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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
HCV 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-ind1. The small interfering RNA (siRNA)-mediated knockdown of hB-ind1 in human
hepatoma cell lines suppressed the replication of HCV RNA replicons and the production of infectious
particles of HCV genotype 2a strain JFH1. Furthermore, these reductions were canceled by the expression of
an siRNA-resistant hB-ind1 mutant. Among the NS5A-binding host proteins involved in HCV replication,
hB-ind1 exhibited binding with FKBP8, 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 JFH1 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 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 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, E1, and E2), a putative ion
channel-forming protein (p7), and nonstructural proteins
(NS2, NS3, NS4A, NS4B, NS5A, 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

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 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
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 IFN-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 II (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 FKBP8, 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-ind1) as an NS5A-binding protein. Murine B-ind1 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 Rac1
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

Plasmids. The plasmids encoding NS5A, FKBP8, VAP-A, VAP-B, and heat
shock protein 90 (Hsp90) have been described previously (45). The human FBL2
gene was amplified from the total cDNA of Huh7 by PCR. A cDNA 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 NS5A protein as bait. Each
cDNA of N-terminally FLAG-tagged hB-ind1 and its mutants was generated by
cloning into pEF FlagGs pGKpuro (23). pSilencer-hB-ind1, carrying a short
hairpin RNA (shRNA) targeted to hB-ind1 under the control of the U6 pro-
moter, was constructed by cloning of the oligonucleotide pair 5�-GATCCGGA
AAAGCGACCACTGTTTCTCAAGAGAAAACAGTGGTCGCTTTTCCTTT
TTTGGAAA-3�–5�-AGCTTTTCCAAAAAAGGAAAAGCGACCACTGTTT
TCTCTTGAGAAACAGTGGTCGCTTTTCCG-3� between the BamHI and
HindIII sites of pSilencer 2.1-U6 hygro (Ambion, Austin, TX). A plasmid en-
coding a mutant hB-ind1 resistant to shRNA was prepared by introduction of five
silent mutations (nucleotides were changed from A to G, G to A, A to C, A to
T, and C to T at positions 291, 294, 297, 300, and 301, 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-I389 neo/NS3-3�/NK5.1 plasmid (46) was kindly provided by R. Barten-
schlager, and the neomycin-resistant gene was replaced with a firefly luciferase
gene. The resulting plasmid was designated pFK-I389 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% CO2. 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 �g/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 �g/ml
streptomycin, and 10% FCS. The Huh9-13 cell line, an Huh7-derived cell line
harboring a subgenomic HCV replicon (34), was maintained 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
drug-resistant clones were selected by treatment with hygromycin (Wako, Tokyo,
Japan) at a final concentration of 10 �g/ml. Plasmids encoding a full-length or
truncated (amino acid residues 101 to 277) version of hB-ind1 were transfected
into Huh7.5.1 cells, and the cells surviving after selection with 0.1 �g/ml of
puromycin 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
supernatant was collected at 7 days posttransfection and used as HCV particles
that are infectious in cell culture (HCVcc).

Antibodies. A rabbit anti-hB-ind1 antibody was prepared by immunization
with synthetic peptides corresponding to amino acid residues 106 to 117 of
hB-ind1. A mouse monoclonal antibody to influenza virus hemagglutinin (HA)
was purchased from Covance (Richmond, CA). The mouse anti-FLAG M2
antibody that was conjugated with a horseradish peroxidase and a mouse anti-
�-actin monoclonal antibody were purchased from Sigma. The mouse monoclo-
nal antibody to HCV NS5A was obtained from Austral Biologicals (San Ramon,
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 (Clontech) accord-

ing to the manufacturer’s protocol. The NS5A cDNA fragment encoding amino
acid residues 1973 to 2419 of HCV strain Con1 was amplified by PCR and cloned
into pGBKT7 (Clontech); the resulting plasmid was designated pGBKT7 HCV
NS5A. The yeast Saccharomyces cerevisiae strain AH109, which secretes �-ga-
lactosidase under the control of the MEL1 region, was transformed with
pGBKT7 HCV NS5A 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, histidine, and adenine. The resulting colonies grown on the
dropout plate were inoculated again on a new dropout plate containing 20 �g/ml
X-�-Gal (5-bromo-4-chloro-3-indolyl-�-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 JM109. The prey plasmids were recovered
from the clones grown on LB agar plates containing 10 �g/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, immunoblotting, and immunoprecipitation. Transfection and
immunoprecipitation analyses were carried out as described previously (16, 45).
Immunoprecipitates boiled in loading buffer were subjected to 12.5% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. The proteins were trans-
ferred to polyvinylidene difluoride membranes (Millipore, Bedford, MA) and
were reacted with the appropriate antibodies. The immune complexes were
visualized with SuperSignal West Femto substrate (Pierce, Rockford, IL) and
detected by an LAS-3000 image analyzer system (Fujifilm, Tokyo, Japan).

