
JOURNAL OF VIROLOGY, Sept. 2011, p. 8777–8788 Vol. 85, No. 17
0022-538X/11/$12.00 doi:10.1128/JVI.02533-10
Copyright © 2011, American Society for Microbiology. All Rights Reserved.

Peptidyl-Prolyl Isomerase Pin1 Is a Cellular Factor Required for
Hepatitis C Virus Propagation�

Yun-Sook Lim,† Huong T. L. Tran,† Soo-Je Park, Seung-Ae Yim, and Soon B. Hwang*
National Research Laboratory of Hepatitis C Virus and Ilsong Institute of Life Science,

Hallym University, Anyang 431-060, South Korea

Received 5 December 2010/Accepted 27 May 2011

The life cycle of hepatitis C virus (HCV) is highly dependent on cellular factors. Using small interfering RNA
(siRNA) library screening, we identified peptidyl-prolyl cis-trans isomerase NIMA-interacting 1 (Pin1) as a host
factor involved in HCV propagation. Here we demonstrated that silencing of Pin1 expression resulted in
decreases in HCV replication in both HCV replicon cells and cell culture-grown HCV (HCVcc)-infected cells,
whereas overexpression of Pin1 increased HCV replication. Pin1 interacted with both the NS5A and NS5B
proteins. However, Pin1 expression was increased only by the NS5B protein. Both the protein binding and
isomerase activities of Pin1 were required for HCV replication. Juglone, a natural inhibitor of Pin1, inhibited
HCV propagation by inhibiting the interplay between the Pin1 and HCV NS5A/NS5B proteins. These data
indicate that Pin1 modulates HCV propagation and may contribute to HCV-induced liver pathogenesis.

Hepatitis C virus (HCV) is a major etiologic agent of chronic
hepatitis, liver cirrhosis, and hepatocellular carcinoma (HCC)
worldwide. This virus is the sole member of the genus Hepa-
civirus within the family Flaviviridae (6, 9, 15, 28). HCV is an
enveloped virus with a positive-sense, single-stranded RNA
genome of �9.6 kb. The HCV genome encodes a single pre-
cursor polyprotein, which is cleaved by both cellular and viral
proteases to generate three structural (core, E1, and E2) and
seven nonstructural (p7; NS2 to NS5B) proteins. Although
HCV is a highly prevalent pathogen, no protective vaccine is
available yet. Current standard therapy is pegylated alpha in-
terferon (IFN-�) combined with ribavirin. However, this ther-
apy shows some side effects and results in a sustained virolog-
ical response in only a small portion of patients. Thus, there is
an urgent need to develop more-effective therapeutic strate-
gies for HCV-associated chronic hepatitis.

Peptidyl-prolyl cis-trans isomerase NIMA-interacting 1
(Pin1) was first discovered in a screen for molecules regulating
mitosis (34). Pin1 consists of 163 amino acids and contains two
functional domains: the N-terminal WW binding domain and
the C-terminal peptidyl-prolyl isomerase domain (12, 13, 32,
33). The N-terminal WW binding domain is responsible for
binding to specific proteins that are phosphorylated at Ser/Thr-
Pro motifs, whereas the C-terminal isomerase domain pro-
motes the cis-trans isomerization of the bound peptide. Such
conformational changes have significant effects on the phos-
phorylation status, subcellular localization, protein stability,
and functions of many Pin1 substrates (12, 13, 32, 33). Accord-
ingly, Pin1 plays important roles in many cellular events, in-
cluding cell cycle progression, cell proliferation, transcriptional
regulation, and neoplastic transformation. This protein has

also been linked to several diseases, such as cancer, Alzhei-
mer’s disease, and asthma. Pin1 is overexpressed in many hu-
man cancers, including HCC (11); it has been found to be
overexpressed in more than 50% of HCCs. All cases with Pin1
overexpression also showed �-catenin accumulation, and 68%
of cases showed concomitant �-catenin and cyclin D1 accumu-
lation (16). Furthermore, overexpression of Pin1 in a nontrans-
formed human liver cell line leads to hepatocyte transforma-
tion, and inhibition of Pin1 expression suppresses HCC
tumorigenesis (18). It has been reported recently that Pin1
interacts with a specific serine-proline motif of hepatitis B virus
(HBV) X protein (HBx) to enhance hepatocarcinogenesis in
HBV patients (17). In the present study, we demonstrate for
the first time that Pin1 interacts directly with the HCV NS5A
and NS5B (NS5A/5B) proteins and plays unique roles in HCV
replication. In addition, juglone (5-hydroxy-1,4-naphthoqui-
none), a natural inhibitor of Pin1, impairs the interaction be-
tween Pin1 and the HCV NS5A/5B proteins and inhibits HCV
propagation. Therefore, Pin1 may be a potential target for
HCV treatment.

