RNA. All plasmids hasboring repli-
con RNA were linearized with Xbal and column purified (PCR purificalion kit;
Promega}. RNA was synthesized and purified as described previously {36).

RNA transfection and selection of Gd18-resistant cebls. Subconfluent Huh7
celis were Lrypsinized, washed once with phosphate-butfered saline {PBS) tha
does not contain Co oand Mg [PBS(=)]. and resuspended af 107 cellyyml in
OPTI-MEM {Gibco-BRL. Invitrogen Lile Technologies). One hundred nano-
grams of neea replican RNA, with or withaut 1w of cach siRNA, was added
400 gl of each cell suspension in a cuvette with a pap width of 0.4 em {Biv-Rad)
The mixture was immediately transfected inte Huh7 celis by electroporation with
a GenePulser [ svstem {Bio-Rad) sed 1o 2700V wid 975 pF. Following a 10-min
incebation at room temperature, the cells were transferred into 10 ml of growth
medium and seeded into a 10-can-digmeter eell cuiture dish. To select Gd13-
resistant cells. the medium was repluced with fresh medivm containing 1 ma/mi
of G418 (GENETICIN; Gibco-BRL. invitrogen Life Technologiesy 24 h after
transfection. After changing the medium twice per week for 4 weeks, the colonies
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were stained with Coomassie brilliant blue ((L6 gliter in 505 mellanol-10%
acetic acid).

DNA transfection, Using the same electroporation protocel as described
above, 500 ng of pCl-Neo (Promega), which encodes @ neemycin resistance
marker under the control of a cytomegalovirus {CMV) promoterfenhancer, with
or without 1 zM of each sIRNA, was transfected into Huh7 cells. G4 18-resisrant
cells were selected in medium containing 0.5 mg/ml G418, Four weeks after
transfection. the colonics were stained with Coomassie brifliant blue,

Using DMRIE-C reagent {lnvitrogen Life Technologies), 300 ng of pGL3
control (Promega), encading luciferase under the control of & CMV promoter/
enhancer, was cotransfected with or without 2 uM of each sSiIRNA according to
the munufacturer’s instructions, Luciferuse activity was assuyed 48 and 72 1 after
transfection.

RINA transfection and laciferase assay. We used a luciferase assay 1o monitor
luciferase replicon activity. Bricliy, cured MH14 cells seeded onto 48-weli plates
weye transfected with 230 ng of luciferase replicon RNA, with or without 2 pM
of cach siRNA. vsing DMRIE-C reagent according to the manufacturer’s in-
structions. Cell proteins were extracted in a lysis buffer supplicd in the Dual
Luciferase Reporter Assay system (Promega), and their luciferase sctivity was
measured. Each assay was performed ar least in triplicate, and means and
standard deviations were determined.

Preparation of cell extracts, coprecipitation with glutathione resin, and West-
ern biol analysis. COS1 cells were transiently transfected using the calcium-
phosghate metlod. The cells were harvested, washed with PBS(-), and soni-
caled in PBS lysis buffer [PBS{—) containing 130 mM NaCl, 1.04% Triten X-100,
1 mM EDTA, und 1 mM dithiothreitol] containing 10 g each of aprotinin and
leupeptin per mi. Total cell Iysates were diluted 10-fold with PBS lysis buffer,
mixed with 20 pl of glutathione-Sepharose 4B beads {ghuathione resin) {Amer-
sham Biosciences), and incubated for 3 h on & retator in a cold roem. Afier
extensive washing with PB3{~) containing 1.0% Triton X-100, the hound pro-
teins were eluted, fractionated by sedium dodecyl sullate (SD5)-10% polvacryl-
amide gel clecirophoresis (PAGE), trensferred cnte nitrocellulose membranes,
and subjected to Western blot analysis with anti-FLAG M2 monaclenai antibody
{Sigma). The proteins were visualized using enhanced chemiluminescence ac-
cording to the manufacturer’s instructions (Amersham Biosciences). As a load-
ing contral, the nitrocellulose membranes used for Western blor analysis with
ani-FLAG M2 monocional antibody were reprobed with ami-GST monoclonal
antibody (Santa Cruz Biotechnology, inc.) according to the manufscturer’s in-
structions (Amersham Biosciences).

siRNA. We purchased siRNA for luciferase GL3 duplex {si-Luc), siRNA for
nonspacific contrel RNA duplex (si-Mix), siRNA for nucleolin (si-Nuc) (GGA
AGACGGUGAAAUUGAU-deosyribosylthymine [dTIdT). and siRNA for HCV
{CCUCAAAGAAAAACCAAACATIT) from B-Bridge International. Inc, and
we purchased siRNA for GFP from QIAGEN,