Gene silencing 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
Dharmacon (Buckinghamshire, United Kingdom). Huh9-13 cells harboring a
subgenomic HCV replicon grown on 6-well plates were transfected with 20 nM
siRNA by using siFECTOR (B-Bridge International, Sunnyvale, CA) according
to the manufacturer’s protocol. The transfected cells were incubated in DMEM
supplemented with 10% FCS and were then harvested at 96 h posttransfection.

Real-time PCR. The HCV RNA level was estimated 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 qPCR SuperMix UDG (Invitrogen,
Carlsbad, CA.) according to the manufacturer’s protocol. Fluorescent signals
were analyzed by an ABI Prism 7000 system (Applied Biosystems). The HCV
IRES, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), and hB-ind1
genes were amplified using primer pairs 5�-GAGTGTCGTGCAGCCTCCA-3�–
5�-CACTCGCAAGCACCCTATCA-3�, 5�-GAAGGTGAAGGTCGGAGTC-
3�–5�-GAAGGTGAAGGTCGGAGTC-3�, and 5�-CACCTGGAGTTCTTAGA
CCTTGTG-3�–5�-CAGTCGGAGTTTATTTAGGCGCTC-3�, respectively. The
values for HCV genomic RNA and hB-ind1 mRNA were normalized to that for
GAPDH mRNA. Each PCR product was detected as a single band of the correct
size by agarose gel electrophoresis (data not shown).

In vitro transcription and RNA transfection. Plasmids pFK-I389 neo/NS3-3�/
NK5.1 and pFK-I389 FL/NS3-3�/NK5.1 were linearized at the ScaI site and then
transcribed in vitro using the MEGAscript T7 kit (Ambion) according to the
manufacturer’s protocol. To generate capped mRNA encoding Renilla lucif-
erase, pRL-CMV was cleaved with BamHI and then transcribed using the
mMESSAGE mMACHINE kit (Ambion) according to the manufacturer’s pro-
tocol. These in vitro-transcribed RNAs were introduced into Huh7.5.1 cells at 4
million cells/0.4 ml by electroporation at 270 V and 960 �F 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 electroporated 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 mg/ml G418 at
24 h posttransfection. The remaining colonies were fixed with 4% paraformal-
dehyde and stained with crystal violet at 4 weeks after electroporation.

Luciferase assay. Transfected cells were seeded in a 12-well plate and then
lysed in 200 �l of passive lysis buffer (Promega, Madison, WI) at 24 h posttrans-
fection. Luciferase activity was measured in 20-�l aliquots of cell lysates using the
Dual-Luciferase reporter assay system (Promega). Firefly luciferase activity was
standardized to that of Renilla luciferase, and the results are expressed as the
increases in relative luciferase units (RLU).
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Statistical analysis. Results are expressed as means � standard deviations.
The significance of differences between the means was determined by Student’s
t test.

RESULTS

hB-ind1 interacts with HCV NS5A of various genotypes.
NS5A derived from the genotype 1b strain Con1 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-ind1 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-NS5A 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-ind1
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-ind1 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-ind1 and HCV
NS5A in the functional setting, lysates of Huh9-13 cells har-
boring subgenomic HCV replicon RNA were subjected to im-

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 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-ind1
is composed of 362 amino acid residues and has domains
homologous with p23 and PTPLA in the regions from Pro8 to
Asp112 and from Gln196 to Leu346, 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
Con1 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-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-NS5A
was not 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 investigate the
role(s) of endogenous hB-ind1 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

FIG. 1. Interaction of NS5A with hB-ind1 in mammalian cells. (A) HA-NS5A of strain Con1 and FLAG-tagged hB-ind1 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 instead of the plasmid encoding FLAG-hB-ind1 or HA-NS5A.
Anti-FLAG and anti-HA antibodies did not recognize HA-tagged NS5A and FLAG-tagged hB-ind1, respectively. (B) HA-NS5A protein derived
from genotype 1b strain Con1 or J1, genotype 1a strain H77C, or genotype 2a strain JFH1 was coexpressed with FLAG-hB-ind1 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 replicon RNA was immunoprecipitated with normal rabbit immunoglobulin G (IgG) (lane 1) or anti-hB-ind1 rabbit
IgG (lane 2), and immunoprecipitates were analyzed by Western blotting with specific antibodies.
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replicon RNA. Total RNA was extracted from the transfected
cells, and levels of hB-ind1 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 HCVcc, we
established Huh7.5.1 cell lines stably expressing an shRNA
targeted to hB-ind1. 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 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-I389 neo/NS3-3�/

NK5.1 was transfected into the hB-ind1 knockdown cell lines
Huh-si2 and Huh-si5, 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-
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, HCVcc were inoculated into the hB-ind1 knockdown

FIG. 2. Determination of the NS5A-binding region in hB-ind1. (A) Structure and functional domains of hB-ind1. (B) Deletion mutants of
hB-ind1 used in this study and the results of binding to NS5A. N-terminally FLAG-tagged hB-ind1 mutants encoding the region from residue 1
to 149, 1 to 100, 101 to 362, 150 to 362, or 101 to 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
�114-134. In addition, N-terminally FLAG-tagged hB-ind1 mutants lacking the region from 101 to 149 or from 114 to 134 were designated
�101-149 or �114-134, 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-ind1 mutant was coexpressed with Con1 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-NS5A. The anti-HA antibody did not recognize FLAG-tagged hB-ind1 or its
mutants.
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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 HCVcc.