MATERIALS AND METHODS

Plasmids and DNA transfection. Plasmids expressing Myc-tagged NS4B, Myc-
tagged NS5A, and Myc-tagged NS5B have been described previously (3, 19).
Full-length human Pin1 cDNA was amplified from the pCNS-D2-Pin1 plasmid
(21C Frontier Human Gene Bank) and was subcloned into the pGEX-4T1
(Amersham Biosciences) and p3�Flag-CMV10 (Sigma-Aldrich) vectors to gen-
erate the GST-Pin1 and Flag-Pin1 expression plasmids, respectively. Pin1 mu-
tants were generated by site-directed mutagenesis (Stratagene) using the primers
listed in Table 1 according to the manufacturer’s instructions. Small interfering
RNA (siRNA)-resistant mutant Pin1 contains two silent mutations in the siRNA
binding site. To generate siRNA-resistant binding-defective mutant Pin1 (13)
and siRNA-resistant isomerase-inactive mutant Pin1 (31), the substitution mu-
tations S16A and C113A, respectively, were introduced into siRNA-resistant
mutant Pin1. For the cloning of human cyclophilin A (CypA) and CypB (mature
form), total RNAs were extracted from Huh7.5 cells and were used for reverse
transcription-PCR (RT-PCR) with the primer sets CypA-F/CypA-R and CypB-
F/CypB-R (Table 1). PCR products were inserted into the EcoRI and BamHI
sites of plasmid p3�Flag-CMV10. For DNA transfection, cells were transfected
with the expression plasmid by using a polyethyleneimine reagent (Sigma-Al-
drich) as we described previously (19).
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Cell culture. All cell lines were grown in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum–1% penicillin-streptomycin
under 5% CO2 at 37°C. HCV subgenomic replicon (genotype 1b) cells and cells
stably expressing NS5A were grown as reported previously (3).

Chemicals and antibodies. Juglone, a natural inhibitor of Pin1, was purchased
from Calbiochem. Antibodies were purchased from the following sources: anti-
Pin1 antibodies from Cell Signaling and Santa Cruz; anti-Flag antibodies from
Sigma-Aldrich; and antibodies against glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) and Myc from Santa Cruz. Both the anti-NS5A and anti-NS5B
antibodies have been described elsewhere (3). Both the rabbit anti-core and
anti-NS3 antibodies were obtained from Byung-Yoon Ahn (Korea University).

Generation of HCV Jc1 and virus infection. Infectious HCVs were generated
as described previously (8, 21) with minor modifications. Briefly, the pFK-Jc1
plasmid was linearized at the 3� end of the Jc1 genome by MluI digestion and was
purified by phenol-chloroform extraction. RNA transcripts were generated using
Ambion MEGAscript T7 kit and were purified with Trizol LS (Invitrogen)
according to the manufacturer’s protocols. Ten micrograms of in vitro-tran-
scribed genomic Jc1 RNA was mixed with 7.5 � 106 Huh7.5 cells in a 0.4-cm-gap
cuvette, and the mixture was electroporated at 300 V and 975 �F using a
Bio-Rad GenePulser II electroporator. Cells were gently transferred to complete
medium (low-glucose DMEM containing 10% fetal bovine serum [FBS], 100
U/ml penicillin, 100 �g/ml streptomycin, 2 mM L-glutamine, 1 mM nonessential
amino acids [NEAA], and 10 mM HEPES) and were plated on a 150-mm dish.
Twenty-four hours later, the medium was replaced with fresh complete medium
to remove dead cells. At 4 days after electroporation, the culture medium was
collected, filtered through a 0.45-mm syringe-top filter unit (Millipore), and kept
as a virus stock. The Jc1/GND mutant, containing an active-site mutation in
NS5B that destroys RNA-dependent RNA polymerase activity, was generated in
parallel. The culture supernatant harvested from cells transfected with Jc1/GND
mutant RNA was prepared as described above and was used for mock infection.
For virus infection experiments, cells were washed twice with phosphate-buffered
saline (PBS) and were incubated for 4 h with cell culture-grown HCV (HCVcc).
HCVcc-infected cells were washed again with PBS and were further grown in
complete medium.

RNA interference. A human cell cycle regulation siRNA library (ON-
TARGETplus) was purchased from Dharmacon (Lafayette, CO). This library
contains 131 siRNA pools targeting genes whose functions are crucial for con-
trolling the cell cycle. Each pool consists of 4 siRNA duplexes designed to target

different regions of the same target mRNA sequence. A SMARTpool siRNA,
when transfected at a concentration of 100 nM, was guaranteed by Dharmacon
to silence at least 75% of the expression of the target gene at the mRNA level.
siRNAs targeting Pin1 (5�-GCU CAG GCC GAG UGU ACU A-3�) and the
universal negative-control siRNA were also purchased from Dharmacon. A
siRNA targeting the 5� nontranslated region (NTR) of Jc1 (5�-CCU CAA AGA
AAA ACC AAA CUU-3�) was used as a positive control (22). siRNA transfec-
tion was performed using the Lipofectamine RNAiMAX reagent (Invitrogen,
Carlsbad, CA).

Quantification of HCV RNA. Both intracellular and extracellular RNAs were
isolated from HCVcc-infected cells, cell culture media, or replicon cells using the
Trizol LS reagent (Invitrogen, Carlsbad, CA) and were reverse transcribed using
the SuperScript Vilo cDNA synthesis kit (Invitrogen, Carlsbad, CA). Quantita-
tive real-time PCR (qRT-PCR) experiments were carried out using an iQ5
multicolor real-time PCR detection system (Bio-Rad Laboratories, Hercules,
CA) under the following conditions: 15 min at 95°C, followed by 40 cycles of 95°C
for 20 s, 55°C for 20 s, and 72°C for 20 s. Seventy one cycles of 10 s, with 0.5°C
temperature increments from 60 to 95°C, were used for the melting curves. The
HCV 5� NTR sequence was cloned into the T-A vector (RBC) and was used as
a standard for qRT-PCR. The standards were run in parallel with the samples,
and the absolute RNA copy number was determined based on the standard
curve.