Western blot analysis for endegenous nucleolin, Using the clectroporation
prowcol described above, 1 M of cach siIRNA was transfecied into Huh7-DMB
ceils. After 48 h, the cells were harvested, washed with PBS{-). and sonicated in
PBS lysis buffer. Total cell lysates were fraciionated by SD5-10% PAGE, trans-
ferred onto nitrocetlulose membranes, and subjected 0 Western blot analysis
witl rabbit pelyclonal anti-nucleolin antibody (103C) (20%, meuse monocional
anti-nucleolia atibody (€23, se-803): Sante Cruz Biotechnology, Inc.). and
mouse monoclonal anti-B-actin antibody (Sigma). The proteing were visualized
by enhanced chemiluminescence according o the manufacturer’s instructions
{Amersham Biosciences).

RESULTS

We previously reported that NS5B from HCV subtype 1b
isolate JK-1 and nucleolin interact in vitro and in vivo and that
two regions of NS3B, amino acids 208 to 214 and 500 to 306,
are both indispensable for binding to nucleolin. We also re-
ported that the C-terminal region of nucleolin inhibited the
RARp activity of NS3B in a dose-dependent manner (20).
Although the effect of full-length nucleolin could not be de-
termined, because we could not obtain recombinant full-fength
nucleolin, these results strongly suggested that nucleolin may
be a component of the HCV replication complex and, through
its interaction with NS5B, may modulate HCV replication. To
further investigate this question, we determined the biclogical
effect of the interaction between NS5B [rom HCV subtype 1b

200Z ‘42 YadelN Uo Saseasiq] Snoljosiu| jo ajniusut [euonen je Bio wseal woly papeoumoq



3334 SHIMAKAMI ET AL. 1. ViroL.
A 5NTR EMCV-IRES 52321 3'NTR
Neo-B NS3 Al 4B | 5A 5B s
wild type replicon;MA / \
201 210 220
MA VEFLYNTWKSKKCPMGFSYD

MA/cm211 VEFLVNTAAAAAAAMGFSYD
MA/W208A VEFLVNTAKSKKCPMGFSYD
MA/K209A VEFLVNTWASKKCPMGFSYD
MA/S210A VEFLVNTWKAKKCPMGFSYD
MA/KZ211A VEFLVNTWKSAKCPMGFSYD
MA/K212A VEFLVNTWKSKACPMGFSYD
MA/C213A VEFLVNTWKSKKAPMGESYD
MA/P214A VEFLVNTWKSKKCAMGFSYD

6000
5000 -
4006
3000 I

2] l

3000 -

Ga18-resistant colonles per 1pg ol RNA (g

Q

Waudh  Kzo9A  S210A  K211A K212A  C213A  P214A cm2il wild

isolate M1LE and nucleolin on HCV replication using an HCV
subgencmic replicon system.

Scanning of aa 208 to 214 in an HCV subgenomic replicon.
First, we tested the importance of NS5B aa 208 to 214, a region
essential for nucleolin binding, in HCV RNA replication. For
this purpose, we prepared eight mutant replicons (Fig. 1A).
The wild-type replicon was represented by MA, in which 5232
of NS5A was altered to I, because this mutant replicon can
cfficiently replicate in Huh7 cells (36, 56). In the replicon
MA/em?211, each of the amino acids at positions 208 to 214 of
NS5B was changed to alanine, whereas in the replicons MA/
W208A, K209A, 52104, K211A, K212A, C213A, and P214A,
cach individual amino acid residue was changed to alanine. All
of these mutant replicons were transfeeted into Huh7-DMB
cells, which were selected with G418, and the number of G418-
resistant colonies was used as an indication of HCV RNA
replication. In cells transfected with MA/m2l1 and MA/
W208A, we observed no G418-resistant colonies, whereas in cells
transfected with the six other point mutant replicons, as well as in
celis transfected with MAJK211, we detected G418-resistant col-
onies, but they were fewer than those detected with wiid-type
replicon MA {Fig. 1B). Our negative control, the mutant replicen
M1LE/3B-VDD. in which the GDD motif of NS3B was mutated
to VDD, yielded no G&18-resistant colonies (data not shown).
The resuits of tins experiment indicated that the region of NS3B
at aa 208 to 214, especially W208. is essential for HCV RNA
replication.

