VoL. 82, 2008

ing proteases and polymerases, from patients persistently in-
fected with RNA viruses that exhibit a quasispecies nature,
such as human immunodeficiency virus and HCV. Viral qua-
sispecies are not a simple collection of diverse mutants but a
group of interactive variants capable of adapting to new envi-
ronments (48). Cyclosporine treatment has been shown to be
effective for patients infected with HCV of genotype 1b (20)
and suppresses HCV RNA replication in vitro (52). In addi-
tion, cyclosporine has been shown to disrupt the interaction
between NS3B and cyclophilin B, which is required for an
efficient RNA-binding of NS5B (53). Cyclophilins and FKBPs
are classified as immunophilins capable of binding to the im-
munosuppressants cyclosporine and FK506, respectively (26).
The family members do not share a homologous domain other
than drug-binding and enzymatically active domains, based on
their amino acid sequences, substrate specificities, and inhibi-
tor sensitivities. However, cyclosporine-resistant RNA replicon
was shown to exhibit mutations not only in NS5B but also in
NS5A (12, 41), suggesting that cyclosporine might affect the
viral replication through the nucleotide-binding ability of
NS5B, as well as the function of NS5A. Recently, geldanamy-
cin, an inhibitor of Hsp90, was shown to drastically impair the
replication of poliovirus without any emergence of escape mu-
tants (14). Therefore, the elucidation of host proteins, includ-
ing immunophilins and chaperones, participating in the HCV
replication complex may lead to the development of new ther-
apeutics for chronic hepatitis C with a broad spectrum and a
low possibility of emergence of revertant viruses. In particular,
disruption of the specific interaction of Val'®' of NSSA with
the TPR domain of FKBP8 might be an ideal target for a novel
therapeutic measure,

Egger et al. reported that NS4B alters the intracellular mem-
brane to form a membranous web structure consisting of a
membrane-associated multiprotein complex localized in the
cytoplasmic compartments distinct from the mitochondria in
vitro and in the liver of an HCV-infected chimpanzee, suggest-
ing that the membranous web forms the viral replication com-
plex (8). An N-terminal amphipathic helix of NS4B plays an
important role in the viral replication, as well as in the correct
localization of other NS proteins including NS5A (9). Further-
more, VAP-B was reported to interact with Nir2 protein
through the FFAT (named for two phenylalanines [i.e., FF] in
the acidic tract) motif and to remodel the ER structure to form
a convoluted membrane structure resembling a membranous
web (3). In addition, VAP-A and B interact with not only
NSSA but also NS5B (13, 16, 47), suggesting that the complex
of NS5A with FKBPS might be recruited on the membranous
web by NS4B and/or VAPs and participate in the HCV repli-
cation.

FKBPS has been shown to be localized mainly on the mito-
chondria and to interact with Bel-2 to sequester Bel-2 on the
mitochondria (7, 44). However, HCV RNA was suggested to
be replicated in the membranous web structure in replicon
cells (8, 13, 15), and NS5A was reported to localize on the ER,
Golgi apparatus (2, 6, 16), and lipid droplets (43). Figures 6C
and 7A clearly indicate that the intracellular compartment
including NS5A and FKBPS is distinct from mitochondria. The
HCV core protein was shown to upregulate genes related 1o
fatty acid biosynthesis through the interaction with proteasome
activator PA28y/REGyy in the nucleus (34) and to induce ac-
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cumulation of cytoplasmic lipid droplets in the mouse liver
(35). Recently, it was shown that the HCV core protein of the
genotype 2a JFHI strain recruits the replication complex to the
lipid droplet-associated membranes, and HCV particles were
detected in close proximity to the lipid droplets, suggesting that
lipid droplets induced by core protein participate in the assem-
bly of HCV particles (31). In addition, the lipid droplets in-
cluding the core protein were surrounded by the nonstructural
proteins was also detected in cells expressing the chimeric
HCV genomes encoding core to a part of NS2 proteins of
genotype 1b or la strain and the nonstructural proteins of
JFHI strain (31). In the present study, FKBP8 was shown to be
colocalized with NS5A in a highly electron-dense intracellular
compartment indistinguishable from the membranous web. Al-
though the total amount of FKBP8 was not changed by the
treatment of the replicon cells by IFN-a (data not shown), the
membranous web structure where FKBP8 and NS5A had ac-
cumulated was removed by the treatment (Fig. 7B). These
results suggest that the replication of the subgenomic HCV
RNA induces the formation of a membranous web structure in
which NS5A and FKBPS are colocalized but has no effect on
the expression level of FKBPS, Furthermore, we could not
detect any colocalization of FKBPS and NS5A with the lipid
droplets in the replicon cells harboring a full-length genome of
the genotype 1b Conl strain (data not shown). Although the
relationships between the membranous web and lipid droplets
remain unknown, these discrepancies might be attributable to
the difference in HCV genotypes of the nonstructural proteins
that consist of the major components of the replication com-
plex determining the efficiency of HCV replication.

In conclusion, our data indicate that NS5A directly binds to
FKBPS through the Val'®' and colocalizes in the convoluted
membrane structure known as the membranous web. Future
studies on the role of FKBPS in the replication of HCV might
contribute to the development of a new type of anti-HCV
drugs with a low frequency of emergence of drug-resistant
breakthrough viruses.
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Hepatitis C virus (HCV) nonstructural protein 5A (NS5A) is required for the replication of the viral genome
and is involved in several host signaling pathways. To gain further insight into the functional role of NS5A in
HCYV replication, we screened human cDNA libraries by a yeast two-hybrid system using NS5A as the bait and
identified human butyrate-induced transcript 1 (hB-ind1) as a novel NS5A-binding protein. Endogenously and
exogenously expressed hB-ind1 was coimmunoprecipitated with NS5A of various genotypes through the coiled-
coil domain of hB-indl. The small interfering RNA (siRNA)-mediated knockdown of hB-indl in human
hepatoma cell lines suppressed the replication of HCV RNA replicons and the production of infectious
particles of HCV genotype 2a strain JFHL. Furthermore, these reductions were canceled by the expression of
an siRNA-resistant hB-indl mutant. Among the NS5A-binding host proteins involved in HCV replication,
hB-indl exhibited binding with FKBPS, and hB-ind1 interacted with Hsp90 through the FxxW motif in its
N-terminal p23 homology domain. The impairment of the replication of HCV RNA replicons and of the
production of infectious particles of JFHI virus in the hB-ind1 knockdown cell lines was not reversed by the
expression of an siRNA-resistant hB-ind1 mutant in which the FxxW motif was replaced by AxxA. These results
suggest that hB-ind1 plays a crucial role in HCV RNA replication and the propagation of JFH1 virus through

interaction with viral and host proteins.

Hepatitis C virus (HCV) infects approximately 170 million
people worldwide and induces serious chronic hepatitis that
results in steatosis, cirrhosis, and ultimately hepatocellular car-
cinoma (7, 64). More than wwo-thirds of the HCV-positive
population in Western countries and Japan face chronic infec-
tion by genotypes la and 1b. The current combination therapy
using pegylated alpha interferon (IFN) plus ribavirin has
achieved a sustained virological response in 50% of individuals
infected with HCV genotypes 1a and 1b (37, 53).

HCV belongs to the genus Hepacivirus of the family Flavi-
viridae and has a single-stranded, positive-sense RNA genome
of approximately 9.6 kb, encoding a large polyprotein com-
posed of approximately 3,000 amino acid residues. The
polyprotein is cleaved by host and viral proteases, resulting in
viral structural proteins (core, El, and E2), a putative ion
channel-forming protein (p7), and nonstructural proteins
(NSZ, NS3, NS4A, NS4B, NSSA, and NS5B) (40, 55). Highly
structured untranslated regions are flanked at both the 5’ and
3’ ends of the open reading frame. The initiation of translation
of the viral RNA is dependent on an internal ribosome entry
site (IRES) localized in the 5" untranslated region (28, 58).