Determination of virus titers. Naïve Huh7.5 cells were seeded at 2 � 104/well
in 8-well chamber culture slides (Becton Dickinson/Falcon, Franklin Lakes, NJ)
with 200 �l of culture medium. Following 24 h of incubation, Huh7.5 cells were
inoculated with serial dilutions of cell culture medium harvested from HCVcc-
infected cells. At 2 days after inoculation, indirect immunofluorescence was
performed for the presence of intracellular core antigen in order to determine
the number of focus-forming units (FFU). Each cluster of infected cells identi-
fied by staining for NS5A was considered to be a single infectious focus. Virus
titers were calculated as focus-forming units per milliliter.

MTT assay. Host cell viability was determined by using a 3-(4,5-dimethyl-2-
thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) cell proliferation assay
kit (Roche) according to the manufacturer’s protocol.

Generation of Pin1-stable cells. To make cell lines stably expressing Flag-Pin1
(Pin1-stable cell lines), Huh7 cells were transfected with the p3�Flag-CMV10-
Pin1 expression plasmid and were cultured for 4 weeks in the presence of 300
�g/ml of G418. Single positive clones were selected by immunoblot analysis using

TABLE 1. List of primers used in this study

Primer Sequence Purpose

GST-Pin1-F CGCGAATTCATGGCGGACGAG Cloning of Pin1 into the pGEX4T1 vector
GST-Pin1-R TCCCTCGAGTCACTCAGTGCG
Flag-Pin1-F GGAGAATTCAATGGCGGACGAG Cloning of Pin1 into the p3�Flag-CMV10 vector
Flag-Pin1-R CCGGGATCCTCACTCAGTGCG
AD-Pin1-F AAGGATCCATGGCGGACGAGGA Cloning of Pin1 into the pCMV-AD vector
AD-Pin1-R CCGAATTCTCACTCAGTGCGGAG
BD-NS4B-F GGGATCCGCCTCACAACTTCCTTAC Cloning of NS4B into the pCMV-BD vector
BD-NS4B-R GCGAATTCTTAGCATGGCGTAGAGCAG
BD-NS5A-F GGAAGCTTGTCCGGCTCGTGGCTAA Cloning of NS5A into the pCMV-BD vector
BD-NS5A-R AGTCTAGACTAGCAGCAGACGACATCC
BD-NS5B-F GCGAATTCTCAATGTCCTATACGTG Cloning of NS5B into the pCMV-BD vector
BD-NS5B-R AGTCTAGACTATCGGTTGGGGAGCA
5�NTR-F TGAGTGTCGTACAGCCTCCA Quantitative real-time PCR
5�NTR-R ACGCTACTCGGCTAGCAGTC
qPin1-F ATCAAGTCGGGAGAGGAG Quantitative real-time PCR
qPin1-R GCGTCTTCAAATGGCTTCT
qGAPDH-F CGCTCTCTGCTCCTCCTGTTC Quantitative real-time PCR
qGAPDH-R CGCCCAATACGACCAAATCCG
CypA-F GCG AAT TCA ATG GTC AAC CCC A Cloning of human cyclophilin A into the p3�Flag-CMV10 vector
CypA-R CGG GAT CCT TAT TCG AGT TGT CCA
CypB-F GCG AAT TCA CTG CTG CCG GGA CCT T Cloning of human cyclophilin B into the p3�Flag-CMV10 vector
CypB-R CGG GAT CCC TAC TCC TTG GCG ATG
Pin1-SR-F TGAGCCGCAGCTCAGGGAGAGTGTACTACTTCAAC Generation of siRNA-resistant mutant of Pin1
Pin1-SR-R GTTGAAGTAGTACACTCTCCCTGAGCTGCGGCTCA
Pin1-S16A-F GGAGAAGCGCATGGCCCGCAGCTCAGGC Generation of binding-defective mutant of Pin1
Pin1-S16A-R GCCTGAGCTGCGGGCCATGCGCTTCTCC
Pin1-C113A-F TCACAGTTCAGCGACGCCAGCTCAGCCAAGGC Generation of isomerase-inactive mutant of Pin1
Pin1-C113A-R GCCTTGGCTGAGCTGGCGTCGCTGAACTGTGA
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an anti-Flag monoclonal antibody. Huh7 cells transfected with an empty vector
(p3�Flag-CMV10 only) were selected as described above and were used as a
control.