An hB-ind1 mutant retaining the binding region to NS5A
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-ind1 retaining or
lacking the binding region to NS5A were expressed in Huh9-13
cells harboring subgenomic HCV replicon RNA (Fig. 5A).
Although the hB-ind1 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
NS5A, not in those expressing full-length hB-ind1 or the mu-
tant lacking the binding region to NS5A (101-277 �114-134)
(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 �114-134 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 HCVcc.

hB-ind1 interacts with FKBP8 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
FKBP8 (45) and that these interactions participate in the rep-
lication of HCV. To determine the interplay of the NS5A-
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-ind1 (Fig. 6A). We have

FIG. 3. Effects of hB-ind1 knockdown on HCV replication. (A) Huh9-13 cells were transfected with siRNA 4 or siRNA 6 (#4 or #6,
respectively), targeted to the hB-ind1 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 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 �-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 cultivated in the presence of hygromycin. Independent clones were established by limiting dilution. The value for hB-ind1 mRNA was
normalized to the amount of GAPDH mRNA and expressed as a percentage of the control value. Huh7.5.1 cell lines expressing siRNAs targeted
to hB-ind1 (Huh-si1 to Huh-si5) and to a nonspecific target (Huh-c) were established. (D) Expression of hB-ind1 in knockdown cells. The
knockdown cell lines were lysed and subjected to Western blotting with an antibody to hB-ind1 or �-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.
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previously shown that FKBP8 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 Phe107xxTrp110 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 Phe107

and Trp110 had been replaced with Ala (FLAG-hB-ind1AxxA)
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 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 FKBP8 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
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-ind1
alone is capable of binding to Hsp90 through the FxxW motif
irrespective of the association of FKBP8. To further clarify the
interplay among hB-ind1, FKBP8, and Hsp90, FLAG-tagged

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-I389 neo/NS3-3�/NK5.1. (Upper panel) The cell colonies remaining after cultivation for 4 weeks in the presence of G418 were fixed 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 (eB-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 �-actin. (C) HCV subgenomic replicon RNA transcribed from pFK-I389 FL/NS3-3�/NK5.1 and capped Renilla luciferase RNA transcribed from
pRL-CMV were cotransfected 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) HCVcc were inoculated into
Huh-c, 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 to 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
representative of three independent experiments. Error bars, standard deviations. Asterisks indicate significant differences (**, P � 0.01; *, P �
0.05) from the control value.
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hB-ind1 was coexpressed with HA-tagged Hsp90 and/or
FKBP8 and then immunoprecipitated with an anti-FLAG an-
tibody. Coprecipitation of Hsp90 with hB-ind1 was increased
by additional expression of FKBP8 (Fig. 6D). These results
suggest that hB-ind1 interacts with Hsp90 through the FxxW
motif and that FKBP8 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-I389 neo/NS3-3�/
NK5.1 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 HCVcc, Huh-si5 cells expressing either FLAG-rB-ind1
or FLAG-rB-ind1AxxA were infected with HCVcc, 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 seen in colony formation by the replicon

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, FKBP8, and Hsp90. hB-ind1 was initially
identified as a downstream transducer of Rac1, 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). Rac1 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
Rac1 and Jun N-terminal protein kinase–NF-	B signaling and
is involved in the regulation of gene expression (6, 10). Inhi-
bition of Rac1 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

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
deletion mutants of hB-ind1 retaining (construct 2) or lacking (construct 3) the NS5A binding region. (B) One of the three plasmids or an empty
vector (EV) was transfected into Huh9-13 cells harboring a subgenomic HCV replicon RNA and was subjected to Western blotting (IB) with
specific antibodies at 72 h posttransfection. (C) The amount of intracellular HCV RNA in the Huh9-13 cells was measured at 72 h posttransfection
by real-time PCR, normalized to the amount of GAPDH mRNA, and expressed as the percentage of the value for control cells transfected with
an empty plasmid. (D) One of the three plasmids or an empty vector was transfected into Huh7.5.1 cells, and then HCVcc were inoculated. Virus
production in the culture supernatants at 72 h postinoculation was determined by a focus-forming assay. FFU, focus-forming units. 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.
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of HCV replication by dysfunction of hB-ind1 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,
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-ind1.