Interaction between nucleolin and NS5B. Although we have
shown that NS3B from isolate JK-1 binds to nucleolin, it was

FIG. 1. (A) Schematic representation of the murant repticons used in
this study, MA. is a replicon carrying the point mutation S2321 in NS5A
and was used as the wild-type replicon, The mutant replicons MA/em211,
MA/W20BA, MA/ZOIA, MA/S210A, MAS21TA, MAS12A, MA/ZI3A,
and MAJ214A carry NS5B mutations in MA. as shown. Numbering starts
from the beginning of NS5B. EMCV, encephalomyocarditis virus; IRES,
internal ribosome entry site. (B} Effect of each mutation on HCV RNA
replication. Huh7-DMB celis were electroporated with | g of each rep-
licon RMNA, and G418-resistant cells were selected with { mg/ml G418 and
stained 4 weeks later. This figure shows the mean number of G418-
resistant cell colonies per i0-cm-diameter cell culture dish per I pg rep-
licon RNA,

necessary to show this in isolate MILE. Due to the poor
recovery of soluble full-length NS3B, we utilized NS53Bt (68), a
soluble form of NS3B in which the C-terminal 21 aa were
fruncated, to dissect the interaction between NS5B and nucleo-
lin. Previously, we confirmed that these 21 deleted amino acids
were not essential for this interaction (20). FLAG-NS5Bt and
GST-nucleolin were transiently coexpressed in COS1 cells, af-
ter which the lysates were subjected to a GST pull-down assay
and the bound proteins were immunologically detected with
anti-FLAG M2 and anti-GST antibodies. We found that GST-
nucleolin could bind FLAG-NS5Bt from the MILE isolate,
whereas GST could not, indicating that nucleolin interacts with
NS3B in both JK-1 and MILE isolates (Fig. 2). To determine
the essential region/residues of NS5B required for its bind-
ing to nucleolin, we again focused on aa 208 to 214 using the
alanine scanning method (3). We prepared FLAG-NS3B¢y/
em211, in which aa 208 1o 214 were all replaced by alanine
residues, and showed that it could not bind to GST-nucleo-
lin in ap i vivo immunoprecipitation assay {Fig. 2), indicat-
ing that aa 208 to 214 of NS3B in both MILE and JK-I
isolates constitute a critical region for the binding of nucleo-
lin. To identify the exact residue(s) within aa 208 to 214
critical for binding to nucleolin, we prepared seven alanine-
substituted point mutants in which each amino acid was
replaced by alanine, and we tested the ability of each point
mutant ta bind to GST-nucleolin. Using an in vivo immu-
noprecipitation assay, we found that of the seven point mu-
tants, only FLAG-NS3Bt/W208A could not bind toc GST-
nucleotin (Fig. 2). indicating that W208 of NS3B is essential
for this binding and may be essential for HCV replication.

Suppression of endogenous nucleolin by siRNA. To identify
the siIRNA seguence that knocks down the expression of
endogenous nucleolin, we used the prediction services of
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FI1G. 2. Intgraction between nucleolin and NS5B of HCV isolate MILE and an essential residue for this interaction. COS| cells were transiently
cotransfected with mammalian expression vectors expressing FLAG-NSSBt proteins (lanes: 1 and 2, wild type; 3. cm?211; 4, W208A: 5. K209A: 6,
S2104A; 7, K211A; 8, K2124A; 9, C213A; 10, P214A) and GST protein alore (lane 1) or GST-nucleolin protein {lanes 2 to 10). (A) Input of
FL.AG-NS5Bt proteins. Total lysates were fractionated by SDS-10% PAGE and subjected to Western blot analysis with anti-FLAG M2
monoclonal antibody. (B) Qutput of FLAG-NS5Bt proteins. Coprecipitants by glutathione resin were washed with PBS(~) cortaining 1.0% Triton
X-100, fractionated by SDS-10% PAGE, and subjected to Western blot analysis with anti-FLAG M2 monacionai antibody. (C) Recovery of GST
or GS8T-nucleolin proteins. The nitroceliulose membrane used for Western blot analysis of coprecipitants with anti-FLAG M2 antibody was
reprobed with anti-GST antibody. Molecular masses (kilodaltons) are indicated to the right of the panel.

iGENE (Tsukuba, Japan). We selected one sequence, si-Nug,
and, as a control for sSIRNA transfection, we utilized siRNA
for luciferase (si-Luc) (GL3 luciferase duplex). Forty-ecight
hours after electroporation of each siRNA, at a coencentra-
tion of 1 wM, inte Huh7-DMB, the lysates were analyzed by
Western blotting analysis with two kinds of antibody to
nucieolin. We found that both anti-nucleolin antibodies de-
tected the expression of endogenous nucleolin. Although
si-Nuc efficiently knocked down the expression of endoge-
nous nucleolin, si-Luc did not (Fig. 3), showing the speci-
ficity of the former. Tn addition, real-time PCR showed that
si-Nuc decreased nucleolin mRNA by about one-third com-
pared with si-Luc (data not shown).