Immunoblot analysis. Cell lysates were prepared and immunoblotted as we
described previously (3). Briefly, cells were lysed in a cell lysis buffer containing
50 mmol/liter Tris-HCl (pH 7.5), 150 mmol/liter NaCl, 1 mmol/liter EDTA, 1%
Nonidet P-40, 10% glycerol, and a protease inhibitor cocktail (Roche) for 20 min
on ice. The protein concentration was determined by the Bradford assay (Bio-
Rad). Equal amounts of proteins were subjected to either 10% or 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and were elec-
trotransferred to a nitrocellulose membrane. The membrane was blocked in PBS
containing 5% nonfat dry milk for 1 h and was then incubated for 2 h at room
temperature with the indicated antibodies in Tris-buffered saline–Tween (20
mmol/liter Tris-HCl [pH 7.5], 500 mmol/liter NaCl, and 0.05% Tween 20).
Following two washes in Tris-buffered saline–Tween, the membrane was incu-
bated either with a horseradish peroxidase-conjugated goat anti-rabbit antibody
or with a goat anti-mouse antibody (Jackson ImmunoResearch Laboratories,
Inc., West Grove, PA) in Tris-buffered saline–Tween for 1 h at room tempera-
ture. Proteins were detected using an ECL kit (Amersham Biosciences).

GST pulldown assay and coimmunoprecipitation. The glutathione S-trans-
ferase (GST)–Pin1 fusion protein was expressed and purified as we described
previously (3). Both in vitro binding and coimmunoprecipitation assays were
performed as we described elsewhere (4).

Confocal microscopy. Either Huh7 or Huh7.5 cells cultured on glass slides
were fixed with 4% paraformaldehyde in PBS at room temperature for 30 min.
After two washes with PBS, fixed cells were permeabilized with 0.1% Triton
X-100 in PBS for 5 min and were incubated with a mouse anti-Pin1 antibody, a
mouse anti-Flag antibody, a rabbit anti-NS5A antibody, or a rabbit anti-NS5B
antibody for 2 h. After three washes with PBS, cells were further incubated with
fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse or anti-rabbit IgG
(American Qualex, San Clemente, CA) and with tetramethylrhodamine isothio-
cyanate (TRITC)-conjugated donkey anti-rabbit or anti-mouse IgG (Jackson
Immunoresearch Laboratories) for 1 h at room temperature. After two washes
with 0.1% Triton X-100 in PBS and three washes with PBS, cells were analyzed
using the Zeiss LSM 700 laser confocal microscopy system (Carl Zeiss, Inc.,
Thornwood, NY). To quantify the colocalization of Pin1 with NS5A and NS5B,
immunofluorescence data were analyzed using the Zeiss LSM 700 software tool.
The image threshold was obtained for both channels, and the extent of true
colocalization in the selected region of interest (yellow pixels in the merged
image) was analyzed using the overlap coefficient (colocalization module; Carl
Zeiss), with a coefficient of zero indicating no colocalization and a coefficient of
1 indicating complete colocalization. More than 10 cells were analyzed for each
experiment.

Luciferase replication assay. Huh7.5 cells were electroporated with 10 �g of in
vitro-transcribed full-length JFH-Luc RNA. At 24 h after electroporation, cells
were transfected with 20 nM negative-control, positive-control, or Pin1 siRNA.
Luciferase assays were performed as described previously (3) using cells har-
vested 24 h, 48 h, and 72 h after siRNA transfection.

JEV infection. BHK-21 cells were either mock infected or infected with Jap-
anese encephalitis virus (JEV) as described previously (36). Equal amounts of
total-cell lysates harvested at either 24 h or 48 h were analyzed for JEV protein
expression by immunoblotting with the rabbit anti-JEV NS1 antibody as de-
scribed above.

Statistical analysis. Data are presented as means � standard deviations (SD).
Student’s t test was used for statistical analysis. A P value of �0.05 was consid-
ered statistically significant.

RESULTS

Pin1 is a cellular factor required for HCV replication. HCV
replication and translation depend strongly on the host cell
cycle (26). HCV interferes with the host cell cycle and exploits
host proteins to complete its life cycle. To identify the cellular
proteins required for HCV replication, we screened a siRNA
library targeting 131 genes that control the cell cycle in
HCVcc-infected cells. Huh7.5 cells were transfected with 20
nM siRNA for 48 h and were then infected with HCV Jc1 for
4 h. At 2 days postinfection, culture supernatants were col-
lected, and extracellular HCV RNAs were quantified by
qPCR. Experiments were carried out in duplicate. siRNAs that

altered HCV production by an average 2-fold increase or de-
crease relative to the SD compared with the effect of a univer-
sal negative-control siRNA and that exerted no cytotoxicity
were selected as hits. From 131 siRNA pools, 13 pools were
identified as candidate hits (Fig. 1A). These pools were re-
tested in a secondary screen. Cell viability was measured by the
MTT assay. A siRNA targeting the 5� NTR of HCV was used
as a positive control.