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

have recently reported that NS5A binds specifically to FKBP8
but not to other homologous immunophilins such as FKBP52
and cyclophilin D. FKBP8 forms both a homomultimer and a
heteromultimer with the chaperone protein Hsp90. Mutation
analyses of FKBP8 and Hsp90 suggest that FKBP8 acts as an
intermediate between NS5A and Hsp90 via the different posi-
tion of the TPR domain in FKBP8 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

FIG. 6. Interaction of hB-ind1 with other NS5A-binding host proteins. (A) FLAG-hB-ind1 was first coexpressed with HA-tagged FBL2,
VAP-A, VAP-B, or FKBP8 in 293T cells and then immunoprecipitated with an anti-FLAG or control antibody. The immunoprecipitates were
detected by Western blotting (IB) with an anti-HA antibody. (B) FLAG-hB-ind1 or FLAG-hB-ind1AxxA, in which Phe107 and Trp110 had been
replaced with Ala, was coexpressed with HA-Hsp90 in 293T cells and immunoprecipitated with an anti-FLAG antibody. The immunoprecipitates
were detected by Western blotting with an anti-HA or anti-FLAG antibody. (C) FLAG-hB-ind1 was coexpressed with HA-Hsp90 or mutant Hsp90
lacking the MEEVD motif (HA-Hsp90 �MEEVD) 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-FKBP8, and FLAG-hB-ind1 were
coexpressed in various combinations in 293T cells and immunoprecipitated with an anti-FLAG antibody. The immunoprecipitates were detected
by Western blotting with an anti-HA or anti-FLAG antibody. Data in this figure are representative of three independent experiments.
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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). FKBP8 interacts with the C-termi-
nal MEEVD motif of Hsp90 through the carboxylate clump
position in the TPR domain of FKBP8 (45).

The C-terminal region of hB-ind1 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)5R 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
NS5A 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

transcriptase (21, 22). Although the precise mechanisms by
which Hsp90 and FKBP8 cooperate with NS5A 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 xenotransplanted with human liver
fragments (43).

In this study, hB-ind1 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 FKBP8, suggesting
that FKBP8 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-ind1 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). FKBP8 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 FKBP8
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).

FIG. 7. Role of the interaction of hB-ind1 with Hsp90 in the replication of HCV. (A) hB-ind1 knockdown (Huh-si5) and control (Huh-c) cell
lines were transfected either with a plasmid encoding the FLAG-tagged siRNA-resistant hB-ind1 (FLAG-rB-ind1) or FLAG-rB-ind1AxxA (with
substitutions in the motif required for binding to Hsp90) or with an empty vector (EV) and were then further transfected with replicon RNA
transcribed from pFK-I389 neo/NS3-3�/NK5.1. (Upper panel) The cell colonies remaining after cultivation for 4 weeks in the presence of G418 were
fixed with 4% paraformaldehyde and stained with crystal violet. (Lower panel) The number of colonies was standardized to the amount of
transfected RNA. (B) (Upper panel) Huh-si5 cells expressing either FLAG-rB-ind1 or FLAG-rB-ind1AxxA were infected with HCVcc, and virus
production in the culture supernatants at 72 h postinoculation was determined by a focus-forming assay. (Lower panel) The amount of intracellular
HCV RNA was measured at 72 h posttransfection by real-time PCR, normalized to the amount of GAPDH mRNA, and expressed as a percentage
of the value for control cells transfected with an empty plasmid. 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.
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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,
FKBP8, 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.

ACKNOWLEDGMENTS

We thank H. Murase for secretarial work. We also thank T. Wakita,
F. Chisari, and R. Bartenschlager for providing the infectious clones of
JFH1, Huh7.5.1, and replicon cell lines, respectively.

This work was supported in part by grants-in-aid from the Ministry
of Health, Labor, and Welfare; the Ministry of Education, Culture,
Sports, Science, and Technology; the 21st Century Center of Excel-
lence Program; and the Foundation for Biomedical Research and
Innovation.

REFERENCES

1. Appel, N., T. Pietschmann, and R. Bartenschlager. 2005. Mutational analysis
of hepatitis C virus nonstructural protein 5A: potential role of differential
phosphorylation in RNA replication and identification of a genetically flex-
ible domain. J. Virol. 79:3187–3194.

2. Bohen, S. P., A. Kralli, and K. R. Yamamoto. 1995. Hold ’em and fold ’em:
chaperones and signal transduction. Science 268:1303–1304.

3. Bost, A. G., D. Venable, L. Liu, and B. A. Heinz. 2003. Cytoskeletal require-
ments for hepatitis C virus (HCV) RNA synthesis in the HCV replicon cell
culture system. J. Virol. 77:4401–4408.

4. Bryan, B. A., D. Li, X. Wu, and M. Liu. 2005. The Rho family of small
GTPases: crucial regulators of skeletal myogenesis. Cell. Mol. Life Sci.
62:1547–1555.