The HCV RNA is suggested to replicate in a replication
complex composed of the viral nonstructural proteins and sev-
eral host proteins, An HCV replicon system established as a
representative functional system was composed of an antibiotic
gene for selection and HCV genomic RNA for autonomous
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replication in the intracellular compartments of human hepa-
toma cell line Huh7 without production of infectious particles
(34). Recently, cell culture systems for production of an infec-
tious HCV have been established based on HCV genotype 2a
(32, 62, 74). Furthermore, a mouse model consisting of an
immunodeficient mouse xenotransplanted with human liver
fragments has been established for the study of in vivo repli-
cation of HCV (38). These in vitro and in vivo systems have
enabled us 1o investigate the life cycle of HCV and to develop
antiviral drugs for chronic hepatitis C.

NS5A is a phosphoprotein that possesses multiple functions
in viral replication, IFN resistance, and pathogenesis (35).
Adaptive mutations to increase RNA replication are fre-
quently mapped to the coding region of NS5A, indicating that
NSS5A is critical for HCV replication (1, 71). NS5A has been
shown to be associated with a range of cellular proteins in-
volved in cellular signaling pathways, such as IFN-induced
kinase PKR (14), growth factor receptor-binding protein 2
(Grb2) (56), p33 (36, 48), and the phosphoinositide-3-kinase
p85 subunit (18), and with proteins involved in protein traf-
ficking and membrane morphology, such as karyopherin b3 (8),
apolipoprotein Al (52), amphiphysin I (73), F-box and
leucine-rich repeat protein 2 (FBL2) (26, 63, 70), and vesicle-
associated membrane protein-associated protein subtype A
(VAP-A) (59). We have previously reported that the host pro-
teins VAP-B and FKBPS, a member of the FK506-binding
protein (FKBP) family, interact with NS5A and that these
interactions are required for efficient replication of HCV (16,
45), further supporting the hypothesis that NS5A is a pivotal
component of the HCV replication complex.

To gain a better understanding of the functional role of
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NS5A in HCV replication, we screened human libraries by
employing a yeast two-hybrid system and using NS5A as the
bait. We thus identified human butyrate-induced transcript 1
{hB-indl) as an NS5A-binding protein. Murine B-indl has
been identified as a transcript induced by treatment with so-
dium butyrate in BALB/c BP-A31 mouse fibroblasts (10). hB-
indl is a multiple-membrane-spanning protein, consisting of
362 amino acids, that possesses significant homology with pro-
tein tyrosine phosphatase-like, member A (PTPLA), and co-
chaperone p23 and is suggested to be involved in the Racl
signaling pathway (10). In this study we examine the biological
effects of the interaction of hB-ind1 with NS5A and other host
proteins on the replication of HCV.

MATERIALS AND METHODS

Pt The plasmid: 1g NSSA, FKBPS, VAP-A, VAP-B, and heat
MMWM}MMMM previously (45). The human FBL2
gene was amplified from the total cDNA of Huh7 by PCR. A ¢DNA clone
containing hB-ind1 cDNA was isolated from a human fetal brain library (Clon-
tech, Palo Alto, CA) by the advanced yeast two-hybrid system Matchmaker
Two-Hybrid System 3 (Clontech) using an HCV NSSA protein as bait. Each
¢DNA of N-terminally FLAG-tagged hB-indl and its mutanis was generated by
cloning into pEF FlagGs pGKpuro (23). pSilencer-hB-indl, carrying a short
hairpin RNA (shRNA) targeted to hB-indl under the control of the U6 pro-
moler, was constructed by cloning of the oligonucieotide pair §'-GATCCGGA
AAAGCGACCACTGTTTCTCAAGAGAAAACAGTGGTCGCTTTTCCTTT
TTTGGAAA-3' -5 - AGCTTTTCCAAAAAAGGAAAAGCGACCACTGTTT
TCTCTTGAGAAACAGTGGTCGCTTTTOCG-3' between the BunHl and

J. Viroi.

ing to the manufacturer's protocol. The NSSA cDNA fragment encoding amino
acid residues 1973 10 2419 of HCV strain Conl was amplified by PCR and cloned
into pGBKTT (Clontech); the g plasmid was designated pGBKTT HCV
NSSA. The yeast Saccharomyces cereviside strain AH109, which secretes o-ga-
lactosidase under the control of the MELL region, was transformed with
pGBKT7 HCV NSSA and grown on a medium lacking tryptophan. The clone
including the bait plasmid was transformed with the library plasmids. The trans-
formed yeast cells were grown on 2% agar plates of a dropout medium lacking
tryptophan, leucine, and The ig colonies grown on the
mmnm“nmuuwmwsmdmﬂucmmmml
X-a-Gal ($-bromo-4-chloro-3-indolyl-a-O-gal ) and incut a
MW?MWBMDM“WM!BMMMM
introduced into Escherichia coli strain JM109. The prey plasmids were recovered
from the clones grown on LB agar plates containing 10 ug/ml ampicillin. One
positive clone was isolated from among 2 million colonies of the human fetal
brain library, and the nucleotide sequence of this clone includes the complete
cDNAMhB-hdlhlBl:rm
Wit 3 blotting, and i statlon. Transtection and
i y mmmuwmuam
Imwmmwhhﬁm‘mmwﬁmﬁmluﬁmdm

dodecyl sulfate-polyacrylamide gel el h The p were trans-
mmmmmmmmw Bﬁd.luﬂ!.HA]lnd
were reacted with the appropriate antibodies. The were

visualized with SuperSignal West Femito substrate (Pierce, Rockl’oni. IL) and
detected by an LAS-3000 image analyzer system (Fujifilm, Tokyo, Japan).
Gene sllencing by sIRNA. The short interfering RNAs (siRNAs) Target-4
(5-GCUGAGUGACGUACAGAAC-3') and Target-6 (5'-GGAAAAGCGAC
CACUGUUU-3') were obtained for knockdown of endogenous hB-ind1 (Am-
bion, Austin, TX). The negative control, siCONTROL Non-Targeting siRNA 2.
which exhibits no downregulation of any human genes, was purchased from
Dh (Bucking United Kingdom). Huh9-13 cells harboring a
t HCV repl grown on 6-well plates were transfected with 20 nM

HindIII sites of pSilencer 2.1-U6 hygro (Ambion, Austin, TX). A § 1 en-
MIwuumh&hdlmmmmRNAwummdbyuﬂmdmnufnw
silemt ions (i ides were ch dfrom Aw G, Go A, A C, At
;A mCanpuhmﬂl.Mm sw.mdsot respectively) into hB-ind1
cDNA by the method of splicing by overlap extension (19). The pSilencer neg-
ative-control plasmid (Ambion) has no homology to any human gene. The
PFK-lygy neo/NS3-3'/NKS.1 plasmid (46) was kindly provided by R. Barten-
schlager, MMMm mmmlseuwnmplmdwhhl&mﬂy luciferase
gene. The resulting p 1 was designated pFK:l,y, FL/NS3-3'/NK5.1. The
plasmids used in this study were confirmed by sequencing with ABI Prism genetic
analyzer 3130 (Applied Biosystems, Tokyo, Japan).

Cells and virus infection. All cell lines were cultured at 37°C under a humid-
ified atmosphere with 5% CO,. Human embryo kidney 293T cells were main-
tained in Dulbecco’s modified Eagle's medium (DMEM) (Sigma, St. Louis, MO)
supplemented with 100 U/ml penicillin, 100 pug/ml streptomycin, and 10% fetal
calf serum (FCS). The human hepatoma cell line Huh7.5.1 was kindly provided
by F, Chisari (74). The Huh7 and Huh7.5.1 cell lines were maintained in DMEM
containing nonessential amino acids (NEAA), 100 U/ml penicillin, 100 pg/mi
streptomycin, and 109 FCS, The Huh9-13 cell line, an Huh7-derived cell line
harboring a subgs ic HCV replicon (34), was d in DMEM contain-
ing 10% FCS. NEAA, and 1| mg/ml G418 (Nacalai Tesque, Kyoto, Japan),
Huh7.5.1 cells were transfected with pSilencer-hB-ind1 or an empty plasmid, and