Among candidate genes, we selected and characterized the
gene encoding Pin1, because it has been implicated in many
viral infections, including human immunodeficiency virus
(HIV) replication (29), HBV-mediated hepatocarcinogenesis
(17), and human T cell leukemia virus type 1 (HTLV-1) ma-
lignant transformation (7, 20). Silencing of Pin1 expression led
to strong inhibition of HCV production (Fig. 1B) with minimal
toxicity (Fig. 1C). To determine which step in the HCV life
cycle required Pin1, we quantified intracellular viral RNA in
Pin1 knockdown cells. As shown in Fig. 1D, the Pin1 mRNA
level was significantly suppressed by siRNA treatment. As a
result, the intracellular HCV RNA level was also significantly
reduced in Pin1 knockdown cells. These results indicate that
Pin1 may be involved in HCV replication. To further confirm
the effect of Pin1 on HCV replication, we investigated viral
protein expression levels in Pin1 knockdown cells. The posi-
tive-control siRNA completely blocked NS5A and core expres-
sion (Fig. 1E, lane 2). Similarly, silencing of Pin1 impaired
HCV protein expression (Fig. 1E, lane 3). To rule out the
off-target effect of Pin1 siRNA, we generated a siRNA-resis-
tant Pin1 mutant. As shown in Fig. 1F, exogenous expression of
a siRNA-resistant Pin1 mutant, but not of wild-type Pin1,
rescued HCV protein expression (lane 4). The role of Pin1 in
HCV replication was also examined in Huh7 cells harboring
HCV subgenomic replicons. Figure 1G shows that knockdown
of Pin1 in HCV replicon cells significantly inhibited NS5A
protein expression. It was noteworthy that the Pin1 level in
replicon cells was also decreased by positive siRNA treatment
compared to negative siRNA treatment. In order to measure
viral replication more accurately, the effect of Pin1 siRNA on
HCV replication was determined by the JFH-Luc reporter
system. As shown in Fig. 1H, luciferase activity was decreased
slightly at 24 h after Pin1 siRNA treatment, and was dramat-
ically reduced at 48 to 72 h, in cells transfected with Pin1
siRNA compared to those transfected with the negative-con-
trol siRNA. Taken together, these data suggest that Pin1 is
required for HCV propagation.

Overexpression of Pin1 enhances HCV propagation. Be-
cause silencing of Pin1 suppressed HCV replication, we spec-
ulated that overexpression of Pin1 might have a positive effect
on HCV replication. To investigate this possibility, Huh7.5
cells infected with Jc1 for 48 h were transiently transfected with
Flag-tagged Pin1 and were then harvested at 48 h after trans-
fection. We showed that overexpression of Pin1 increased the
levels of intracellular HCV RNA (Fig. 2A), intracellular viral
proteins (Fig. 2B), and extracellular HCV RNA (Fig. 2C). We
further demonstrated that both intracellular HCV RNA (Fig.
2D) and protein (Fig. 2E) levels were also higher in Jc1-
infected Pin1-stable cells than in vector-stable cells. We further
found that both HCV RNA and protein levels were increased
in other clones of Pin1-stable cells (data not shown), confirm-

VOL. 85, 2011 Pin1 IS A HOST FACTOR FOR HCV PROPAGATION 8779



ing that this phenomenon was not caused by clonal selection of
Pin1-stable cells.

Pin1 interacts with HCV NS5A and NS5B proteins. Pin1 is
a member of the parvulin family of peptidyl prolyl cis-trans
isomerases (PPIases). Among the PPIases that have been stud-
ied to date, cyclophilin A (CypA) and CypB have been re-
ported to play essential roles in HCV replication (30, 35). Like
other PPIases, Pin1 interacts with phosphorylated proteins
through the serine/threonine-proline motif. Because both
CypA and CypB interact with the HCV NS5A and NS5B
proteins (2, 5, 10, 30, 35), we speculated that Pin1 might up-
regulate HCV propagation through interaction with either
NS5A or NS5B protein. Both NS5A and NS5B are phospho-

proteins that contain various phosphorylated serine/threonine-
proline motifs; thus, both proteins could be potential sub-
strates of PPIases. We first examined this possibility by in vitro
GST pulldown assays using GST and GST-Pin1 fusion proteins
expressed in Escherichia coli and Myc-NS4B, Myc-NS5A, and
Myc-NS5B proteins expressed individually in HEK293T cells.
HEK293T cell extracts containing Myc-tagged NS4B, NS5A,
or NS5B were incubated with either purified GST or GST-
Pin1. Complexes were precipitated with glutathione beads, and
bound proteins were analyzed by immunoblot analysis using
anti-Myc antibodies. As shown in Fig. 3A, both the NS5A and
NS5B proteins were selectively bound to Pin1 (lanes 5 and 6,
respectively), whereas neither GST nor NS4B interacted with