5. Burch, A. D., and S. K. Weller. 2005. Herpes simplex virus type 1 DNA
polymerase requires the mammalian chaperone hsp90 for proper localiza-
tion to the nucleus. J. Virol. 79:10740–10749.

6. Burridge, K., and K. Wennerberg. 2004. Rho and Rac take center stage. Cell
116:167–179.

7. Cerny, A., and F. V. Chisari. 1999. Pathogenesis of chronic hepatitis C:
immunological features of hepatic injury and viral persistence. Hepatology
30:595–601.

8. Chung, K. M., J. Lee, J. E. Kim, O. K. Song, S. Cho, J. Lim, M. Seedorf, B.
Hahm, and S. K. Jang. 2000. Nonstructural protein 5A of hepatitis C virus
inhibits the function of karyopherin �3. J. Virol. 74:5233–5241.

9. Connor, J. H., M. O. McKenzie, G. D. Parks, and D. S. Lyles. 2007. Antiviral
activity and RNA polymerase degradation following Hsp90 inhibition in a
range of negative strand viruses. Virology 362:109–119.

10. Courilleau, D., E. Chastre, M. Sabbah, G. Redeuilh, A. Atfi, and J. Mester.
2000. B-ind1, a novel mediator of Rac1 signaling cloned from sodium bu-
tyrate-treated fibroblasts. J. Biol. Chem. 275:17344–17348.

11. Dittmar, K. D., D. R. Demady, L. F. Stancato, P. Krishna, and W. B. Pratt.
1997. Folding of the glucocorticoid receptor by the heat shock protein (hsp)
90-based chaperone machinery. The role of p23 is to stabilize receptor.hsp90
heterocomplexes formed by hsp90.p60.hsp70. J. Biol. Chem. 272:21213–
21220.

12. Dittmar, K. D., K. A. Hutchison, J. K. Owens-Grillo, and W. B. Pratt. 1996.
Reconstitution of the steroid receptor. hsp90 heterocomplex assembly sys-
tem of rabbit reticulocyte lysate. J. Biol. Chem. 271:12833–12839.

13. Frydman, J., and J. Hohfeld. 1997. Chaperones get in touch: the Hip-Hop
connection. Trends Biochem. Sci. 22:87–92.

14. Gale, M. J., Jr., M. J. Korth, N. M. Tang, S. L. Tan, D. A. Hopkins, T. E.
Dever, S. J. Polyak, D. R. Gretch, and M. G. Katze. 1997. Evidence that
hepatitis C virus resistance to interferon is mediated through repression of
the PKR protein kinase by the nonstructural 5A protein. Virology 230:217–
227.

15. Geller, R., M. Vignuzzi, R. Andino, and J. Frydman. 2007. Evolutionary
constraints on chaperone-mediated folding provide an antiviral approach
refractory to development of drug resistance. Genes Dev. 21:195–205.

16. Hamamoto, I., Y. Nishimura, T. Okamoto, H. Aizaki, M. Liu, Y. Mori, T.
Abe, T. Suzuki, M. M. Lai, T. Miyamura, K. Moriishi, and Y. Matsuura.
2005. Human VAP-B is involved in hepatitis C virus replication through
interaction with NS5A and NS5B. J. Virol. 79:13473–13482.

17. Hardy, R. W., J. Marcotrigiano, K. J. Blight, J. E. Majors, and C. M. Rice.

2003. Hepatitis C virus RNA synthesis in a cell-free system isolated from
replicon-containing hepatoma cells. J. Virol. 77:2029–2037.

18. He, Y., H. Nakao, S. L. Tan, S. J. Polyak, P. Neddermann, S. Vijaysri, B. L.
Jacobs, and M. G. Katze. 2002. Subversion of cell signaling pathways by
hepatitis C virus nonstructural 5A protein via interaction with Grb2 and P85
phosphatidylinositol 3-kinase. J. Virol. 76:9207–9217.

19. Ho, S. N., H. D. Hunt, R. M. Horton, J. K. Pullen, and L. R. Pease. 1989.
Site-directed mutagenesis by overlap extension using the polymerase chain
reaction. Gene 77:51–59.

20. Honda, M., S. Kaneko, E. Matsushita, K. Kobayashi, G. A. Abell, and S. M.
Lemon. 2000. Cell cycle regulation of hepatitis C virus internal ribosomal
entry site-directed translation. Gastroenterology 118:152–162.

21. Hu, J., and C. Seeger. 1996. Hsp90 is required for the activity of a hepatitis
B virus reverse transcriptase. Proc. Natl. Acad. Sci. USA 93:1060–1064.

22. Hu, J., D. O. Toft, and C. Seeger. 1997. Hepadnavirus assembly and reverse
transcription require a multi-component chaperone complex which is incor-
porated into nucleocapsids. EMBO J. 16:59–68.