Effect of nucleolin suppression on HCV replication. To test
the effect of nucleolin knockdown on HCV RNA replica-
tion, we transfected 1 wM of si-Nuc or si-Luc along with 1G0
ng of replicon MA RNA into Huh7-DMB cells and selected
the cells with G418, As shown in Fig. 4, we found that
cotransfection of si-Nuc reduced the number of G418-resis-
tant colonies, whereas cotransfection of si-Luc did not (Fig.
4). As a controi for the efficient transfection of siRNA, we used
si-HCV. which targets the HCV internal ribosome enury site
and can efficiently suppress HCV replication, as described pre-
viously (51). Using this siRNA. we observed no G418-resistant
colonies, indicating that siIRNA was efficiently transfecled un-
der these experimental conditions. To rule out the possibility
that suppression of nucleolin may have a detrimental effect on
celis and may inhibit HCV RNA replication, we transfected
pCl-Neo, which encodes a neomycin resistance gene under the
controf of a CMV promoterfenhancer, into Huh7-DMB cells,

with or without si-Nuc and si-Luc, and selected the celis with
0.5 mgfdl G418. We found that the suppression of nucleolin
expression did not significantly reduce the number of G418-
resistant colenies (data not shown). In addition, massive cell
death was not observed after the transfection of any siRNA
(data not shown). These results indicate that the transient
suppression of nucleclin may not affect cell proliferation but
that nucleolin may affect the HCV replicaticn complex itself.

1 2 3
Anii-nucleoiin-1
A ey (103C)
1 2 3
5 D"‘ Anti-nucleotin-2
- —_—— {C23)
1 2 3

C  remmmmecmmmsenmmeons A nti-[}-actin

si-Nuc si-Lue  si(-)

FiG. 3. Knockdown of endogenous nucleolin by siRNA. Huh7-
DMB cells were electroporated with 1 pM si-Nuc and si-Luc, Afier
48 h. totul cell lysares were fractionated by SDS-109 PAGE and
subjected to Western blot analysis with the anti-nucleolin antibodies
anti-nucleolin-1 (103C) in A and anti-nucieofin-2 {C23} in B and anti-
f3-actin antibody in C. Lanes: 1, cells transfected with si-Nuc: 2, cells
transfected with si-Lug; 3, no siRNA [si(-)).
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FIG. 4. Effect of suppression of endogenous nucleolin on HCV replication in the MA replicon. Huh7-DMB cells were electroporated with |
pg of in vitro-transeribed MA RNA plus si-Nuc, si-Luc, si-HCV, or no siRNA {si(—)}, and G418-resistant cells were selected with 1 mg/mil G418
and were stained 4 weeks later. (A} Mean number of G418-resistant colonies per 10-cm-diameter cell culture dish per 1 pg replicon RNA. Error
bars indicate the standard deviations of the results from at least three independent experiments. (B) Visualization of G418-resistant colonies. as

described in Materials and Methods,

Because the knockdown effect of siRNA does not continue
for more than 3 weeks after transient transfection. the number
of G418-resistant celonies may not be a good indicator of HCV
RNA replication, We therefore performed a transient replica-
tion assay using.a replicon in which the neomycin resistance
zene was replaced by a luciferase gene. and luciferase activity
was used as a marker of HCV RNA replication. Transfection
of MHI14 RNA, which was used as the wild-type replicon, into
a subline of Huh7 cells resulted in highly efficient luciferase
activity, whereas a poiymerase-defective RNA replicon of
MHI14, MH4GHD, in which the catalytic GDD motif of NS5B
polymerase was replaced by an inactive GHD motil, was used