siRNJ\by using stFECTOR (B-Bridge International, Sunnyvale, CA) according
to the iF '8 The s calkmreim.'l.l.bl.ldl.nDMEM
supplemented with 10% FCS and were then b d a1 96 h p
Real-time PCR. The HCV RNA level was i by the method described
previously (16, 45). Total RNA was prepared from cells by using the RNeasy
minikit (Qiagen, Tokyo, Japan). First-strand cDNA was synthesized using an
RNA LA PCR kit (Takara Bio Inc, Shiga, Japan) and random primers. Each
cDNA was estimated by Platinum Sybr green gPCR SuperMix UDG (Invitrogen,
Carisbad, CA.) according to the manufacturer’s protocol, Fluorescent signals
were analyzed by an ABI Prism 7000 system (Applied Blosystems), The HCV
IRES, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and hB-indl
genes were amplified using primer pairs $-GAGTGTCGTGCAGCCTCCA-3'-
5CACTCGCAAGCACCCTATCA-3', §-GAAGGTGAAGGTCGGAGTC-
3'-5-GAAGGTGAAGGTCGGAGTC-3', and 5'-CACCTGGAGTTCTTAGA
CCTTGTG-3'-5"-CAGTCGGAGTTTATTTAGGCGCTC-3', respectively. The
values for HCV genomic RNA and hB-ind] mRNA were normalized 1o that for
GAPDH mRNA, Each PCR product was detected as a single band of the correct
:lnhylpmgelelonmphomhtdlummmj
ption and RNA fection. Plasmids pFK-1y,, nea/NS3-3'/
NKS:wdpFK ~lywe FL/NS3-3'/NKS.1 were linearized at the Scal site and then

clones were selected by treatment with hygromyein (Wako, Tokyo,

Japan) at a final concentration of 10 ug/ml. Plasmids encoding a full-length or

d (amino acid residues 101 1o 277) version of hB-ind] were transfected

into Huh?.5.1 cells, and the cells surviving after selection with 0.1 pg/ml of

in for 1 week were used for virus infection. The viral RNA of JFH1 was

introduced into Huh7.5.1 cells according to the method of Wakita et al. (62). The

was collected a1 7 days p fection and used as HCV particles
nmmmfuctmua in cell culture (HCVee).

Antibodies. A rabbn anti-hB-ind] antibody was prepared by immunization
with b cor ding to amino acid residues 106 to 117 of
hB-indI Arunmcmunmimnlmﬂndymhﬂm virus hemagglutinin (HA)
wmmmmm(nmmm) Themmnzmmﬁm

ibody that was d with a fase and a mouse anti-
&mln Jonal antibody were p ‘rmswmmm
nanmHWNﬁAmmmmmW(mm
CA).

Yeast two-hybrid assay and library screening. A human fetal brain library
prepared with pAct2 was purchased from Clontech and was screened by the yeast
two-hybrid system Matchmaker GAL4 Two-Hybrid System 3 (Clomech) accord-

ibed in vitro using the MEGAscript T7 kit (Ambion) according to the
turer's p l. To ge capped mRNA encoding Renilla Tucif-
mprndemdﬂm&m}ﬂmmcanm;lh
mMESSAGE mMACHINE kit (Ambion) g 10 the manufacturer s pro-
tocol. MHWUMMRMMMMMIMOH“BI@N4
million cells0.4 ml by electroporation at 270 V and 960 pF using Gene Pulser
(Bio-Rad, Hercules, CA).

Colony formation assay. The colony formation assay has been described pre-
viously (45). Briefly, in vitro-transcribed RNA was clectroporated into Huh7 cells
and plated in DMEM containing 10% FCS and NEAA. The medium was re-
placed with fresh DMEM containing 10% FCS, NEAA. and | mg/mi G418 at
24 h posttransfection. The remaining colonies were fived with 4% paraformal-
dehyde and stained with crystal violet a1 4 weeks afier electroporation.

Luciferase assay, Transfected cells were seeded in a 12-well plate and then
lysed in 200 ul of passive lysis buffer (Promega, Madison, WI) at 24 h posttrans-
fection. Luciferase activity was measured in 20l aliquots of cell lysates using the
Dual-Luciferase reporter assay system (Promega). Firefly luciferase activity was
standardized 10 that of Kenilla luciferase, and the results are expressed as the
increases in relative luciferase units (RLU).

s
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FIG. 1. Interaction of NS5A with hB-ind! in mammalian cells. (A) HA-NSSA of strain Conl and FLAG-tagged hB-ind] were expressed in 293T
cells and immunoprecipitated (IP) with an anti-HA or anti-FLAG antibody. Immunoprecipitates were subjected to Western blotting (IB) to detect
coprecipitated counterparts. As a negative control, an empty plasmid was used i d of the plasmid encoding FLAG-hB-indl or HA-NSSA.
Anti-FLAG and anti-HA antibodies did not recognize HA-tagged NSSA and FLAG-tagged hB-ind1, respectively. (B) HA-NS5A protein derived
from genotype 1b strain Conl or J1, genotype la strain H77C, or genotype 2a strain JFH1 was coexpressed with FLAG-hB-ind] in 293T cells,
immunoprecipitated with an isotype control or anti-FLAG antibody, and analyzed by Western blotting with an antibody to the FLAG or HA tag.
An empty plasmid was used instead of the plasmid encoding FLAG-hB-ind1 as a negative control. (C) Endogenous hB-ind1 in Huh9-13 cells

harboring subgenomic HCV rc?lioun RNA was immunoprecipitated with normal rabbit immunoglobulin G (1gG) (lane 1) or anti-hB-ind1 rabbit

IgG (lane 2), and i precipitates were

Statistical analysis. Results are expressed as means = standard deviations,
The significance of differences between the means was determined by Student’s
1 test.

RESULTS

hB-ind1 interacts with HCV NS5A of various genotypes.
NSSA derived from the genotype 1b strain Conl was used as
bait to screen the human fetal brain cDNA library by a yeast
two-hybrid system, and one clone including a gene encoding
the open reading frame of the hB-indl gene was isolated. To
examine whether hB-ind1 could interact with NS5A in mam-
malian cells, HA-tagged NSSA (HA-NS5A) was coexpressed
with FLAG-tagged hB-ind1 (FLAG-hB-ind1) in 293T cells and
immunoprecipitated with an antibody to the HA or the FLAG
tag. FLAG-hB-indl and HA-NS5A were coimmunoprecipi-
tated by either antibody (Fig. 1A). To determine the interac-
tion of various genotypes of NS5SA with hB-ind1, HA-NS5A of
the genotype la strain HT7C, the genotype 1b strain J1, or the
genotype 2a strain JFHI was coexpressed with FLAG-hB-ind1
and immunoprecipitated with the anti-FLAG antibody, An
empty plasmid was used as a negative control. FLAG-hB-ind]
was immunoprecipitated with the anti-FLAG antibody at sim-
ilar levels in cells coexpressing FLAG-hB-ind1 and HA-NS5A
of all genotypes. HA-NS5A of various genotypes was copre-
cipitated with FLAG-hB-indl by the anti-FLAG antibody,
whereas the anti-FLAG antibody did not precipitate any HA-
NSSA of the various genotypes used in this study (Fig. 1B). To
further confirm the interaction between hB-indl and HCV
NS5A in the functional setting, lysates of Huh9-13 cells har-
boring subgenomic HCV replicon RNA were subjected to im-

lyzed by Western blotting with specific antibodies,

munoprecipitation analysis with a rabbit polyclonal antibody
raised against hB-ind1. NS5A was coimmunoprecipitated with
endogenous hB-ind1 in the lysates of replicon cells (Fig. 1C).
These results indicate that hB-indl interacts with NS5A of
various HCV genotypes in mammalian cells.

hB-ind1 interacts with NS5A through the amino acid resi-
dues from 114 to 134 including the coiled-coil domain. hB-ind!
is composed of 362 amino acid residues and has domains
homologous with p23 and PTPLA in the regions from Pro® to
Asp'"? and from GiIn'*® to Leu™, respectively (Fig. 2A). To
determine the region responsible for the interaction with
NS5A, various deletion mutants of FLAG-hB-ind1 were con-
structed (Fig. 2B). Each of the mutants was coexpressed with
Conl HA-NS5A in 293T cells and immunoprecipitated with an
anti-HA antibody. An empty plasmid was used as a negative
control in the immunoprecipitation analyses, HA-NS5A was
coimmunoprecipitated with full-length hB-indl and with mu-
tants possessing amino acid residues 114 to 134, corresponding
to the coiled-coil domain, which generally participates in pro-
tein-protein interactions (Fig. 2B and C), whereas HA-NS5A
was not coimmunoprecipitated with hB-ind]l mutants lacking
the coiled-coil domain. The anti-HA antibody did not copre-
cipitate FLAG-hB-ind1 or its mutants. These results indicate
that hB-ind1 interacts with HCV NS5A through the coiled-coil
domain.

