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FIG. 5. Effect of the interaction of NSSA with FKBPS on the col-
ony formation by HCV replicon. (A) The replicon RNAs of the wild
type (WT), a replication-deficient mutant (GND), and the substitution
in Val'*' to Ala (VI21A) or to lle (V1211) were transcribed from the
plasmids based on pFKljg neo/NS3-3'/5.1, transfected into Huh-7
cclls, and selected by G418 for 4 weeks. The remaining cells were fixed
in 4% paraformaldehyde and stained with crystal violet. (B) Seven
resistant colonies that appeared after transfection with the replicon
RNA encoding substitution of Val'*!' to Ala (VI21A) in NS5A were
expanded, and the total RNAs were purilied. The NS5A cDNAs were
amplified by PCR with (+) or without (—) reverse transcription.
(C) Sequence of NSS5A genes derived from the wild type (WT), the
V121A mutant, and seven resistant colonies (revertants),

1,000 colonies on the plate of Huh-7 cells into which the parent

replicon RNA or an RNA carrying the substitution of Val'*' of

NSSA to Tle was introduced, but only a few colonies appeared

on the plate of cells into which RNA carrying the mutation of

Val'®! to Ala was introduced (Fig. SA). To characterize the
colonies emerging on the plate of Huh-7 cells into which the
mutant Ala'?' replicon RNA was introduced, the total RNAs
were purified from the seven resistant colonies. The NSSA
cDNAs were amplified after reverse transcription but not in
the absence of reverse transcription (Fig. 5B), suggesting that
the amplified cDNAs were derived from RNA but not from the
remaining transfected plusmid DNA. The NSSA genes were
subjected to direct sequencing and revealed that the trans-
fected mutant replicon RNA had GCG corresponding to the
Ala'?', in contrast 1o the parental replicon, which had GTT
corresponding to the Val'*'. On the other hand, all of the
RNAs prepared from the individual resistant colonies had
GTG encoding Val (Fig. 5C), indicating that the resistant
colonies were not derived from the contamination of the wild-
type replicon RNA but emerged by the mutation after repli-
cation. These results further support the notion that Val'*' in
NSSA is an indispensable amino acid and plays an important
role in the replication of HCV though interaction with FKBPS.

Subcellular localization of FKBP8 and NS5A. Previous re-
ports suggest that FKBPS is mainly localized on mitochondria
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Intracellular localization of FKBPS and NS5A in the HCV
replicon cells. (A) Huh-7 9-13 cells harboring an HCV subgenomic
replicon were fixed with 4% paraformaldehyde in PBS and permeab-

FIG. 6.

ilized with (.25% saponin. Endogenous FKBPS and NSSA were
stained with anti-FKBP& monoclonal antibody (KDM11) and rabbit
anti-NSSA polyclonal antibody, followed by staining with AF488-con-
jugated anti-mouse 1¢G and AF5%4-conjugated anti-rabbit 1gG anti-
bodies, respectively, Rectangles |, 2, and 3 were magnified and are
shown on the right. (B) NSSA was stained with the rabbit polycional
antibody to NS5A and AF488 conjugated anti-rabbit 1gG. Lipid drop-
lets were specifically stammed with Bodipy 558/568 C12. (C) Endoge-
nous NS5A and FKBPS were stained with stamed rabbil anti-NS3SA
polyclonal antibody and anti-FKBPS monoclonal antibody (KDM11),
followed by staining with AF488-conjugated anti-rabbit IgG and
AF346-conjugated anti-mouse 1gG, respectively. Mitochondria were
stained with Mitotracker Deep-Red. While rectangles indicate the
magnificd images of the small white inside boxes.

(7, 44), whereas NS5A is mainly localized on the endoplasmic
reticulum (ER) and Golgi apparatus (2, 6, 16). HCV is re-
ported to replicate in a raft-like intracellular compartment or
the folded membranous compartment known as a membra-
nous web in the replicon cells (8, 13, 15). In the present work,
intracellular localization of FKBPS was examined by immuno-
fluorescence staining of the replicon cell line, Huh-7 9-13,
which harbored an HCV subgenomic replicon, with the anti-
bodies o NS5A and to FKBPS. Endogenous FKBPS was
mainly found in mitochondria and was partially colocalized
with NS5A in a few compartments sharing a dot-like structure
(Fig. 6A). Lipid droplets were required for production of in-
fectious HCV (5) and were colocalized with NS5A and core
protein (43), although NS5A formed as dot-like structures but
was not found in lipid droplets stained with Bodipy 558/568
C12 in the replicon cell line (Fig. 6B). On the other hand,
FKBPS was mainly localized on mitochondria and partially
together with NS5A on dot-like structures that were distinct
from the mitochondria (Fig. 6C).