as a negative control (Fig. 5A). si-HCV and si-Luc suppressed
the luciferase activity even at 24 h after transfection, but other
siRNAs did not affect the luciferase activity, and luciferase
activities in these siRNAs were similar to that of the control
(no siRNAY) at this point (Fig. 3B). We found that cotransfec-
ticn of si-Nuc moderately suppressed both luciferase aciivity at
72 h after transfection and relative luciferase activity. whereas
cotransfection of si-GFP and si-Mix did not (Fig. 38 and C).
Cotransfection of si-HCV and si-Luc almost completely sup-
pressed luciferase acyivity at 72 h after transfection. In a tran-
sient replication assay, the suppression of endogenous nucleo-
lin also inhibited HCV replication.
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FIG. 5. Eficct of suppression of endogenous nucleolin on HCV
replication in the LMHI4 replicon. (A) Schematic representation of
the luciferase replicon. In the LMHI14 replicon, the neomycin resis-
tance gene was replaced by a luciferase gene, and 5232 of NSSA was
replaced by R. In the LMH14/GHD replicon, the NS5B GDD meotif in
LMH 14 was changed to GHD and used as a negative control, (B} Ceils
were transfected with in vitro-transeribed LHH14 or LMH14/GHD
RNA along with 2 pM of si-Mix, si-GFP. si-Nug, si-Luc, 5i-HCV, or no
SIRNA [si{—}] vsing the DMRIE-C reagent. and luciferase activity
(relative light gaits [JRLU]) was measured 24 and 72 h after transfec-
tion. Shown are the activities at 24 and 72 h. Ervor bars indicale the
standard deviations of the results from ar least three independent
experiments. {C) Activity at 24 h was used as an indication of eaci:
transfection. Shown are the ratios of activity (percent) at 72 h relative
10 that at 24 h. Emrer bars indicate the standard deviations of the
results from at Jeast three independent experiments.
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To rule qut the cytotoxic effects of the suppression of en-
dogenous nucleolin, we transfected pGL3 control, with or
without each siRNA, and measured luciferase activity 48 and
72 h after transfection. We found that cotransfection of each
siRNA did not inhibit luciferase activity at both 48 and 72 ks
(Fig. 6), indicating that both suppression of nucleolin and
transfection of siRNA did not have detrimental effects on
transfected cells.

DISCUSSION

HCV replication has been found to take place in a distinctly
altered membrane structure, or membranous web, of the en-
doplasmic reticulum (11). When HCV NS proteins are co-
expressed in stable cell lines harboring replicons, they colocalize
to these membrane structures, indicating that they might form
a complex (16, 39, 47). These nonstruciural proteins, together
with host factors, form the viral replicase, the complex in which
viral replication is thought to take place. The in vitro level of
the RARp activity of NS5B is low (12), indicating that cofac-
tors, whether viral and/or host proteins and/or the appropriate
cellular environment, are necessary for optimal activity of
HCV RdRp. HCV NS5B has been reported to interact with
NS3, NS4A, NS4B, NS5A, and NS5B itself (9, 48, 57, 65).
Using an HCV subgenomic replicon, we previously reported
the critical role of the inleraction between NS5A and NS3B
and the oligomerization of NS5B itself in HCV replication (36,
56). NS3 and NS4B have been shown to be positive and neg-
ative regulators, respectively, of NS5B in the replication com-
plex {46).

In addition to interacting with HCV nonstructural proteins,
NS5B has been reported to interact with many host proteins,
including a SNARE-like protein (62); e]F4AIl, an RNA-de-
pendent ATPasc/helicase; a component of the translation ini-
gation complex {30), protein kinase C-related kinase 2, which
specifically phosphorylates NS3SB (27); and p68, a human RNA
helicase T (15). The suppression of protein kinase C-related
kinase 2 has been reported 1o reduce the phosphorylation of
NS5B and to inhibit HCV RNA replication (27), and the
suppression of p68 has been reported to inhibit the synthesis of
negative-strand HCV RNA from the positive strand (13).

Several host proteins have been shown to interact with
RdRp of other RNA viruses. For exampie, in poliovirus, an
RdRp and an RdRp precursor interact with human Sam68
(38) and heterogenecus nuclear ribonucleoprotein C1/C2
{5). respectively, and modulate RdRp activity directly or
indirectly. Bromo meosaic virus RdRp and tobacca mosaic
virus RdRp interact with eukaryotic initiation factor 3 and
eukaryotic initiation factor 3-related factor, altering RdRp
activity (45, 50).

Here and in & previous report, we identified and character-
ized the interaction between nucleolin and HCV NS5B (20).
Nucleolin was originally identificd as a common phosphopro-
tein of growing evkarvotic cells, although its function i not
completely understood. Nucleolin is a multifunctiona protein
that shuttles between the nucleus and cytoplasm. In addition, it
is expressed on the surface of various cells, acting as a receptor
for various ligands, inciuding lipoproteins (33), cvtokines,
growth factors (6, 52, 60), the extracellular matrix (10, 18, 25),
bacteria (58), and viruses (4, 8, 21, 41-44),
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