FIG. 1. Pin1 is essential for HCV replication. (A) Huh7.5 cells were transfected with 20 nM siRNAs for 48 h and were then infected with HCV
Jc1 for 4 h. At 2 days postinfection, culture supernatants were collected, and extracellular HCV RNAs were quantified by qPCR. From the siRNA
library targeting 131 human cell cycle genes, 13 siRNAs that altered (increased or decreased) the level of HCV production 2-fold from that for
the negative control were selected. (B) Huh7.5 cells were transfected with 20 nM negative (	), positive (
), or Pin1 siRNA duplexes for 48 h,
followed by infection with Jc1 for 4 h. At 2 days postinfection, HCV infectivity was determined by a focus-forming assay. (C) Huh7.5 cells were
transfected with the indicated siRNAs. At 96 h after transfection, cell viability was assessed by an MTT assay. (D) Both intracellular RNA (left)
and Pin1 mRNA (right) isolated from cells treated as described in the legend to panel B were analyzed by qPCR. (E) Total-cell lysates harvested
from cells treated as described in the legend to panel B were immunoblotted with the indicated antibodies. (F) Huh7.5 cells were transfected with
the indicated siRNA. At 2 days after siRNA transfection, cells were infected with Jc1 for 4 h and were then transfected with 3 �g of a vector or
plasmid expressing wild-type Pin1 (Flag-Pin1 WT) or siRNA-resistant Pin1 (Flag-Pin1 WT-SR). Protein expression was determined by immunoblot
analysis at 2 days after transfection. (	), the universal negative-control siRNA; (
), siRNA targeting the 5� NTR of Jc1 as a positive control.
(G) Subgenomic replicon cells were transfected with the indicated siRNAs for 96 h. Protein expression was determined by immunoblot analysis.
The band intensity was quantified using ImageJ software. (H) Huh7.5 cells were transfected with in vitro-transcribed HCV-Luc RNA. At 2 days
after transfection, cells were transfected with a negative-control, positive-control, or Pin1 siRNA. Luciferase activity was measured at the indicated
times. Asterisks indicate significant differences (�, P � 0.05; ��, P � 0.01) from activity for the negative control.
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Pin1. To confirm the in vitro result, we performed a coimmu-
noprecipitation assay. Myc-tagged NS4B, NS5A, or NS5B was
coexpressed with Flag-tagged Pin1 in HEK293 cells. Cell ly-
sates were immunoprecipitated with an anti-Flag monoclonal
antibody, and coprecipitated protein was then detected by im-
munoblot analysis using an anti-Myc monoclonal antibody.
Figure 3B shows that both the NS5A and NS5B proteins in-
teracted specifically with Pin1 in vivo (lanes 6 and 7). We
confirmed these results by a mammalian two-hybrid assay
(data not shown), which also showed that both NS5A and
NS5B interacted specifically with Pin1.

To further demonstrate protein interplay between Pin1 and
NS5A/NS5B in a more authentic system, we performed immu-
noprecipitation using HCV replicon cells and HCVcc-infected
cells. As shown in Fig. 3C, Pin1 interacted with NS5A/NS5B in
HCV replicon cells (left). We further demonstrated this inter-
action in HCVcc-infected Huh7.5 cells by reciprocal immuno-
precipitation assays (Fig. 3C, center and right). Both in vitro
and in vivo protein-protein interaction data suggest that Pin1
may colocalize with NS5A/NS5B. To investigate this possibil-
ity, HCVcc-infected cells were examined for the subcellular
localization of Pin1 and HCV proteins by confocal microscopy.
Figure 3D shows that Pin1 was localized mainly in the nucleus
and partly in the cytoplasm in hepatoma cells and that the
cellular distribution of Pin1 was not affected by viral proteins.

Both the NS5A and NS5B proteins were localized in the cyto-
plasm, and dual staining showed colocalization of NS5A and
NS5B with Pin1 in the cytoplasm as yellow fluorescence in
HCVcc-infected cells. To verify this result, we quantified the
colocalization of Pin1 with HCV proteins by Manders’ overlap
coefficient as reported previously (14). By use of this method
and labeling of NS5A with two different probes (FITC and
TRITC), the overlap coefficient of NS5A is �0.93 (Fig. 3E, bar
1). Because Pin1 is localized primarily in the nucleus and partly
in the cytoplasm, we determined the overlap coefficients of
Pin1 in two different cellular compartments. Dual-staining data
showed that the overlap coefficient of Pin1 in the nucleus is
0.96 � 0.27 (Fig. 3E, bar 2), while that of Pin1 in the cytoplasm
is 0.89 � 0.20 (Fig. 3E, bar 3). The overlap coefficients of
Pin1/NS5A and Pin1/NS5B were 0.75 and 0.74, respectively,
indicating that these proteins were colocalized in the cytoplasm
(Fig. 3E, bars 4 and 5). Taken together, these data indicate that
Pin1 specifically interacts with NS5A and NS5B both in vitro
and in vivo.

NS5B but not NS5A increases Pin1 expression. It has been
reported previously that Pin1 is overexpressed in many types of
cancer, including HCC (11). To investigate whether Pin1 could
be upregulated by HCV infection, we examined the expression
level of Pin1 protein in HCV-infected cells. As shown in Fig.
4A (left), the level of Pin1 protein expression was elevated in

FIG. 2. Overexpression of Pin1 increases HCV propagation. (A) Huh7.5 cells were infected with Jc1 for 48 h and were then transiently
transfected with 2 �g of either a vector or the Flag-Pin1 plasmid. At 48 h after transfection, intracellular HCV RNAs were analyzed by qPCR.
(B) Total-cell lysates harvested from these cells were immunoblotted with the indicated antibodies. (C) Extracellular RNAs isolated from the
culture supernatant were quantified by qPCR. Experiments were carried out in duplicate. Error bars indicate standard deviations. (D) Vector-
stable and Pin1-stable cells were infected with Jc1. At 48 h postinfection, intracellular HCV RNAs were quantified by qPCR. The asterisk indicates
a significant difference (�, P � 0.05) from the value for the vector control. (E) Two clones each of vector-stable and Pin1-stable cells were infected
with Jc1. At 48 h postinfection, total-cell lysates were immunoblotted with the indicated antibodies. The band intensity was quantified using ImageJ
software.
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wild-type HCV-infected cells at 4 days postinfection. This was
confirmed by scanning of the blot images and measurement of
the protein pixel intensity (Fig. 4A, center). We also showed
that the Pin1 mRNA level was significantly increased in wild-
type virus-infected cells (Fig. 4A, right). To confirm these

results, we further examined Pin1 expression levels in HCV
subgenomic replicon cells. Indeed, both the protein and
mRNA levels of Pin1 were significantly higher in replicon cells
than in IFN-cured cells (Fig. 4B). These results suggested that
HCV nonstructural proteins might induce Pin1 expression.