To further analyze the subcellular compartments where
FKBPS and NS5A were colocalized, the same fields of Huh-7
9-13 replicon cells were observed with FM and EM by using
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F1G. 7. FKBPS interacis with NS5A in the membranous web. (A) The Huh-7 9-13 replicon cells were stained with specific antibodies to FKBPS
and NS5A as described in Fig. 6A. Identical fields were observed under EM by using the correlative FM-EM technigue. Arrows indicate the ureas

NS5A and FKBPS are colocali

ng. Right panels indicate the magnified images of the small biack boxes. Highly electron-dense and folded

membranous structures were observed by a highly magnified EM. (B) Control cells in which the replicon cells were cured by IFN-a treatment were
processed in the snme procedures. No electron-dense structure was observed in the cytoplasm

the correlative FM-EM technique described above. This
method allowed us to examine the colocalization of the mole-
cules by both FM and EM in the same samples, yielding two
different but complementary data sets. The replicon cells were
stained with antibodies to FKBPS and NS5SA and examined
under FM (Fig. TA, left panels), and the same fields were
observed under EM (Fig. 7A, right panels). The compartments
colocalizing FKBPS and NS5SA (arrows) exhibited a high elec-
tron density and a folded membranous structure that was sim-
ilar 1o a membranous web (15, 32). In contrast, the replicon
cells cured by IFN-a treatment did not have the electron-dense
structure (Fig. 7B). These results suggest that FKBPS interacts
with NS5A on the membranous web in cells replicating HCV
RNA.

DISCUSSION

HCV NS5A is s multifunctional protein involved in viral
replication and pathogenesis (29). In a previous study, we have
shown that NSSA specifically interacts with FKBP8 and re-
cruits Hsp20 to the viral RNA replication complex through the
interaction of the carboxylate clump structure of FKBPE with
the C-terminal MEEVD motif of HspY0 (37). Although we
demonstrated that a TPR domain other than the carboxylate
clump region of FKBPS8 was responsible for the specific inter-
action with NS5A (37), the precise binding amino acid residue
of the imeraction was nol determined. In the present study,
FKBPS exhibited a specific interaction with the immobilized

NS5A in a dose-dependent manner with an equilibrium disso-
ciation constant (K;) of 82 nM as determined by the SPR, but
no interaction with FKBP52 was detected. Furthermore, mu-
tational analysis suggested that Val or lle at the amino acid
residue 121 of NS5A was responsible for the specific interac-
tion with FKBPS. The subgenomic HCV replicon RNA har-
boring the mutation of Val'?" to Ala within NS5A leads to
severe impairment of RNA replication, and reversion from
Ala'' to Val was detected, suggesting that interaction of
FKBPS with NS5SA through the Val'®' is crucial for HCV
replication. The erystal structure of NSSA domain 1 revealed
that Val'*! is located on one of the B-sheet structures in the |B
subdomain and the side chain of the residue is located within
the hydrophobic core (46); therefore, the Val'*' may be in-
volved in the maintenance of the B-sheet structure in the sub-
domain rather than the direct interaction with FKBPS, How
ever, it remains feasible to speculate that unidentified host

factors mi

¢ be involved in the conformational change of re-

gion, including Val'*' for direct interaction with FKBPS, Fur-
ther studies, including a structural analysis of FKBPS, are
needed to clarify the mechanisms by which HCV is replicated
through the interaction of NSSA, FKBPS, and Hsp90.

The current combination therapy with pegylated IFN-a and
ribavirin achieves a sustained virological response in half of the
patients infected with a high viral load of HCV of genotype b
(30). However, it is difficult to achieve the complete removal of

viruses by antiviral drogs targeted to the viral enzymes, includ-
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ing proteases and polymerases, from paticnts persistently in-
fected with RNA viruses that exhibit a quasispecies nature,
such us human immunodeficiency virus and HCV. Viral qua-
sispecies are not a simple collection of diverse mutanis but a
group of interactive variants capable of adapting 10 new envi-
ronments (48). Cyclosporine treatment has been shown o 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 NSSB and cyclophilin B, which is required for an
efficient RNA-binding of NS5B (53). Cyclophilins and FKBPs
are classificd 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
NSSA (12, 41), suggesting that cyclosporine might affect the
viral replication through the nucleotide-binding ability of
NSSB, as well as the function of NSSA. Recently, geldanamy-
cin, an inhibitor of Hsp9), 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 FKBPS 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 o
fatty acid biosynthesis through the interaction with proteasome
activator PA28v/REGw 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 JFH1 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 1o a part of NS2 proteins of
genotype 1b or la strain and the nonstructural proteins of
JFHI strain (31). In the present study, FKBPS 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 NSSA 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 NS3A 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 Ib Conl strain (data not shown). Although the
relationships between the membranous web and lipid droplets
remain unknown, these discrepancies might be attributable 10
the difference in HCV genotypes of the nonstructural proteins
that consist of the major components of the replication com-
plex determining the efliciency 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 SA (NS5A) is required for the replication of the viral genome
and is involved in several host signaling pathways. To gain further insight info the functional role of NSSA in
HCV replication, we screened human ¢DNA 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 NS5SA 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 JFHI. 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-ind1 exhibited binding with FKBPS, and hB-ind1 interacted with Hsp90 through the FxxW motif in its
Neterminal 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-indl 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-indl plays a crucial role in HCV RNA replication and the propagation of JFHI1 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 two-thirds of the HCV-positive
population in Western countries and Japan face chronic infec-
tion by genotypes 1a 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 la 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, E1, and E2), a putative jon
channel-forming protein (p7), and nonstructural proteins
(NS2, 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' untransiated region (28, 58).

The HCV RNA is suggested to replicate in a replication
complex composed of the viral nonstructural proteins and sev-
cral 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 to investigate the life cycle of HCV and 1o 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
NS5A 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 TFN-induced
kinase PKR (14), growth factor receptor-binding protein 2
(Grb2) (56), p53 (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 A1 (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
intcractions 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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NSSA in HCV replication, we screened human libraries by
employing a yeast two-hybrid system and using NSSA as the
bait. We thus identified human butyrate-induced transcript |
(hB-ind1) 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-
ind1 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-ind] with NS5A and other host
proteins on the replication of HCV.