hB-ind1 participates in the replication of HCV RNA and the
propagation of infectious HCV particles. To investigate the
role(s) of endogenous hB-indl in the replication of HCV
RNA, an siRNA targeted to hB-ind1 or a control siRNA was
transfected into Huh9-13 cells harboring subgenomic HCV
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FIG. 2. Determination of the NS5A-binding region in hB-indl. (A) Structure and functional domains of hB-ind1. (B) Deletion mutants of
hB-ind1 used in this study and the results of binding to NSSA. N FLAG-tagged hB-ind1 mutants encoding the region from residue 1
to 149, 1 to 100, 101 to 362, 150 1o 362, or 101 10 277 were designated 1-149, 1-100, 101-362, 150-362, or 101-277, ively. An N-terminally
FLAG-agged hB-indl mutant spanning the region from residue 101 to residue 277 but lacking residues 114 to 134 was designated 101-277
A114-134, In addition, N-terminally FLAG-tagged hB-ind]l mutants lacking the region from 101 to 149 or from 114 to 134 were designated
A101-149 or A114-134, respectively. The coiled-coil domain was located at residues 114 to 134. Each mutant gene was inserted into pEF FLAGGs
pGKpuro. A summary of immunoprecipitation results is given on the right. (C) Each hB-ind] mutant was coexpressed with Conl HA-NS5A in
293T cells, immunoprecipitated with an anti-HA antibody, and analyzed by Western blotting with an anti-FLAG antibody. As a negative control,
an empty plasmid was used instead of the plasmid encoding HA-NSSA. The anti-HA antibody did not recognize FLAG-tagged hB-ind1 or its

mutants.

replicon RNA. Total RNA was extracted from the transfected
cells, and levels of hB-indl mRNA and HCV RNA were de-
termined by real-time PCR, At 72 h posttransfection, hB-ind1
mRNA and HCV subgenomic RNA levels in cells transfected
with each of the hB-ind1 siRNAs were reduced more than 60%
from the levels in cells treated with the control siRNA (Fig.
3A). The levels of expression of hB-ind1 and the HCV NS5A
protein were decreased in HCV replicon cells transfected with
the hB-ind1 siRNA but not in those transfected with the con-
trol siRNA (Fig. 3B).

To examine the effects of the knockdown of hB-ind1 on the
replication of HCV RNA and the propagation of HCVce, we
established Huh7.5.1 cell lines stably expressing an shRNA
targeted to hB-indl. Dozens of colonies were obtained from
cells transfected with a plasmid encoding the cDNA of the
shRNA to hB-ind1 after selection with hygromycin. Although
the levels of mRNA and expression of endogenous hB-ind1
were not changed in cells bearing a nonspecific sShRNA, they
were reduced in the clones bearing shRNAs targeted to hB-
indl, except for clone 1 (Fig. 3C and D). There was no signif-
icant difference in growth among the cell lines (Fig. 3E).

The replicon RNA transcribed from pFK-lsg9 neo/NS3-3'/

NEK5.1 was transfected into the hB-ind1 knockdown cell lines
Huh-si2 and Huh-siS, which were cultured for 4 weeks in the
presence of G418, The numbers of colonies in the knockdown
cell lines were less than one-fourth of those in the control cell
line (Huh-c) (Fig. 4A). A FLAG-tagged hB-ind1 wobble mu-
tant (FLAG-rB-ind1), which is resistant to the shRNA tar-
geted to hB-ind1 due to the introduction of silent mutations,
was capable of expressing an siRNA-resistant hB-ind1 upon
introduction into cells at a level similar to that of the endog-
enous hB-ind1 (eB-ind1) detected in the control cell line (Fig.
4B). The reduction of colony formation by the knockdown of
eB-ind1 in the hB-ind1 knockdown cell lines Huh-si2 and Huh-
5i5 was canceled by the expression of FLAG-rB-ind1 (Fig. 4A).
To further examine the involvement of hB-ind1 in the replica-
tion of HCV, a chimeric HCV RNA encoding a firefly lucifer-
ase gene under the control of HCV IRES (Fig. 4C) was trans-
fected into the knockdown cell lines. Knockdown of hB-ind1
reduced the RLU in Huh-si2 and Huh-si5 cells by 40% and
70%, respectively, and this reduction was also canceled by the
expression of FLAG-rB-ind1, To further examine the effect of
hB-ind1 knockdown on the production of HCV infectious par-
ticles, HCVec were inoculated into the hB-ind1 knockdown
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FIG. 3. Effects of hB-indl knockdown on HCV replication. (A) Huh9-13 cells were transfected with siRNA 4 or siRNA 6 (#4 or #6,

respectively), targeted to the hB-indl gene, or with a nonspecific siRNA, at a final concentration of 20 nM, and were harvested at 72 h
posttransfection. hB-indl mRNA and HCV RNA levels were determined by real-time PCR. The levels of hB-ind1 mRNA and HCV RNA were
normalized to the amount of GAPDH mRNA and expressed as percentages of the control value, (B) Huh9-13 cells transfected with siRNAs were
lysed at 72 h posttransfection and subjected to Western blotting (IB) with an antibody to hB-ind1, NS5A, or B-actin. (C) Establishment of hB-ind1
knockdown Huh7.5.1 cell lines. Plasmids encoding shRNAs targeted to hB-ind1 (siRNA 6) or nonspecific targets were transfected into Huh7.5.1
cells and culti i in the p of hygromycin. Independent clones were established by limiting dilution. The value for hB-indl mRNA was
normalized to the of GAPDH mRNA and expr 1 as a per ge of the control value. Huh7.5.1 cell lines expressing siRNAs targeted
to hB-indl (Huh-sil to Huh-si5) and 10 a nonspecific target (Huh-c) were established, (D) Expression of hB-indl in knockdown cells. The
knockdown cell lines were lysed and subjected 1o Western blotting with an antibody to hB-ind1 or B-actin. (E) Growth curves of the knockdown
cell lines were determined by the method of trypan blue dye exclusion. Data in this figure are representative of three independent experiments.

Error bars, standard deviations. Asterisks indicate significant differences (P < 0.01) from the control value.

cell lines. Both virus titers, determined by focus-forming units
at 72 h postinfection in culture supernatants, and HCV RNA
levels in Huh-si2 and Huh-si5 cells were significantly reduced,
and these reductions were canceled by the expression of
FLAG-rB-ind1 (Fig. 4D). These results suggest that hB-ind]1 is
involved in the replication of HCV RNA and the propagation
of HCVee.