FIG. 3. Pin1 interacts directly with both the HCV NS5A and NS5B proteins. (A) HEK293T cells were transfected with Myc-NS4B, Myc-NS5A,
or Myc-NS5B. At 36 h after transfection, total-cell lysates were harvested and were incubated with either purified GST or GST-Pin1. (Top)
Complexes were precipitated with glutathione beads, and bound proteins were analyzed by immunoblotting (IB) using an anti-Myc antibody.
(Bottom) The expression of the GST and GST-Pin1 proteins was confirmed with an anti-GST antibody. (B) HEK293T cells were transfected with
the indicated combinations of expression plasmids. (Top panel) At 36 h after transfection, cell lysates were immunoprecipitated (IP) with an
anti-Flag monoclonal antibody, and bound proteins were then detected by IB analysis. (Lower panels) Protein expression of Myc-NS4B,
Myc-NS5A, Myc-NS5B, and Flag-Pin1 in the same cell lysates was also verified by immunoblot analysis. (C) (Left) Total-cell lysates harvested from
HCV replicon cells were immunoprecipitated with either an anti-Pin1 antibody or IgG. Bound protein was detected by immunoblotting with an
antibody against either NS5A or NS5B. (Center) Huh7.5 cells were electroporated with 10 �g Jc1 RNA and were incubated for 3 days. Cell lysates
were immunoprecipitated with either an anti-Pin1 antibody or IgG. Bound protein was immunoblotted with an anti-NS5A antibody. (Right)
Reciprocally, the same cell lysates were immunoprecipitated with either a rabbit anti-NS5A antibody or a rabbit control serum. Bound protein was
immunoblotted with an anti-Pin1 antibody. The asterisk indicates a heavy chain. (D) Huh7.5 cells were infected with HCV Jc1 for 4 h. At 2 days
postinfection, cells were transfected with a plasmid expressing Flag-tagged Pin1. At 24 h after transfection, cells were fixed in 4% paraformal-
dehyde, and immunofluorescence staining was performed by using an anti-Pin1 monoclonal antibody and fluorescein isothiocyanate-conjugated
goat anti-mouse IgG to detect Pin1 (green) and a rabbit anti-NS5A or anti-NS5B antibody and TRITC-conjugated goat anti-rabbit IgG to detect
NS5A (red) or NS5B (red). Dual staining showed colocalization of Pin1 and NS5A as yellow fluorescence in the merged image. Cells were
counterstained with 4�,6-diamidino-2-phenylindole (DAPI) to label nuclei. The boxed area in the merged image is enlarged on the right (crop).
(E) Huh7.5 cells infected with HCV Jc1 were fixed, incubated with a rabbit anti-NS5A antibody, and further incubated with either FITC- or
TRITC-conjugated anti-rabbit antibodies (bar 1). Flag-Pin1-stable cells were fixed, incubated with both a mouse anti-Pin1 and a rabbit anti-Flag
antibody, and further incubated with both TRITC-conjugated anti-mouse and FITC-conjugated anti-rabbit antibodies (bars 2 and 3). Colocal-
ization of NS5A (bar 4) and NS5B (bar 5) with Pin1 was quantified by Manders’ overlap coefficient as described in Materials and Methods.
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Since Pin1 interacted directly with NS5A and NS5B proteins,
we speculated that NS5A and NS5B proteins might be respon-
sible for Pin1 induction. To determine which protein is respon-
sible for the Pin1 increase, Huh7 cells were transfected with
either a Myc-tagged NS5A or a Myc-tagged NS5B expression
plasmid, and the Pin1 level was then analyzed by immunoblot
analysis. As shown in Fig. 4C, the Pin1 protein level was sig-
nificantly increased in cells expressing NS5B protein (lane 3).
Although the protein expression level of NS5A was higher than
that of NS5B (Fig. 4C, lane 2 versus lane 3), the Pin1 protein
level was not changed by NS5A protein. To further examine
whether another positive-strand RNA virus could increase
Pin1 expression, we investigated JEV-infected BHK cells. The
JEV infection was confirmed by immunoblot analysis using a

rabbit anti-JEV NS1 antibody (36). However, JEV infection
did not increase Pin1 expression (data not shown), indicating
that this phenomenon was HCV specific.