MATERIALS AND METHODS

Plasmids. The encoding NSSA, FKBPS, VAP-A, VAP-B, and beat
shock protein 90 (Hsp90) have heen described previously (45). The human FRL2
gene was amplified from the total cDNA of Huh7 by PCR. A cDNA clone
contuining hB-ind] ¢DNA was isolated from a human fetal brain library (Clon-
tech, Palo Alio, CA) by the sdvanced yeast two-hybrid svstem Mutchmaker
Two-Hybrid System 3 (Clontech) using an HCV NSSA protein as bait. Each
¢DNA of N-terminally FLAG-tagged hB-ind| und its mutants was generated by
cloning mto pEF FlagGs pGKpuro (23). pSilencer-hB-indl, carrying a short
hairpin RNA (shRNA) targeted to hB-ind1 under the control of the U6 pro-
moter, was constructed by cloning of the oligonuclcotide pair 5-GATCCGGA
AAAGCGACCACTGTTTCTCAAGAGAAAACAGTGGTCGCTTTTCCTTT
TTTGGAAA-3 -5 -AGCTTTTCCAAAAAAGGAAAAGCGACCACTGTTT

1. ViroL

ing 1o the manufacturer’s protocol. The NSSA eDNA fragment encoding aming
acid residues 1973 to 2419 of HCV strain Clml was amplificd by PCR and cloned
into pGBKTT (Clantech); the resulting plasmid was designated pGBKTT HCV
NSSA. The yeast Saccharomyces cercvisioe strain AH1U9, which secretes a-ga-
Inctosidase under the control of the MEL] region, was transformed with
pGBKTT HCV NS5A and grown on & medium lacking tryptophan. The clone
including the bait plasmid was transformed with the library plasmids. The trans-
formed yeast mlhmlegmmmm agar phnlmul'ndmpwt medium lncking

ptoph kunm, idine, and adenine. The g colonics grown on the
dropout plate were inoculated again on a new dropout plate containing 20 jug/ml
X-a-Gal (5-bromo-4-chloro-3-indolyl-a-O-galactopyranoside) and incubated at
30°C for 7 days. The total DNA was prepared from all blue colonies and then
introduced into Escherichia coli strain JIM109. The prey plasmids were recovered
from the clones grown on LB agar plates containing 10 pg/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
cDNA of hB-ind1 in its frame.

Transfection, blotting, and ipitatien. Tranfection and
i ipitati I mcmrmduntudmvﬂdmwmﬂyuo.ai;
lmmnmpndplmﬂhnﬁed h!lnldin;hnlﬂmmbjmed o 12.5% sodium
dodecyl sulfate-polyacrylamide gel el ph The proteins were trans-
ferred to polyvinyl diftuoride {Mmim. MA) and
were reacled with the app ibodi ! were
visualized with SuperSignal West Femto mtnmc (Pierce, Rockford, L) and
detected by an LAS-3000 image analyzer system (Fujifilm, Tokyo, Japan).

Gene silencing by siRNA. The short interfering RNAs (siRNAs) Targer-4
(5" GCUGAGUGACGUACAGAAC-3') and Target-6 (5'-GGAAAAGCOAC
CACUGUUU-3') were obrained for knockdown of endogenous hB-ind] (Am-
bion, Austin, TX). The negative control, siCONTROL Non-Targeting siRNA 2,
wllich exhibits no downregulation of any human genes, was purchased from

(Buckingh b

TCTCTTOAGAAACAGTGGTCGCTTTTCCGS between the BamH1 and 3 , United Kingdom). Huh®-13 cells harboring »
Hind1I1 sites of pSilencer 2.1-U6 hygro (Ambion, Austin, TX). A plasmid en- by ’ liC‘V phi mwmﬂphfnmwmdthmuh!
u:ldm||r||ul.lm hB-lndl resistant 1o shRNA was pﬂ:plrl:ﬂbylnlrodm:umn!ﬂvc SIRNA by “‘“‘8 sFECTOR (B'Bﬁ* I I, Sunmyvale, CA) ting
silent ides were ch dfrom AwG, G A, AwC, Aw 1o the s p 1. The transfected cells were incubated in DMEM
T, and C to T at positions 291, 294, 297, 300, und 301. respectively) into hB-ind1 supplemented with 10% FCS and were then dat9 hp tion
¢DNA by the method of splicing by overlap ion (19). The pSilencer neg- Real-time PCR. The HCV RNA level was estimated by the method described

ative-control plasmid (Ambion) hss no homology to any human gene. The
PFE-1 neo/NS3-3'/NKS.1 plnmld {46) was kindly provided by R. Barten-

hliger, amd the geomyc gene was replaced with u fircfly lucifernse
gene. The it d was desig d pFK-1,s FL/NS3-3/NKS.1. The
plasmids used in this mn!y were confirmed by sequencing with ABI Prism genetic
analyzer 3130 (Applied Biosystems, Tokyo, Japan).