An hB-indl mutant retaining the binding region to NSSA
has a dominant-negative effect on the replication of HCV. To
examine the involvement of hB-ind1 in the replication of HCV
in greater detail, deletion mutants of hB-indl retaining or
lacking the binding region to NS5A were expressed in Huh9-13
cells harboring subgenomic HCV replicon RNA (Fig. 5A).
Although the hB-indl mutant possessing the NSSA binding
region (101-277) and full-length hB-ind1 were detected at sim-
ilar levels in replicon cells transfected with the expression plas-
mids (Fig. 5B), HCV RNA replication was reduced only in
cells expressing the mutant retaining the binding region to
NSS5A, not in those expressing full-length hB-ind1 or the mu-
tant lacking the binding region to NS5A (101-277 Al14-134)
(Fig. 5C). However, no significant difference in NS5A expres-

sion was observed in Huh9-13 cells transfected with the ex-
pression plasmids (Fig. 5B). Production of the infectious HCV
particles was also reduced in the culture supernatants of
Huh7.5.1 cells expressing the hB-indl mutant retaining the
binding region to NS5A (101-277) but not in those expressing
full-length hB-ind1 or the hB-ind1 101-277 A114-134 mutant
(Fig. 5D). These dominant-negative effects of the hB-ind1 mu-
tant retaining the binding region to NS5A on the replication of
HCV RNA in Huh9-13 cells and on the production of infec-
tious particles in Huh7.5.1 cells further support the notion that
hB-ind1 regulates the replication of HCV RNA and the prop-
agation of HCVee.

hB-ind1 interacts with FKBPS and Hsp90. Previous reports
have suggested that HCV NS5A interacts with several host
proteins such as FBL2 (63), VAP-A (59), VAP-B (16), and
FKBPS (45) and that these interactions participate in the rep-
lication of HCV. To determine the interplay of the NS5A-
binding proteins, FLAG-tagged hB-indl was coexpressed with
HA-tagged FBL2, VAP-A, VAP-B, or FKBPS in 293T cells and
immunoprecipitated with an anti-FLAG antibody, and FKBPS
was shown to specifically interact with hB-ind1 (Fig. 6A). We have
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FIG. 4. Effects of hB-ind1 knockdown on the replication of HCV RNA and the production of infectious particles. (A) The hB-ind1 knockdown
(Huh-si2 and Huh-si5) and control (Huh-c) cell lines were first transfected with either a plasmid encoding hB-ind1 resistant to siRNA by virtue
of the introduction of silent mutations (FLAG-rB-ind1) or an empty vector (EV) and then further transfected with replicon RNA transcribed from
PFK-l 4, neo/NS3-3'/NKS.1. (Upper panel) The cell coloni ining after cultivation for 4 weeks in the presence of G418 were fived with 4%
paraformaldehyde and stained with crystal violet. (Lower panel) The number of colonies was standardized to the amount of transfected RNA.
(B) The expression of the siRNA-resistant hB-ind1 (FLAG-rB-ind1) and the endogenous hB-ind1 (¢B-ind1) in Huh-c, Huh-si2, and Huh-si5 cells
transfected with either a plasmid encoding FLAG-rB-ind1 or an empty vector was analyzed by Western blotting (IB) with an antibody to hB-ind1
or B-actin. (C) HCV subgenomic replicon RNA transcribed from pFK-I5,, FL/NS3-3'/NK35.1 and capped Renilla luciferase RNA transcribed from
pRL-CMV were cotransiected into Huh-c, Huh-si2, and Huh-si5 cells pretransfected with either a plasmid encoding FLAG-rB-ind1 or an empty
vector. The firefly luciferase activity was normalized to that of Renilla luciferase. HCV IRES-dependent translational activity was expressed as a
percentage of the RLU of Huh-c cells transfected with an empty plasmid. EMCV, encephalomyocarditis virus, (D) HCVee were inoculated into
Huh-¢, Huh-si2, and Huh-si5 cells pretransfected with either a plasmid encoding FLAG-rB-ind1 or an empty vector. (Upper panel) The culture
supernatants at 72 h postinoculation were subjected 1o a focus-forming assay, and virus titers are expressed as focus-forming units (FFU) per
milliliter. (Lower panel) The amount of intracellular HCV RNA was measured by real-time PCR and normalized to the amount of GAPDH
mRNA. The HCV RNA level is expressed as a percentage of that of Huh-c cells transfected with an empty plasmid, Data in this figure are

repr ive of three independent experiments. Error bars, standard deviations. Asterisks indicate significant differences (#+, P < 0.01; », P <

0.05) from the control value,

previously shown that FKBPS is capable of binding to both NS5A
and Hsp90 through the tetratricopeptide repeat (TPR) domain
and that the recruitment of Hsp90 to the replication complex
plays a crucial role in the replication of HCV (45). Hsp90 is a
molecular chaperone and requires various cochaperone proteins
such as p23 for efficient chaperone activity, hB-ind1 shows ho-
mology to p23 (Fig. 2A), and the FxxW motif, essential for the
binding to Hsp90, is conserved in residues Phe'"xxTrp''” of
hB-ind1 (11, 27, 68). To determine whether hB-ind1 interacts
with Hsp90 through the FxxW motif as reported for p23,
FLAG-tagged hB-ind1 or an hB-ind1 mutant in which Phe'"’
and Trp''"” had been replaced with Ala (FLAG-hB-indLAxxA)
was coexpressed with HA-tagged Hsp90 in 293T cells and
immunoprecipitated with an anti-FLAG antibody. Hsp90 was
coimmunoprecipitated with wild-type hB-ind1 but not with the

mutant hB-ind1, indicating that hB-ind1 interacts with Hsp%0
through the FxxW motif (Fig. 6B).

Previously, we showed that the amino acid residues of the
carboxylate clump position in the TPR domain of FKBPS at-
tach to the C-terminal MEEVD motif of Hsp90 (45). To ex-
amine the interaction of hB-ind1 with Hsp90 in the absence of
association with FKBP8, FLAG-tagged hB-indl was first co-
expressed with HA-tagged Hsp90 or mutant Hsp90 lacking the
MEEVD motif in 293T cells and then immunoprecipitated
with an anti-FLAG antibody. Similar levels of hB-indl were
coprecipitated with Hsp90 irrespective of the deletion of the
MEEVD motif of Hsp90 (Fig. 6C), suggesting that hB-ind1
alone is capable of binding to Hsp90 through the FxxW motif
irrespective of the association of FKBPS. To further clarify the
interplay among hB-ind1, FKBPS, and Hsp9%0, FLAG-tagged
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FIG. 5. Dominant-negative effect of an hB-ind1 mutant on the replication of HCV. (A) Plasmids encoding full-length hB-ind1 (construct 1) or
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hB-indl was coexpressed with HA-tagged Hsp% and/or
FKBPS and then immunoprecipitated with an anti-FLAG an-
tibody. Coprecipitation of Hsp90 with hB-ind1 was increased
by additional expression of FKBPS (Fig. 6D). These results
suggest that hB-ind1 interacts with Hsp90 through the FxxW
motif and that FKBPS also participates in the complex forma-
tion to enhance the interaction.

hB-indl participates in HCV propagation through the in-
teraction with Hsp90. Next, to examine the role of the inter-
action of hB-ind1 with Hsp90 in the replication of HCV RNA,
the replicon RNA transcribed from pFK-l.g, neo/NS3-3'/
NKS5.1 was transfected into hB-ind1 knockdown Huh-si5
cells expressing siRNA-resistant FLAG-rB-ind1 or FLAG-rB-
ind1AxxA, in which the Hsp90 binding motif FxxW was
changed to AxxA. The colony formation in Huh-si5 cells trans-
fected with an empty plasmid was 10% of that in Huh-c cells.
The expression of FLAG-rB-ind in Huh-si5 cells recovered the
colony formation in Huh-si5 cells to 98% of that in Huh-c cells,
although that of FLAG-rB-ind1 AxxA in Huh-si5 cells exhib-
ited only 40% recovery (Fig. 7A). To further examine the role
of the interaction between hB-ind1 and Hsp90 in the produc-
tion of HCVee, Huh-si5 cells expressing either FLAG-rB-ind1
or FLAG-rB-ind1AxxA were infected with HCVce, and the
virus titer in the culture supernatants and the intracellular
HCV RNA level at 72 h postinfection were determined. Virus
production was reduced in the culture supernatants, and viral
RNA replication in the hB-ind1 knockdown cells was restored
by the expression of FLAG-rB-ind1 but not by that of FLAG-
rB-ind1AxxA, as scen in colony formation by the replicon

was determined by a focus-forming assay. FFU, focus-forming units. Data in this
Error bars, standard devistions. Asterisks indicate significant differences (P < 0.01)

RNA (Fig. 7B). Collectively, these results suggest that the
interaction of hB-ind1 with Hsp90 through the FxxW motif is
required for genomic RNA replication and particle production
of HCV.,

DISCUSSION

In this study we have shown that hB-ind1 participates in
HCV RNA replication and particle production through inter-
action with NS5A, FKBPS, and Hsp90. hB-ind1 was initially
identified as a downstream transducer of Racl, a member of
the small GTP-binding proteins, in mouse fibroblasts treated
with sodium butyrate, a multifunctional agent known to inhibit
cell proliferation and to induce differentiation by modulating
transcription (6, 10). Racl possesses diverse biological func-
tions, including cytoskeletal dynamics, membrane ruffling, cell
cycle progression, gene transcription, and cell survival (4, 31,
49). Previous studies have suggested that hB-ind1 mediates
Racl and Jun N-terminal protein kinase-NF-xB signaling and
is involved in the regulation of gene expression (6, 10). Inhi-
bition of Racl function leads to disruption of cytoskeleton
dynamics, resulting in impairment of cell growth (17, 69).