23. Huang, D. C., S. Cory, and A. Strasser. 1997. Bcl-2, Bcl-XL and adenovirus
protein E1B19kD are functionally equivalent in their ability to inhibit cell
death. Oncogene 14:405–414.

24. Inoue, K., K. Sekiyama, M. Yamada, T. Watanabe, H. Yasuda, and M.
Yoshiba. 2003. Combined interferon �2b and cyclosporin A in the treatment
of chronic hepatitis C: controlled trial. J. Gastroenterol. 38:567–572.

25. Kampmueller, K. M., and D. J. Miller. 2005. The cellular chaperone heat
shock protein 90 facilitates Flock House virus RNA replication in Drosophila
cells. J. Virol. 79:6827–6837.

26. Kapadia, S. B., and F. V. Chisari. 2005. Hepatitis C virus RNA replication
is regulated by host geranylgeranylation and fatty acids. Proc. Natl. Acad.
Sci. USA 102:2561–2566.

27. Kosano, H., B. Stensgard, M. C. Charlesworth, N. McMahon, and D. Toft.
1998. The assembly of progesterone receptor-hsp90 complexes using purified
proteins. J. Biol. Chem. 273:32973–32979.

28. Lai, V. C., S. Dempsey, J. Y. Lau, Z. Hong, and W. Zhong. 2003. In vitro
RNA replication directed by replicase complexes isolated from the sub-
genomic replicon cells of hepatitis C virus. J. Virol. 77:2295–2300.

29. Lam, E., M. Martin, and G. Wiederrecht. 1995. Isolation of a cDNA encod-
ing a novel human FK506-binding protein homolog containing leucine zip-
per and tetratricopeptide repeat motifs. Gene 160:297–302.

30. Lan, K. H., K. L. Lan, W. P. Lee, M. L. Sheu, M. Y. Chen, Y. L. Lee, S. H.
Yen, F. Y. Chang, and S. D. Lee. 2007. HCV NS5A inhibits interferon-alpha
signaling through suppression of STAT1 phosphorylation in hepatocyte-
derived cell lines. J. Hepatol. 46:759–767.

31. Le, S. S., F. A. Loucks, H. Udo, S. Richardson-Burns, R. A. Phelps, R. J.
Bouchard, H. Barth, K. Aktories, K. L. Tyler, E. R. Kandel, K. A. Heiden-
reich, and D. A. Linseman. 2005. Inhibition of Rac GTPase triggers a c-Jun-
and Bim-dependent mitochondrial apoptotic cascade in cerebellar granule
neurons. J. Neurochem. 94:1025–1039.

32. Lindenbach, B. D., M. J. Evans, A. J. Syder, B. Wolk, T. L. Tellinghuisen,
C. C. Liu, T. Maruyama, R. O. Hynes, D. R. Burton, J. A. McKeating, and
C. M. Rice. 2005. Complete replication of hepatitis C virus in cell culture.
Science 309:623–626.

33. Liu, J., J. D. Farmer, Jr., W. S. Lane, J. Friedman, I. Weissman, and S. L.
Schreiber. 1991. Calcineurin is a common target of cyclophilin-cyclosporin A
and FKBP-FK506 complexes. Cell 66:807–815.

34. Lohmann, V., F. Korner, J. Koch, U. Herian, L. Theilmann, and R. Barten-
schlager. 1999. Replication of subgenomic hepatitis C virus RNAs in a
hepatoma cell line. Science 285:110–113.

35. Macdonald, A., K. Crowder, A. Street, C. McCormick, and M. Harris. 2004.
The hepatitis C virus NS5A protein binds to members of the Src family of
tyrosine kinases and regulates kinase activity. J. Gen. Virol. 85:721–729.

36. Majumder, M., A. K. Ghosh, R. Steele, R. Ray, and R. B. Ray. 2001. Hep-
atitis C virus NS5A physically associates with p53 and regulates p21/waf1
gene expression in a p53-dependent manner. J. Virol. 75:1401–1407.

37. Manns, M. P., M. Cornberg, and H. Wedemeyer. 2001. Current and future
treatment of hepatitis C. Indian J. Gastroenterol. 20(Suppl. 1):C47–C51.

38. Mercer, D. F., D. E. Schiller, J. F. Elliott, D. N. Douglas, C. Hao, A. Rinfret,
W. R. Addison, K. P. Fischer, T. A. Churchill, J. R. Lakey, D. L. Tyrrell, and
N. M. Kneteman. 2001. Hepatitis C virus replication in mice with chimeric
human livers. Nat. Med. 7:927–933.

39. Momose, F., T. Naito, K. Yano, S. Sugimoto, Y. Morikawa, and K. Nagata.
2002. Identification of Hsp90 as a stimulatory host factor involved in influ-
enza virus RNA synthesis. J. Biol. Chem. 277:45306–45314.

40. Moriishi, K., and Y. Matsuura. 2003. Mechanisms of hepatitis C virus in-
fection. Antivir. Chem. Chemother. 14:285–297.