Cells und virus infeetion. All cell lines were cultured at 37°C under a humid-
ified atmnsphere with §% CO,. Human embryo kidney 2937 cells were main-
timed in Dult 's modified Eagle's medium (DMEM) (Sigma, St. Louis, MO)
supplemented with 100 U/ml penicillin, 100 pg/ml streptomyein, and 10% fetal
calf serum (FCS). The human hepatoma cell line Huh75.1 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 Ujm! penicillin, 100 pg/ml
streptomycin, and 10% FCS. The Huh9-13 cell line, an Huh7-derived cell line
harboring a subgenomic HCV replicon (34), was mai d in DMEM in
ing 10% FCS, NEAA, and 1 mg/ml G418 (Nacalal Tesque, Iiyu:o, Japan).
Huh7.5.1 cells were fected with pSil hB-ind1 or an cmpty plasmid, and

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, Japun) and random primers. Each
¢DNA wus estimated by Platinum Sybr g:rlu'n ql’CR Su:u:rMu UDG (Invitrogen,
Carlshad, CA.) ding 1o the signals
were lmtlyu:d by an ABI ?mm ‘.NIIJ lysn:m (Appucd Bmsyﬂum:] The HCV
IRES, gly Idchyde-3-ph drops (GAPDH), and hB-indl
genes were amplified w.n; prlmer pairs 3 -GAGTGTCGTGCAGCCTCCA-3 -
5-CACTCGCAAGCACCCTATCA-3', 5-GAAGGTGAAGGTCGGAGTC-
3 -S“GAAGGTGAAGGTCGGAGTC-3', and 5-CACCTGGAGTTCTTAGA
CCTTGTG-3"-5-CAGTCGOAGTTTATTTAGGCGCTC-3', respectively. The
villues for HCV genomic RNA and hB-ind1 mRNA were normalized 1o thut for
GAPDH mRNA. Each PCR product was detected as a single band of the correct
size hy agarose gel clecrrophoresis (dan not shown),

In vitro iption and RNA transfection. Plasmids pFK-1,e, nea/NS3-3'/
NKS.1 and pFK-1,, FL/NS3-3/NKS.1 were linearized at the Scal site and then

drug-resi clones were selected by with hygromycin (Wako, Tokyo,
l:pnn) ut o fingl conceniration of 10 g/ml. Plasmids lﬂ:ndm,g a full-length or
truncated (amino acid residues 101 to 277) version of hB-ind] were transfected
into Huh7.5.1 cells, and the cells surviving after sclection with 0.1 pg/ml of
puromycin for 1| week were used for virus infection. The viral RNA of JFH was
introduced into Huh7.5.1 cells according to the method of Wakita ot al, (62). The

was collected at 7 days p fection and used as HCV particles
Ihal are infectious in cell culture (HCVeg).
Antibodies. A rabbit anti-hB-indl antibody was p d by i izati

with synthetic peptides corresponding 10 amino acid residucs 106 to 117 of
hB-indl. A mouse monoclonal antibody to influenza virus hemagglutinin (HA)
was pm:hmd from Covance (Richmond, CA), The mouse anti-FLAG M2

ibody that was conjug; ‘wi!lll dish idase and a mousc anti-
f=nctin lonal antibod, hased I'mm Sigma. The mouse monoclo-
nal antibody 1o HCV N$5ﬁ Was ohnn:d from Austral Biologicals (San Ramon,
CA

an two-hybirid assuy and libeary screening. A human letal brain library
prepared with pAct2 was purchased from Clontech and was screencd by the yeast
two-hybrid system Matchmaker GALA Two-Hybrid Sysiem 3 (Clomech) accard-

ibed in vitro using the MEGAscript T7 kit (Ambion) according to the

fi TS p I To g e capped mRNA encoding Renilla hucif-

erase, pRL-CMV was cleaved with BamHI and then transcribed using the

mMESSAGE mMACHINE kit (Ambi ding to the f 's pro-

tocol. These in vitro-transeribed RNAs were introduced into Huh7.5.1 cells a4

million cell0.4 ml by electroporation at 270 V and 960 uF using Gene Pulser
(Bio-Rad, Hercules, CA).

(‘.nluwm-un The coloay formation assay has been described pre-
viously (45). Briefly, in vitro ibed RNA was el d 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 1 mgml G418 at
Mhy fection. The ining colonies were fixed with 4% paraformal-
dehyde and stained with crystal violet at 4 weeks after electroporation.

Luciferase ussay. Transfected cells were secded in a 12-well plate snd then
Iysed in 200 i of passive lysis buffer (Promega, Madison, W1) at 24 h posttrans-
fection, Luciferase activity was measured in 20-ul aliquots of cell lysates using the
Dual-Luciferase reporter assay sysiem (Promega). Firelly luciferuse activily was
sllndudm.'\d to that of Renilla luciferase, and the results are expressed us the

in relative lucif units (RLL).

800Z '8 Arerugad uo W NIXI8 AINN YHYSO 12 Bio wse'ial woy papeojumog



VoL 82, 2008 HUMAN B-indl 1S INVOLVED IN HCV REPLICATION 2633
A B
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FIG. 1. Interaction of NS5A with hB-ind1 in runrnma.lmn cells. (A) HA- NSSA of strain Conl and FLAG-tagged hB-ind1 were expressed in 2937

cells and immunoprecipitated (IF) with an anti-HA or anti-FLAG antibody
coprecipitated counterparts. As a negative control, an empty plasmid was used i

were nlb]:clcd to Western blotting (1B) to detect
nf the plasmid FLAG-hB-ind1 or HA-NSSA.