Inhibition of cell growth downregulates HCV RNA replica-
tion in the replicon cell line (41, 51), and cell cycle regulation
affects HCV IRES-mediated translation (20, 61). Further-
more, cytoskeletal regulation is required for HCV RNA syn-
thesis (3). However, knockdown of hB-ind1 and expression of
the deletion mutants exhibited neither morphological change
nor suppression of cell growth, suggesting that the suppression
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were detected by
lacking the MEEVD motif (HA-Hsp90

Western blotting with an anti-HA or anti-FLAG antibody. (C) FLAG-hB-ind1 was coexpressed with HA-Hsp90 or mutant Hsp90
AMEEVD) in 293T cells and was immunoprecipitated with an anti-FLAG antibody. The immunopre-

cipitates were detected by Western blotting with an anti-HA or anti-FLAG antibody. (D) HA-Hsp90, HA-FKBPS, and FLAG-hB-indl were

coexpr

by Western blotting with an anti-HA or anti-FLAG antibody. Data in this figure are representative of three ind

of HCV replication by dysfunction of hB-ind1 is not due to cell
growth arrest or cytoskeletal disruption. Murine B-indl has
been reported to be expressed in all mouse tissues examined,
with abundant expression detected in the testis, kidney, brain,
and liver (10). Significant levels of endogenous hB-ind1 expres-
sion have been detected in the human hepatic cell lines Huh7,
HepG2, Hep3B, and FLC4 and in the nonhepatic human cell
lines HeLa, 293T, and THP-1 (data not shown); therefore, the
tissue specificity of HCV replication could not be explained by
the expression of hB-ind]1.

Combination therapy with IFN and cyclosporine A has been
shown to be effective for patients infected with a high viral load
of HCV genotype 1b (24), and cyclosporine A has been shown
to suppress HCV RNA replication in vitro through deactiva-
tion of the interaction between NS5B and cyclophilin B (66).
Cyclophilin and FKBP are classified as immunophilins capable
of binding to immunosuppressants cyclosporine A and FK506,
respectively (33). The immunophilins do not share a homolo-
gous domain with each other, based on their amino acid se-
quences, substrate specificities, and inhibitor sensitivities. We

essed in various combinations in 293T cells and immunoprecipitated with an anti-FLAG antibody. The immunoprecipitates were detected

A

t experi

have recently reported that NS5A binds specifically to FKBPS
but not to other homologous immunophilins such as FKBP32
and cyclophilin D. FKBPS forms both a homomultimer and a
heteromultimer with the chaperone protein Hsp90. Mutation
analyses of FKBPS and Hsp90 suggest that FKBPS acts as an
intermediate between NS5A and Hsp90 via the different posi-
tion of the TPR domain in FKBPS and regulates HCV genome
replication (45).

The molecular chaperone Hsp90 is one of the most abun-
dant proteins in unstressed cells and generally requires various
cochaperone proteins in multiple steps to promote the folding,
functional maturation, and stability of its client proteins. Newly
synthesized unfolded client proteins are delivered to the Hsp70
complex via Hsp40. In most cases, Hsp70 is able to process the
client proteins on its own. Certain substrates require Hsp90 for
proper folding or activation. In this case, the scaffold protein
Hop connects elements of the Hsp70 and Hsp90 machineries
to form an intermediate complex (2, 12, 13, 47). In the late
stage, the Hsp70 component dissociates, and at the same time,
p23 and immunophilins enter the complex (44, 54) and the
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client proteins are refolded by Hsp90 chaperone activity to
achieve the mature form. After that, p23 enhances the disso-
ciation of the mature client protein from the final complex, and
the released Hsp90 enters in the next chaperone cycle (72). It
has been reported that Hsp90 cochaperone frequencices differ
among client proteins (50). FKBPS interacts with the C-termi-
nal MEEVD motif of Hsp90 through the carboxylate clump
position in the TPR domain of FKBPS (45).

The C-terminal region of hB-indl shares homology with
PTPLA (60). Protein tyrosine phosphatases are generally in-
volved in the signaling pathways regulating metabolism, cell
growth, differentiation, and cytoskeletal dynamics through the
conserved HC(x)sR motif (57). NS5A also interacts with signal
transducer and activator of transcription 1 (STAT1) and im-
pairs IFN signaling through the suppression of STAT1 phos-
phorylation (30). In addition, intracellular uptake of apoptotic
cells expressing NS5A by dendritic cells leads to an increase in
the secretion of CXCL-8 and impairment of IFN-induced ty-
rosine phosphorylation of STAT1 and STAT2 (67). Although
hB-ind1 lacks the conserved active motif, the interaction of
NSSA with the coiled-coil domain in the central region of
hB-ind1 may have an effect on the phosphorylation of host
proteins involved in the replication of HCV.

Hsp90 has been shown to be involved in the enzymatic
activity and intracellular localization of several viral poly-
merases, including those of influenza virus (39, 42), herpes
simplex virus type 1 (5), and Flock house virus (25). Knock-
down and treatment with an Hsp90 inhibitor have revealed
that Hsp90 activity is important for the rapid growth of nega-
tive-strand RNA viruses (9). Furthermore, Hsp90 has been
shown to be required for the activity of hepatitis B virus reverse

ive of three ind cxper i Error hars,

transcriptase (21, 22). Although the precise mechanisms by
which Hsp90 and FKBPS cooperate with NS5A 10 improve the
in vivo replication of HCV have not been clarified yet, treat-
ment with Hsp90 inhibitors in combination with IFN reduced
HCV replication in mice xenotransplanted with human liver
fragments (43).

In this study, hB-indl was shown to interact with Hsp90
through the FxxW motif in the N-terminal p23 homology do-
main, and the interaction of hB-ind1 with Hsp90 was shown to
be further intensified by the expression of FKBPS, suggesting
that FKBPS and hB-ind1 cooperatively recruit Hsp90 to the
HCV replication complex. Furthermore, hB-ind1 was shown to
be involved in HCV genomic RNA replication and particle
production through the interaction with NS5A and Hsp90.
These results suggest that hB-indl may be involved in the
Hsp90 chaperone pathway in a function similar to that of p23
in cooperation with immunophilins such as FKBP8 and that it
plays a crucial role in HCV replication in terms of the correct
folding of the replication complex required for efficient enzy-
matic activity. In addition, cyclophilin B may also participate in
the translocation of NS5B, as seen in the polymerase subunits
of influenza virus, to facilitate binding to the viral RNA. In
contrast to cyclosporine A, FK506 per se exhibits no inhibition
of RNA replication in HCV replicon cells (65). FKBPS is a
member of the FKBP family but lacks several amino acid
residues required for peptidyl-prolyl cis-trans isomerase and
FK506 binding activities (29). Therefore, nonimmunosuppres-
sive FK506 derivatives that are capable of binding to FKBPS
may exhibit anti-HCV activity. Recently, geldanamycin, an in-
hibitor of Hsp90, was shown to drastically impair the replica-
tion of poliovirus without any escape mutant emerging (15).
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Therefore, elucidation of host proteins, including immunophi-
lins, cochaperones, and chaperones, participating in the HCV
replication complex may lead to the development of new ther-
apeutics for chronic hepatitis C with a broad spectrum and a
low possibility of emergence of breakthrough viruses against
antiviral drugs.