41. Murata, T., T. Ohshima, M. Yamaji, M. Hosaka, Y. Miyanari, M. Hijikata,
and K. Shimotohno. 2005. Suppression of hepatitis C virus replicon by
TGF-�. Virology 331:407–417.

42. Naito, T., F. Momose, A. Kawaguchi, and K. Nagata. 2007. Involvement of
Hsp90 in assembly and nuclear import of influenza virus RNA polymerase
subunits. J. Virol. 81:1339–1349.

43. Nakagawa, S., T. Umehara, C. Matsuda, S. Kuge, M. Sudoh, and M. Kohara.

2640 TAGUWA ET AL. J. VIROL.



2007. Hsp90 inhibitors suppress HCV replication in replicon cells and hu-
manized liver mice. Biochem. Biophys. Res. Commun. 353:882–888.

44. Obermann, W. M., H. Sondermann, A. A. Russo, N. P. Pavletich, and F. U.
Hartl. 1998. In vivo function of Hsp90 is dependent on ATP binding and
ATP hydrolysis. J. Cell Biol. 143:901–910.

45. Okamoto, T., Y. Nishimura, T. Ichimura, K. Suzuki, T. Miyamura, T.
Suzuki, K. Moriishi, and Y. Matsuura. 2006. Hepatitis C virus RNA repli-
cation is regulated by FKBP8 and Hsp90. EMBO J. 25:5015–5025.

46. Pietschmann, T., V. Lohmann, A. Kaul, N. Krieger, G. Rinck, G. Rutter, D.
Strand, and R. Bartenschlager. 2002. Persistent and transient replication of
full-length hepatitis C virus genomes in cell culture. J. Virol. 76:4008–4021.

47. Prapapanich, V., S. Chen, E. J. Toran, R. A. Rimerman, and D. F. Smith.
1996. Mutational analysis of the hsp70-interacting protein Hip. Mol. Cell.
Biol. 16:6200–6207.

48. Qadri, I., M. Iwahashi, and F. Simon. 2002. Hepatitis C virus NS5A protein
binds TBP and p53, inhibiting their DNA binding and p53 interactions with
TBP and ERCC3. Biochim. Biophys. Acta 1592:193–204.

49. Ridley, A. J., H. F. Paterson, C. L. Johnston, D. Diekmann, and A. Hall.
1992. The small GTP-binding protein rac regulates growth factor-induced
membrane ruffling. Cell 70:401–410.

50. Riggs, D. L., M. B. Cox, J. Cheung-Flynn, V. Prapapanich, P. E. Carrigan,
and D. F. Smith. 2004. Functional specificity of co-chaperone interactions
with Hsp90 client proteins. Crit. Rev. Biochem. Mol. Biol. 39:279–295.

51. Scholle, F., K. Li, F. Bodola, M. Ikeda, B. A. Luxon, and S. M. Lemon. 2004.
Virus-host cell interactions during hepatitis C virus RNA replication: impact
of polyprotein expression on the cellular transcriptome and cell cycle asso-
ciation with viral RNA synthesis. J. Virol. 78:1513–1524.

52. Shi, S. T., S. J. Polyak, H. Tu, D. R. Taylor, D. R. Gretch, and M. M. Lai.
2002. Hepatitis C virus NS5A colocalizes with the core protein on lipid
droplets and interacts with apolipoproteins. Virology 292:198–210.

53. Strader, D. B., T. Wright, D. L. Thomas, and L. B. Seeff. 2004. Diagnosis,
management, and treatment of hepatitis C. Hepatology 39:1147–1171.

54. Sullivan, W., B. Stensgard, G. Caucutt, B. Bartha, N. McMahon, E. S.
Alnemri, G. Litwack, and D. Toft. 1997. Nucleotides and two functional
states of hsp90. J. Biol. Chem. 272:8007–8012.

55. Takamizawa, A., C. Mori, I. Fuke, S. Manabe, S. Murakami, J. Fujita, E.
Onishi, T. Andoh, I. Yoshida, and H. Okayama. 1991. Structure and orga-
nization of the hepatitis C virus genome isolated from human carriers.
J. Virol. 65:1105–1113.

56. Tan, S. L., H. Nakao, Y. He, S. Vijaysri, P. Neddermann, B. L. Jacobs, B. J.
Mayer, and M. G. Katze. 1999. NS5A, a nonstructural protein of hepatitis C
virus, binds growth factor receptor-bound protein 2 adaptor protein in a Src
homology 3 domain/ligand-dependent manner and perturbs mitogenic sig-
naling. Proc. Natl. Acad. Sci. USA 96:5533–5538.

57. Tiganis, T., and A. M. Bennett. 2007. Protein tyrosine phosphatase function:
the substrate perspective. Biochem. J. 402:1–15.

58. Tsukiyama-Kohara, K., N. Iizuka, M. Kohara, and A. Nomoto. 1992. Inter-
nal ribosome entry site within hepatitis C virus RNA. J. Virol. 66:1476–1483.