Anti-FLAG and anti-HA antibodies did not recognize HA-tagged NS5A and I-'LJ\G-raggcd hB- Indl mpenivaly. (B) HA-NSSA protein derived
from genotype 1b strain Conl or J1, genotype la strain H77C, or genotype 2a strain JFH1 was coexpressed with FLAG-hB-ind1 in 2937 cells,
immunoprecipitated with an mtype control or anti-FLAG 3mibody and analyzed by Western hlmung wilh an antibody 10 the FLAG or HA 1ag.

An empty plasmid was used instead of the plasmid
harboring subg ic HCV repli
IgG (lane 2), and i precipi were

Statistical analysis. Results are expressed as means = standard deviations.
‘The significance of differences between the means was determined by Student's
! lest

RESULTS

hB-indl 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 NS5A (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-ind1 and HA-NSSA were coimmunoprecipi-
tated by either antibody (Fig. 1A). To determine the interac-
tion of various genotypes of NS5A with hB-ind1, HA-NS5A of
the genotype 1a strain H77C, the genotype 1b strain J1, or the
genotype 2a strain JFH1 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-
NS5A 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-

g FLAG-hB-ind1 as a negali . (C) Endoge
RNA was |mmunop:ec1p|lulcd with normal rabbit lmmunadutlulm G (IgG) (lane 1) or anti-hB-ind1 rabbit
d by Western blotting with specific antibodies,

hB-ind1 in Huh9-13 cells

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-ind1 interacts with NSSA 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 GIn™" 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-NSSA was
coimmunoprecipitated with full-length hB-ind1 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-NSSA
was nol coimmunoprecipitated with hB-ind1 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 invesligate 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 und the results of binding to NS5A. N-terminally FLAG-tagged hB-ind1 mutants encoding the region from residue 1
1o 149, 1 1o 100, 101 10 362, 150 to 362, or 101 10 277 were designated 1-149, 1-100, 101-362, 150-362, or 101-277, respectively, An N-terminally
FLAG-tagged hB-ind1 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] mutants lacking the region from 101 to 149 or from 114 to 134 were designated
A101-149 or A114-134, rcspcmvcly l‘hc coﬁcd-cml domain was located at residues 114 1o 134, Each mutant gene was inserted into pEF FLAGGs
pGKpuro, A yof i ion results is given on the right. (C) Each hB-ind] mutant was coexpressed with Conl HA-NS5A in
293T cells, immunoprecipitated wllh an n.n'll -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-indl or its

mulants.

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-indl and the HCV NS5SA
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 HCVee, 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 ¢DNA of the
shRNA to hB-indl after selection with hygromycin. Although
the levels of mRNA and expression of endogenous hB-ind1
were not changed in cells bearing a nonspecific shRNA, they
were reduced in the clones bearing shRNAs targeted to hB-
ind1, 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-I3y, neo/NS3-3'/

NK5.1 was transfected into the hB-ind1 knockdown cell lines
Huh-si2 and Huh-si3, 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-indl 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
¢B-indl in the hB-ind1 knockdown cell lines Huh-si2 and Huh-
si5 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, HCVece were inoculated into the hB-indl knockdown
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FIG. 3. Effects of hB-indl knockdown on HCV replication. (A) Huh9-13 cclls 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-ind1 mRNA and HCV RNA levels were delermined by real-time PCR. The levels of hB-indl mRNA and HCV RNA were
normalized 1o 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 (1B) with an antibody to hB-ind1, NS5A, or B-actin. (C) Establishment of hB-ind1
knockdown Huh7.5.1 cell lines, Plasmids encoding .llIRNAs targeted to hB-ind1 (siRNA 6) or nonspmlﬁt targets were transfected into Huh7.5.1
cells and d in the p of hygr fent clones were established by limiting dilution. The value for hB-indl mRNA was
normalized to the of GAPDH mRNA and c:prcssr.d as a percentage of the contral value. Huh7.5.1 cell lines expressing siRNAs targeted
to hB-indl (Huh-sil to Huh-si5) and to a nonspecific target (Huh-c) were established. (D) Expression of hB-indl in knockdown cells. The
knockdown cell lines were lysed and subjected 10 Western hlotting with an antibody to hB-ind1 or f-actin. (E) Growth curves or the knockdown

cell lines were determined by the method of trypan blue dye exclusion. Data in this figure are representative of three indey nt exp
Ervor 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-ind1 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 NS5A 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
NSSA, not in those expressing full-length hB-ind1 or the mu-
tant lacking the binding region to NS5A (101-277 A114-134)
(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-ind1 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 NSSA 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 HCVec.

hB-ind1 interacts with FKBPS and Hsp90. Previous reports
have suggested that HCV NSSA 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 NSSA-
binding proteins, FLAG-tagged hB-ind1 was coexpressed with
HA-tagged FBL2, VAP-A, VAP-B, or FKBP8 in 293T cells and
immunoprecipitated with an anti-FLAG antibody, and FKBP8
was shown to specifically interact with hB-ind! (Fig. 6A). We have
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mutant hB-indl, indicating that hB-ind1 interacts with Hsp90
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-ind1 was first co-
expressed with HA-tagged Hsp90 or mutant Hsp90 lacking the