In conclusion, in this study we demonstrated that hB-ind1 is

involved in HCV replication through interactions with NS5A,
FKBPS, and Hsp90. Further clarification of the relationship
between viral and host proteins is needed in order to under-
stand the precise mechanism of HCV replication.
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Hepatitis C virus (HCV)' is a major causative agent of non-A and
non-B hepatitis. It is estimated to have infected >170 million indi-
viduals, that is, 3.5% of the world's population. HCV infection is a
leading cause of chronic hepatitis, liver cirrhosis and hepatocellu-
lar carcinoma. Current therapy based on pegylated interferon and
ribavirin is often poorly tolerated and is effective in only 50% of pa-
tients, Therefore, the development of further effective therapeutic
agents against HCV is an urgent public health requirement.

In our previous study,” we revealed that several 5'-0-masked
analogues of 6-chloropurine-2'-deoxyriboside, such as benzoate 1
and benzyl ether 2, exhibit an effective anti-HCV activity in a sub-
genomic replicon cell line and are more potent than the corre-
sponding unmasked analogue 3 (Fig. 1), Since it is generally
accepted that most nucleoside antivirals exhibit their potency after
being converted to the corresponding 5'-triphosphates,® the un-
masked (or phosphorylated) 5'-hydroxyl group is indispensable
for the antiviral activity. Accordingly, our result that the 5'-0-
masking leads to an improvement in the anti-HCV activity appears
to be inconsistent with the common understanding, interestingly.

We presume that the anti-HCV activity of certain 5'-0-masked
analogues would arise from a new type of mechanism that does
not involve the 5'-O-triphosphorylation process, However, there
is still room for the discussion on the 5'-0-masking effect because
certain carbon-oxygen bonds, for example, the carboxylic ester
bond of compound 1 (i.e., the benzoate moiety in compound 1),

* Corresponding authors.
E-miail address: ikejim@osaka-ohtaniacjp (M. lkejiri)

0960-894X/S - see front matter © 2008 Elsevier Ltd. All rights reserved.
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are often hydrolyzed in cultured cells; in other words, there is a
possibility that compound 1 simply operates as a prodrug of 3.
Therefore, in order to confirm the effectiveness of 5'-0-masking
groups, particularly that of the benzoyl group of compound 1, we
planned the syntheses and anti-HCV evaluations of ketone ana-
logues 4 and 5, in which the 5-oxgen atom was replaced with a
methylene group to prevent the hydrolytic removal of the benzoyl
group.

The synthesis of 4 began with readily available 3'-0-TBS-2'-
deoxyadenosine (6)° (Scheme 1). First, we attempted to subject

Anti-HOV activity
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Figure 1. Structures of 5-modified analogues.
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the isolated aldehyde 7 obtained via the oxidation of 6 to the fol-
lowing Wittig reaction; however, it was unsuccessful due to the
instability of 7. This issue was overcome by using a one-pot oxida-
tion-Wittig reaction with Dess—Martin periodinane (DMP) and sta-
bilized phosphorus ylide” Among the four types of ylides
examined (Ba-d), two of them (8a and 8b) successfully afforded
the desired compounds 9 and 10 in 90% (E-isomer only) and 60%
(E:Z2=13:1) yields, respectively, while the others (8c and 8d)
yielded complex mixtures. Since the Dess-Martin oxidation is
not very suitable for the large-scale synthesis of 9 and 10 because
of the explosive nature of DMP (and also its precursor, 2-iodoxy-
benzoic acid®), several other one-pot protocols such as Moffatt
oxidation-Wittig.? PCC-Wittig!® TEMPO-BAIB-Wittig,'" and
TPAP-NMO-Wittig'? were examined with 6 and Ba. However,
the TLC analyses of all the attempts revealed low yields andfor
the formation of by-products.

With the thus-obtained products, the reduction of the C-C dou-
ble bond was examined (Table 1). Compound 9 was converted to
13 under standard hydrogenation conditions (Pd/C, Hz, THF) with
an excellent yield although the reaction required a long reaction
time (~2 days) and comparatively large quantities of the catalyst
(50 wt.%) (entry 1). In contrast, the conjugate reduction of 9 by so-
dium borohydride-transition metal salt (e.g, NiCl; and CuCl) sys-
tems'? furnished 13 in a short time (1-3 h), but the yield was

Table 1
Chemoselective reduction of C-C double bond

o]

A
entries 1-8

9or10 —— F‘J\/\C“/ 13:R = MeO

é'ras 14:R=Ph

Entry Substrate  Conditions Product  Yield (X)
1 9 PA/C. Ha THE. . 2d 13 a4

2 L] NiCl;, NaBHy, MeOH, 0°C, 1 h 13 50

3 9 CuCl, NaBH,, MeOH, 0°C,25h 13 76

4 L] Mg MeOH. reflux, 2 b Complex mix.

5 10 Pd/fibroin, Hy, MeOH, 11, 2d 14 Trace*
[3 10 PAIC, PhyS, Hy, MeOH, 1, 2d " n*

7 10 PhSiH,, In(OAc),. EtOH. rt, over night 14 84

8 10 BuySnH, InCly. i-PrOH -78 Ctom.2h 14 a3

moderate (entries 2 and 3). The use of elemental magnesium in
methanol led to a complex mixture (entry 4). In the case of 10,
chemoselective hydrogenations by Sajiki's procedures (Pd[fi-
broin-H; or Pd/C-Ph,S-H,)'* were ineffective, resulting in the
recovery of a large amount of the starting material (entries 5 and
6), while the 1,4-reduction with indium hydride generated in situ
by using PhSiH;-In(OAc)s or BusSnH-InCls'* efficiently afforded
the desired product 14 in good yields (entries 7 and 8). Conse-
quently, the conditions in the case of entries 1 and 7 were em-
ployed for routine syntheses of 13 and 14, respectively, in view
of their simple experimental procedures as well as their good
yields.

Compound 13 was readily converted to 14 with a two-step se-
quence, that is, via a Weinreb amide 15, as illustrated in Scheme 2-A.
Using a Grignard reagent (PhMgBr) led to a better yield (71%) than
when phenyl lithium was used (58% yield). This two-step conver-
sion will effectively serve for the synthesis of various analogues
because the phenyl moiety of 14 can be easily replaced with other
groups by changing the type of Grignard reagent. The amino group
of 14 was substituted by a chloro group to afford 16 (40% yield).
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* 93% of 10 was recovered.
¥ 56% of 10 was recovered.

{c) r-BuDNO, ELNCI, CCL-CHOly; (d) TRAF, AcOH, THF; (e) Et,N3HF, THF; (N
TAS-F, MeCN.
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which was subsequently treated with a mixture of tetrabutylam-
monium fluoride (TBAF) and acetic acid, giving the desired product
4 in 91% yield. A moderate yield of 16 was mainly obtained due to
the competitive elimination of its nucleobase moiety. The other de-
sired compound 5 was prepared in 92% yield by exposing 14 to tri-
ethylamine trihydrofluoride.

Since we are interested in the structure-activity relationship
(SAR) of not only the benzoyl moiety but also the methyl ester
and Weinreb amide moieties contained in the synthetic intermedi-
ates, we conducted syntheses of the corresponding analogues
17-20, as shown in Scheme 2-B. 6-Chloropurine analogues 17
and 19 were prepared from 13 and 15. respectively, under
conditions almost identical to those used in the synthesis of 4
(i.e.. t-BuONO-ELNCl and TBAF-AcOH). The conversion to 18 and
20 was effectively accomplished by the treatment of 13 and 15
with  tris{dimethylamino)sulfonium  difluorotrimethylsilicate
(TAS-F),'"® while that with TBAF led to a mixture of the desired
product and certain tertabutylammonium salts that were difficult
10 separate,

The synthesized nucleoside analogues mentioned above were
assayed for their ability to inhibit HCV RNA replication in a subge-
nomic replicon Huh7 cell line (LucNeo#2),'” and the result is pre-
sented in Table 2 and Figure 2. These cells contain an HCV
subgenomic replicon RNA encoding a luciferase reporter gene as
a marker, The antiviral potency of the analogues against the HCV
replicon is expressed as ECsp, which was quantified by a luciferase
assay after a two-day incubation period with the corresponding
compound. In addition, the associated cytotoxicity (expressed as
CCsq in Table 2) was evaluated in a tetrazolium (XTT)-based assay
according to the manufacturer's protocol.