59. Tu, H., L. Gao, S. T. Shi, D. R. Taylor, T. Yang, A. K. Mircheff, Y. Wen, A. E.
Gorbalenya, S. B. Hwang, and M. M. Lai. 1999. Hepatitis C virus RNA
polymerase and NS5A complex with a SNARE-like protein. Virology 263:
30–41.

60. Uwanogho, D. A., Z. Hardcastle, P. Balogh, G. Mirza, K. L. Thornburg, J.

Ragoussis, and P. T. Sharpe. 1999. Molecular cloning, chromosomal map-
ping, and developmental expression of a novel protein tyrosine phosphatase-
like gene. Genomics 62:406–416.

61. Venkatesan, A., R. Sharma, and A. Dasgupta. 2003. Cell cycle regulation of
hepatitis C and encephalomyocarditis virus internal ribosome entry site-
mediated translation in human embryonic kidney 293 cells. Virus Res. 94:
85–95.

62. Wakita, T., T. Pietschmann, T. Kato, T. Date, M. Miyamoto, Z. Zhao, K.
Murthy, A. Habermann, H. G. Krausslich, M. Mizokami, R. Bartenschlager,
and T. J. Liang. 2005. Production of infectious hepatitis C virus in tissue
culture from a cloned viral genome. Nat. Med. 11:791–796.

63. Wang, C., M. Gale, Jr., B. C. Keller, H. Huang, M. S. Brown, J. L. Goldstein,
and J. Ye. 2005. Identification of FBL2 as a geranylgeranylated cellular
protein required for hepatitis C virus RNA replication. Mol. Cell 18:425–
434.

64. Wasley, A., and M. J. Alter. 2000. Epidemiology of hepatitis C: geographic
differences and temporal trends. Semin. Liver Dis. 20:1–16.

65. Watashi, K., M. Hijikata, M. Hosaka, M. Yamaji, and K. Shimotohno. 2003.
Cyclosporin A suppresses replication of hepatitis C virus genome in cultured
hepatocytes. Hepatology 38:1282–1288.

66. Watashi, K., N. Ishii, M. Hijikata, D. Inoue, T. Murata, Y. Miyanari, and K.
Shimotohno. 2005. Cyclophilin B is a functional regulator of hepatitis C virus
RNA polymerase. Mol. Cell 19:111–122.

67. Wertheimer, A. M., S. J. Polyak, R. Leistikow, and H. R. Rosen. 2007.
Engulfment of apoptotic cells expressing HCV proteins leads to differential
chemokine expression and STAT signaling in human dendritic cells. Hepa-
tology 45:1422–1432.

68. Wochnik, G. M., J. C. Young, U. Schmidt, F. Holsboer, F. U. Hartl, and T.
Rein. 2004. Inhibition of GR-mediated transcription by p23 requires inter-
action with Hsp90. FEBS Lett. 560:35–38.

69. Xue, Y., F. Bi, X. Zhang, Y. Pan, N. Liu, Y. Zheng, and D. Fan. 2004.
Inhibition of endothelial cell proliferation by targeting Rac1 GTPase with
small interference RNA in tumor cells. Biochem. Biophys. Res. Commun.
320:1309–1315.

70. Ye, J., C. Wang, R. Sumpter, Jr., M. S. Brown, J. L. Goldstein, and M. Gale,
Jr. 2003. Disruption of hepatitis C virus RNA replication through inhibition
of host protein geranylgeranylation. Proc. Natl. Acad. Sci. USA 100:15865–
15870.

71. Yi, M., and S. M. Lemon. 2004. Adaptive mutations producing efficient
replication of genotype 1a hepatitis C virus RNA in normal Huh7 cells.
J. Virol. 78:7904–7915.

72. Young, J. C., and F. U. Hartl. 2000. Polypeptide release by Hsp90 involves
ATP hydrolysis and is enhanced by the co-chaperone p23. EMBO J. 19:
5930–5940.

73. Zech, B., A. Kurtenbach, N. Krieger, D. Strand, S. Blencke, M. Morbitzer, K.
Salassidis, M. Cotten, J. Wissing, S. Obert, R. Bartenschlager, T. Herget,
and H. Daub. 2003. Identification and characterization of amphiphysin II as
a novel cellular interaction partner of the hepatitis C virus NS5A protein.
J. Gen. Virol. 84:555–560.

74. Zhong, J., P. Gastaminza, G. Cheng, S. Kapadia, T. Kato, D. R. Burton, S. F.
Wieland, S. L. Uprichard, T. Wakita, and F. V. Chisari. 2005. Robust
hepatitis C virus infection in vitro. Proc. Natl. Acad. Sci. USA 102:9294–
9299.

VOL. 82, 2008 HUMAN B-ind1 IS INVOLVED IN HCV REPLICATION 2641