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). Hsp%0 is a
molecular chaperone and requires various cochaperone proteins
such as p23 for efficient chaperone activity. hB-indl 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-ind! 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-ind1AxxA)
was coexpressed with HA-tagged Hsp90 in 293T cells and
immunoprecipitated with an anti-FLAG antibody. Hsp%0 was
coimmunoprecipitated with wild-type hB-ind1 but not with the

MEEVD motif in 293T cells and then immunoprecipitated
with an anti-FLAG antibody. Similar levels of hB-ind1 were
coprecipitated with Hsp90 irrespective of the deletion of the
MEEVD motif of Hsp90 (Fig. 6C). suggesting that hB-indl
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 Hsp%), FLAG-tagged
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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-ind1 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-I,, neo/NS3-37/
NKS5.1 was transfected into hB-indl knockdown Huh-si5
cells expressing siRNA-resistant FLAG-rB-ind1 or FLAG-rB-
indlAxxA, in which the Hsp90 binding motif FxxW was
changed to AxxA. The colony formation in Huh-siS 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-indl and Hsp90 in the produc-
tion of HCVee, Huh-si5 cells expressing either FLAG-rB-ind1
or FLAG-rB-ind1AxxA were infected with HCVee, and the
virus titer in the culture supematants and the intracellular
HCV RNA level at 72 h postinfection were determined. Virus
production was reduced in the culture superatants, 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 seen in colony formation by the replicon

significant differences (P < 0.01)

RNA (Fig. 7B). Collectively, these results suggest that the
interaction of hB-ind! 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-indl participates in
HCV RNA replication and particle production through inter-
action with NS5A, FKBPS, and Hsp90. hB-ind1 was initially
identificd 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-indl 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-
maore, 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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of HCV replication by dysfunction of hB-indl is not due to cell
growth arrest or cytoskeletal disruption. Murine B-ind1 has
been reported to be expressed in all mouse tissues examined,
with abundant expression detected in the testis, kidney, brain,
und liver (10). Significant levels of endogenous hB-indl 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-indl.

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 NSSB and cyclophilin B (66).
Cyclophilin and FKBP are classified as immunophilins capable
of binding to immunosuppressants cyclosporine A and FE506,
respectively (33). The immunophilins do not share a homolo-
gous domain with each other, based on their amino acid se-
quences, substrate specificitics, and inhibitor sensitivitics, We

of three i

pendent experiments.

have recently reported that NSSA binds specifically to FKBPS
but not to other homologous immunophilins such as FKBP52
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,
{unctional 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 frequencies 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 (STATI) and im-
pairs IFN signaling through the suppression of STATI phos-
phorylation (30). In addition, intracellular uptake of apoptotic
cells expressing NSSA 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-indl 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

transcriptase (21, 22). Although the precise mechanisms by
which Hsp90 and FKBPE cooperate with NSSA to 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 xcnotransplanted with human liver
fragmenis (43).

In this study, hB-ind]l 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-indl 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
HspY0 chaperone pathway in a function similar 1o that of p23
in cooperation with immunophilins such as FKBPS 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
FKS506 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 Hsp%0, 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-ind] is

involved in HCV replication through interactions with NS3A,
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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We have previously reported on the ubiquitylation and degradation of hepatitis C virus core protein. Here we
WMWMMMMMMMBMMMMWMM

to polyubiquitylation, in which lysine residues in the N-terminal region are preferential ubiquitylation sites, The
other is independent of the presence of ubiquitin, Gain- and loss-of-function analyses using lysineless mutants
substantiate the hypothesis that the proteasome activator PA28+, a binding partner of the core, is involved in the
ubiquitin-independent tion of the core protein. Our results suggest that turnover of this multifunctional
viral protein can be tightly controlled via dual ubiquitin-dependent and -independent proteasomal pathways.

Hepatitis C virus (HCV) core protein, whose amino acid
sequence is highly conserved among different HCV strains, not
only is involved in the formation of the HCV virion but also has
a number of regulatory functions, including modulation of
signaling pathways, cellular and viral gene expression, cell
transformation, apoptosis, and lipid metabolism (reviewed in
references 9 and 15). We have previously reported that the
E6AP E3 ubiguitin (Ub) ligase binds to the core protein and
plays an important role in polyubiquitylation and proteasomal
degradation of the core protein (22). Another study from our
group identified the proteasome activator PA28y/REG-y as an
HCV core-binding partner, demonstrating degradation of the
core protein via a PA28y-dependent pathway (16, 17). In this
work, we further investigated the molecular mechanisms un-
derlying proteasomal degradation of the core protein and
found that in addition to regulation by the Ub-mediated path-
way, the turnover of the core protein is also regulated by
PA28y in a Ub-independent manner.

Although ubiquitylation of substrates generally requires at
least one Lys residue to serve as a Ub acceptor site (5), there
is no consensus as to the specificity of the Lys targeted by Ub
(4, 8). To determine the sites of Ub conjugation in the core
protein, we used site-directed mutagenesis 1o replace individ-
ual Lys residues or clusters of Lys residues with Arg residues in
the N-terminal 152 amino acids (aa) of the core (C152), within
which is contained all seven Lys residues (Fig. 1A). Plasmids
expressing a variety of mutated core proteins were generated
by PCR and inserted into the pCAGGS (18). Each core-ex-
pressing construct was transfected into human embryonic kid-
ney 293T cells along with the pMT107 (25) encoding a Ub

* Corresponding author. Mailing address: Department of Virology
11, National Institute of Infectious Discases, 1-23-1 Toyama, Shinjuku-
ku, Tokyo 162-8640, Japan. Phone: B1-3-5285-1111. Fax: 81-3-5285-
1161. E-mail: tesuzuki@nih LBO.Jp.