As shown in Table 2, the ketone analogue 4 exhibited an antivi-
ral activity against the HCV replicon with an ECsg of 15.1 pM (entry
1), which is nearly comparable to that of benzoate analogue 1 (en-
try 7). The cytotoxicity of 4 was somewhat high (CCso: 76.3 pM),
but was not high enough to exert an influence on the ECsg value
because the cytotoxicity at 15 uM was considerably low (ca. 0-
2%) (Fig. 2A). Thus, the decrease in the luciferase activity with 4 re-
sults from its anti-HCV activity, not its cytotoxicity. Interestingly,
compounds 17 and 19 also exhibited anti-HCV activities (entries
3 and 5, respectively). In contrast, the 6-amino analogues 5, 18,
and 20 did not exhibit any significant anti-HCV activity (entries
2,4,and 6)."

To confirm the anti-HCV potency of compound 4, subgenomic
replicon RNA levels were quantified by real-time RT-PCR analysis
(Fig. 2B). Exposing the replicon cells to 12.5 and 25 uM of 4 re-
duced the replicon RNA amount up to approximately 60% and

Table 2
Inhibitory potency (ECsxg) and cy ity (CCyq) of the sy in HCOV
replicon assay
B B= mrane (A)

,\<_ s-mlwumm (cP)
Entry  Compound R X n ECe" (MM}  CCuo® (pM)
1 4 Ph Hy O 151204 Ta3:52
& 5 Ph Hy A 200 Y
3 17 MeO H; COF 329216 >200
4 18 MeO C A >200 AR
5 19 Me(MeON Hy P 40414 >200
6 20 Me(MeON  CH; A >200 -
7 1 Ph 4] o B1* m*

Chem. Lett. 18 (2008) 46384641

A —4 ani-HCV activity
4 cytotoxicty

Relative replicon RNA (%)

Figure 2. Anti-HCV activity and cytotoxicity of 4: (A) result of uciferase assay and
XTT assay; (B) result of real-time RT-PCR.

25%, respectively, This result is almost consistent with that of the
luciferase assay with 4.

Taking these data into account, it appears that the phenacyl
group (BzCH;-) equipped at the C5' position as well as the ben-
zoyloxy group (BzO-) is effective functional group for anti-HCV
activity; this should be noteworthy because the 5'-phenacyl group
is expected to operate without being converted to the correspond-
ing 5-hydroxyl group (or 5'-triphosphate group). This result
strongly supports our hypothesis that the 5'-O-masking group
can contribute to the anti-HCV activity not only as a unit for the
prodrug system but also as a part of the substrate. Although the de-
tailed mechanism is unclear and the biological activity is still insuf-
ficient, the antiviral potency of such 5'-modified analogues is of
great interest because they are likely to operate via a pathway that
does not involve the 5'-0-phosphorylation process. We hope that
the present study will contribute to developing a new class of
HCV therapeutic agents.
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Abstract

Hepatitis C virus (HCV) proteins appear to play an important role in [FN . but the molecular mechanism remains unclear. To clarify
the mechanism in HCV replicon RNA harboring Huh-7 cells (Huh-9-13), we isolated cellular clones with impaired [FNo-sensitivity, Huh-9-13
was cultured for approximately 2 months in the presence of IFNa, and 4 IFNa-resistant cell clones showing significant resistances were obtained.
When total RNA from clones was introduced into Huh-7 cells, the transfected cells also exhibited IFNa-resistance. Although no common
mutations were present, mutations in NS3 and NS5A regions were accumulated. Transactivation of IFNa and [FNo-stimulated Stat-1 phos-
phorylation were reduced, and the elimination of HCV replicon RNA from the clones restored the [FNu signaling. These results suggest that the
mutations in the HCV replicon RNA, at least in part, cause an inhibition of IFN signaling and are important for acquisition of IFN resistance in

Huh-9-13.
© 2008 Elsevier Inc. All rights reserved.

Keywonds: Hepatitis C virus;

rfi i Stat-1; Nonstructural protein NSSA

Introduction

Hepatitis C virus (HCV) is the major cause of post-transfusion
non-A non-B hepatitis. Approximately 170 million individuals
waorldwide were estimated to be infected with HCV (Alter, 1997).
It has been suggested that the development of liver cirrhosis and
hepatocellular carcinoma are consequences of chronic infection
with HCV (Hijikata et al,, 1993b; Tong et al., 1995).

HCV, a member of the Flaviviridae family, has a single-
stranded positive-sense linear RNA genome of about 9.5 kb
(Hijikata et al,, 1991; Kato et al.,, 1990; Takamizawa et al,,
1991). The RNA encodes a single precursor polyprotein of
approximately 3010 amino acids (Choo et al., 1991; Okamoto
ctal,, 1991, 1992) that is co- and post-translationally cleaved to
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produce individual structural (Core, E1, E2) and nonstructural
proteins (NS2, NS3, NS4A, NS4B, NS5A, and NS5B) by both
host and viral proteases (Hijikata et al., 1993a,b; Houghton,
1996).

The cell line Huh-9-13, in which the HCV subgenome can
self-replicate, was established by R. Bartenschlager's group (Lo-
hmann et al., 1999). The HCV subgenomic RNA consists of the
entire nonstructural coding region of the Conl strain of the HCV
genome, excepl for the neomycin-resistant gene. This cell line
provides significant information for understanding the replication
of the HCV genome and is useful as a powerful screening tool for
developing anti-HCV drugs (Bartenschlager et al., 2000, 2001).

Interferon alpha (IFN«) is widely used for the treatment of
patients with chronic HCV infection; however, the effectiveness
of IFNa, especially in genotype 1b, is low at only about 20-30%
(Lindsay, 1997), although combination therapy with Ribavirin
improves treatment outcomes (up to 50-60%) (McHutchison
et al,, 1998). According to repors of epidemiologic analysis
conducted in Japan, IFN treatment outcomes are related with
mutations within a 40 amino acid sequence in NS5A (amino acid

-139-
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Fig. 1. An outling of the p wsed for isolation of replicon cells showing IFNa Total RNA fection derived from replicons to naive Huh-7 cells was

performed using DMRIE-C reagent (Invitrogen).
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Fig. 2. Reactivity for IFNe in hed TFNa-resistant replicon cells (46, #8,

#9, and #305) and original replicon cells (Huh-9-13). The cells were treated with
IFNa for 48 h, and the amount of HCV RNA was meassured by quantitative RT-
PCR. (A) ECyp value (IU/mL) of IFNa in each replicon and fold reduction of the

value compared 10 ongi P (Huh-9-13), (B) Change in copy number of
HCV RNA in original and TFN; i li by IFNa These
i were perfi { in triplicate and mean values are shown.
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numbers 22092248, based on the sequence of the prototype for
HCV-J polyprotein) called the interferon sensitivity determining
region (ISDR) (Enomoto et al., 1996). However, it is not clear
how NS5A functionally interacts with IFN signals. Alterna-
tively, NS5A is shown to inhibit the activity of double-stranded
RNA (dsRNA)-activated protein kinase (PKR) and 2'-5'-
oligoadenylate synthetase (2'-5'-OAS) induced by [FNa (Gale
et al., 1997; Noguchi et al., 2001; Taguchi et al., 2004).
Recently, Meylan et al. and other groups reported that HCV-
NS3-4A protease cleaved Cardif (Meylan et al, 2005) (also
designated as VISA (Xu et al., 2005), MAVS (Seth et al., 2005),
IPS-1 (Kawai et al., 2005)) and suppressed IFN production
through RIG-I signaling. Cardif interacts with RIG-I (Yoneyama
et al., 2004) mediated through CARD domains in both molecules
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Fig. 3. Western blot analysis of the established IFNa cells (#6,
#8, #9, and #305) and original replicon cells (Huh-9-13). Expression of p-actin
was used a5 an internal control of cellular protein in the replicon cells. Each cell
line was inoculated on a 60-mm plate a1 3= 10° cells'well. Twenty-four hours
after inoculation, the cells were lysed with SDS sample buffer. Total proteins
were subjected to a 2/15% SDS gradient gel, and were subsequently immu-
noblotted by NS3 (A), NS5A (), NS5B (C), and p-actin (D) antibody,
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