¥ Published shead of print on 17 December 2008.

moiety tagged with six His residues (His,). Transfected cells
were treated with the proteasome inhibitor MG132 for 14 h to
maximize the level of Ub-conjugated core intermediates by
blocking the proteasome pathway and were harvested 48 h
posttransfection. His,-tagged proteins were purified from the
extracts by Ni**-chelation chromatography. Eluted protein
and whole lysates of transfected cells before purification were
analyzed by Western blotting using anticore antibodics (Fig.
1B). Mutations replacing one or two Lys residues with Arg in
the core protein did not affect the efficiency of ubiquitylation:
detection of multiple Ub-conjugated core intermediates was
observed in the mutant core proteins comparable to the results
seen with the wild-type core protein as previously reported
(23). In contrast, a substitution of four N-terminal Lys residues
(C152K6-23R) caused a significant reduction in ubiquitylation
(Fig. 1B, lane 9). Multiple Ub-conjugated core intermediates
were not detected in the Lys-less mutant (C152KR), in which
all seven Lys residues were replaced with Arg (Fig. 1B, lane
11). These results suggest that there is not a particular Lys
residue in the core protein to act as the Ub acceptor but that
more than one Lys located in its N-terminal region can serve as
the preferential ubiquitylation site. In rare cases, Ub is known
to be conjugated to the N terminus of proteins; however, these
results indicate that this does not occur within the core protein.

To investigate how polyubiquitylation correlates with pro-
teasome degradation of the core protein, we performed kinetic
analysis of the wild-type and mutated core proteins by use of
the Ub protein reference (UPR) technique, which can com-
pensate for data scatter of sample-to-sample variations such as
levels of expression (10, 24). Fusion proteins expressed from
UPR-based constructs (Fig. 2A) were cotranslationally cleaved
by deubiquitylating enzymes, thereby generating equimolar
quantities of the core proteins and the reference protein, di-
hydrofolate reductase-hemagglutinin (DHFR-HA) tag-modi-
fied Ub, in which the Lys at aa 48 was replaced by Arg to
prevent its polyubiquitylation (Ub™*). After 24 h of transfec-
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FIG. 1. In vivo ubiquitylation of HCV core protein, (A) The HCV
core protein (N-terminal 152 aa) is represented on the top, The posi-
tions of the amino acid residues of the core protein are indicated above
the bald lines. The positions of the seven Lys residues in the core are
marked by vertical ticks, Substitution of Lys with Arg (R) is schemal-
ically depicted. (B) Detection of ubiquitylated forms of the core pro-
teins. The transfected cells with core expression plasmids and pMT107
were treated with the proteasome inhibitor MG 132 and harvested 48 h
after transfection. His,-tagged proteins were purified and subsequently
analyzed by w:slcrn blnl anatysls using anticore antibody (upper
panel). Core p dtoa ber of His,-Ub are denoted
with asterisks. Whole Iysar.cs o{ transfected cells before purification
were also analyzed (lower panel). Lanes 1 to 11, C152 1o C152KR, as
indicated for panel A. Lane 12; emply vector,

tion with UPR constructs, cells were treated with cyclohexi-
mide and the amounts of core proteins and DHFR-HA-Ub™**
at the indicated time points were determined by Western blot
analysis using anticore and anti-HA antibodies. The mature
form of the core protein, aa 1 to 173 (C173) (13, 20), and C152
were degraded with first-order kinetics (Fig. 2B and D).
MG132 completely blocked the degradation of C173 and C152
(Fig. 2B), and CI152K6-23R and C152KR were markedly sta-
bilized (Fig. 2C). The half-lives of C173 and C152 were calcu-
lated to be 5 to 6 h, whereas those of C152K6-23R and
C152KR were calculated to be 22 to 24 h (Fig. 2D), confirming
that the Ub plays an important role in regulating degradation
of the core protein. Nevertheless, these results also suggest
possible involvement of the Ub-independent pathway in the
turnover of the core protein, as C152KR is more destabilized
than the reference protein (Fig. 2C and 2D).

We have shown that PA28y specifically binds to the core
protein and is involved in its degradation (16, 17). Recent
studies demonstrated that PA28y is responsible for Ub-inde-
pendent degradation of the steroid receptor coactivator SRC-3
and cell cycle inhibitors such as p21 (3, 11, 12). Thus, we next
investigated the possibility of PA28y involvement in the deg-
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FIG, 2. Kinetic analysis of degradation of HCV core proteins. (A) The
fusion constructs used in the UPR technique. Open boxes indicate the
DHFR which is dedl at the C terminus by a sequence con-
tuining the HA epitope (hatched boxes). Ub™** moieties bearing the Lys-Arg
substitution at aa 48 are represented by open ellipses. Bold lines indicate the
regions of the core protein. The amino acid positions of the core protein are
indicated above the bold lines, The arrows indicate the sites of in viva cleav-
age by deubiquitylating enzymes. (B and C) Turnover of the core proteins.
After a 24-h transfection with each UPR construcy, cells were treated with 50
ug of cycloheximide/ml in the presence or absence of 10 pM MGI32 for the
different time periods indicated. Cells were lvsed at the different time points
indicated, followed by evaluation via sodium dodecyl sulfate-polyscrylamide
gel electropharesis and Western blot analysis using antibodies against the
core protein and HA. (D) Quantitation of the data shown in panels B and C.
a\lmdatu-ncpolehem!mofbudmmtydlhcmmpmmmrdmto
the reference DHFR-HA-Ub™* was determined by densitometry and is
plotted as a percentage of the ratio at time zero.

radation of either C152KR or C152. Since C152KR carries two
amino acid substitutions in the PA28vy-binding region (aa 44 to
71) (17), we tested the influence of the mutations of C152KR
on the interaction with PA28y by use of a coimmunoprecipi-
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tation assay. When Flag-tagged PA28y (F-PA28y) was ex-
pressed in cells along with C152 or C152KR, F-PA28y precip-
itated along with both C152 and CI52KR, indicating that
PA28y interacts with both core proteins (Fig. 3A). Figure 3B
reveals the effect of exogenous expression of F-PA28y on the
steady-state levels of C152 and C152KR. Consistent with pre-
vious data (17), the expression level of C152 was decreased 1o
a nearly undetectable level in the presence of PA28y (Fig. 3B,
lanes 1 and 3). Interestingly, exogenous expression of PA28y
led to a marked reduction in the amount of C152KR expressed
(Fig. 3B, lanes 5 and 7). Treatment with MG132 increased the
steady-state level of the C15ZKR in the presence of F-PA28y
as well as the level of C152 (Fig. 3B, lanes 4 and 8).

We further investigated whether PA28y affects the turnover
of Lys-less core protein through time course experiments.
CI152KR was rapidly destabilized and almost completely de-
graded in a 3-h chase experiment using cells overexpressing
F-PA28y (Fig. 3C, left panels). A similar result was obtained
using an analogous Lys-less mutant of the full-length core
protein C191KR (Fig. 3C, right panels), thus demonstrating
that the Lys-less core protein undergoes proteasomal degra-
dation in a PA28y-dependent manner. These results suggest
that PA28y may play a role in accelerating the turnover of the
HCV core protein that is independent of ubiquitylation.

Finally, we examined gain- and loss-of-function of PA28y
wilh respect to degradation of full-length wild-type (C191) and
mutated (CI91KR) core proteins in human hepatoma Huh-7
cells, As expected, exogenous cxpression of PA28y or EGAP
caused a decrease in the C191 steady-state levels (Fig. 4A). In
contrast, the C191KR level was decreased with expression of
PA28y but not of EGAP. We further used RNA interference to
inhibit expression of PA28y or E6AP. An increase in the abun-
dance of C191KR was observed with PA28y small interfering
RNA (siRNA) but not with E6AP siRNA (Fig. 4B). An in-
crease in the C191 level caused by the activity of siRNA against
PA28y or E6AP was confirmed as well.

Taking these results together, we conclude that turnover of
the core protein is regulated by both Ub-dependent and Ub-
independent pathways and that PA28y is possibly involved in
Ub-independent proteasomal degradation of the core protein.
PA28 is known to specifically bind and activate the 208 pro-
teasome (19). Thus, PA28y may function by facilitating the
delivery of the core protein to the proteasome in a Ub-inde-
pendent manner.

Accumulating evidence suggests the existence of protea-
some-dependent but Ub-independent pathways for protein
degradation, and several important molecules, such as p53,
p73. Rb, SRC-3, and the hepatitis B virus X protein, have two
distinct degradation pathways that function in a Ub-dependent
and Ub-independent manner (1, 2, 6, 7, 14, 21, 27). Recently,
critical roles for PA28y in the Ub-independent pathway have
been demonstrated; SRC-3 and p21 can be recognized by the
20S proteasome independently of ubiquitylation through their
interaction with PA28y (3, 11, 12). It has also been reported
that phosphorylation-dependent ubiquitylation mediated by
GSK3 and SCF is important for SRC-3 turnover (26). Never-
theless, the precise mechanisms underlying turnover of most of
the proteasome substrates that are regulated in both Ub-de-
pendent and Ub-independent manners are not well under-
stood. To our knowledge, the HCV core protein is the first
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FIG. 3. PA28y-dependent degradation of the core protein. (A) In-
teraction of the core protein with PA28y. Cells were cotransfected with
the wild-type (C152) or Lys-less (C152KR) core expression plasmid in
the presence of a Flag-PA28y (F-PA28y) expression plasmid or an
empty vector. The transfected cells were treated with MG132. After
48 h, the cell lysates were immunoprecipitated with anti-Flag antibody
and visualized by Western blotting with anticore antibodies. Western
blot analysis of whole cell lysates was also performed. (B) Degradation
of the wild-type and Lys-less core proteins via the PA28y-dependent
pathway. Cells were transfected with the UPR construct with or with-
out F-PA28v. In some cases, cells were treated with 10 uM MG132 for
14 h before harvesting. Western blot analysis was performed using
anticore, ami-HA, and anti- antibodies. (C) After 24 h of trans-
fection with UPR-C152KR and UPR-CI91KR with or without F-
PA28y (an empty vector), cells were treated with 50 pg of cyclohexi-
mide/ml for different time periods as indicated (chase time). Western
blot analysis was performed using anticore and anti-HA antibodics.
‘The precursor core protein and the core that was processed, presum-
ably by signal peptide peptid, are d d by open and closed
triangles, respectively.
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