Both the binding and isomerase activities of Pin1 are essen-
tial for HCV replication. Our data raised the important ques-
tion of whether the interactions between Pin1 and HCV pro-
teins play any role in HCV replication. To answer this
question, we constructed siRNA-resistant mutant Pin1 (Pin1
WT-SR), siRNA-resistant binding-defective mutant Pin1 (Pin1
S16A-SR), and siRNA-resistant isomerase-inactive mutant
Pin1 (Pin1 C113A-SR). We first investigated whether these
Pin1 mutants could interact with the NS5A and NS5B proteins.
Huh7.5 cells were transfected with the combinations of expres-
sion plasmids shown in Fig. 5. At 48 h after transfection, cell

FIG. 4. NS5B but not NS5A increases Pin1 expression. (A) (Left) Huh7.5 cells were either mock infected or infected with HCV Jc1 for 4 h.
Total-cell lysates harvested at 4 days postinfection were immunoblotted with the indicated antibodies. (Center) Blot images were scanned, and
protein pixel intensity was measured using ImageJ software. (Right) Total RNAs were extracted, and qPCR was performed to quantify the Pin1
mRNA level. Data from two independent experiments were quantified. The asterisk indicates a significant difference (P � 0.05) between
mock-infected and HCV Jc1-infected cells. (B) (Left) Equal amounts of cell lysates harvested from either IFN-cured or subgenomic replicon cells
were immunoblotted with the indicated antibodies. (Center) Blot images were scanned, and the protein pixel intensity was measured using ImageJ
software. (Right) Total RNAs were extracted, and qPCR was performed to quantify the Pin1 mRNA level. Data from two independent
experiments were quantified. Asterisks indicate a significant difference (P � 0.05) between IFN-cured and replicon cells. (C) Huh7 cells were
transfected with either a vector, Myc-tagged NS5A, or Myc-tagged NS5B. At 48 h after transfection, protein expression was determined by
immunoblot analysis.
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lysates were immunoprecipitated with an anti-Flag antibody,
and bound proteins were then detected by immunoblot anal-
ysis using an anti-Myc antibody. As shown in Fig. 5A, Pin1
S16A-SR no longer interacted with the NS5A and NS5B pro-
teins (lanes 4 and 5), whereas Pin1 C113A-SR retained binding
capability (lanes 6 and 7). To investigate the effects of the
binding and isomerase activities of Pin1 on HCV propagation,
Huh7.5 Pin1 knockdown cells were infected with Jc1 and were
then transfected with a plasmid expressing either wild-type
Pin1, Pin1 S16A-SR, Pin1 C113A-SR, or Pin1 WT-SR. Over-
expression of Pin1 WT-SR in HCV-infected cells rescued in-
tracellular HCV RNA expression (Fig. 5B), HCV protein ex-
pression (Fig. 5C, lane 6), and virus titers (Fig. 5D) in Pin1
knockdown cells. However, neither Pin1 S16A-SR nor Pin1
C113A-SR overexpression in Pin1 knockdown cells was able to
rescue viral RNA or protein expression (Fig. 5B to D), indi-
cating that both the binding and isomerase activities of Pin1
are required for HCV propagation.

Juglone inhibits HCV replication by disrupting protein in-
teractions between Pin1 and NS5A/NS5B. Juglone (5-hydroxy-
1,4-naphthoquinone) is a natural inhibitor of Pin1 with anti-
inflammatory and antifibrotic properties (23). It binds
irreversibly to Pin1. At high concentrations, juglone inhibits

the activities of RNA polymerases I, II, and III and shows
cytotoxic effects (1). We demonstrated that treatment of
Huh7.5 cells with juglone at concentrations as high as 1 �M
induced no cell toxicity as measured by an MTT assay (Fig.
6A). We also showed that 1 �M juglone efficiently inhibited
HCV propagation at the levels of intracellular HCV RNA
(Fig. 6B), protein (Fig. 6C), and extracellular HCV RNA (Fig.
6D) in Huh7.5 cells and that inhibition occurred in a dose-
dependent manner. However, the levels of Pin1 and GAPDH
protein expression were unaffected by juglone. To gain more
insight into the role of juglone in HCV inhibition, we investi-
gated the possible effect of juglone on the interaction between
the Pin1 and NS5A/NS5B proteins. As shown in Fig. 6E,
juglone inhibited the protein interplay between Pin1 and NS5A
and between Pin1 and NS5B in a dose-dependent manner. It
was noteworthy that 1 �M juglone completely blocked the
interaction between Pin1 and HCV proteins. To further con-
firm the inhibitory role of juglone, Huh7.5 cells infected with
Jc1 were transiently transfected with Flag-tagged Pin1 and
were treated with either dimethyl sulfoxide (DMSO) or 1 �M
of juglone. Samples were fixed and were incubated with both
anti-NS5A and anti-Flag antibodies. The level of colocalization
of Pin1 with NS5A was quantified by Manders’ overlap coef-

FIG. 5. Both the binding and isomerase activities of Pin1 are essential for HCV replication. (A) Huh7.5 cells were transfected with the indicated
combinations of expression plasmids. (Top panel) At 48 h after transfection, cell lysates were immunoprecipitated (IP) with an anti-Flag
monoclonal antibody, and bound proteins were then detected by an immunoblot (IB) assay. (Lower panels) Protein expression in the same cell
lysates was verified with the indicated antibodies. Pin1 WT-SR, siRNA-resistant mutant Pin1; Pin1 S16A-SR, siRNA-resistant binding-defective
mutant Pin1; Pin1 C113A-SR, siRNA-resistant isomerase-inactive mutant Pin1. The asterisk indicates the IgG heavy chain. (B) Huh7.5 cells were
transfected with the indicated siRNA. At 2 days after siRNA transfection, cells were infected with Jc1 for 4 h and were then transfected with 2
�g of a plasmid expressing wild-type Pin1 (Pin1 WT), Pin1 S16A-SR, Pin1 C113A-SR, or Pin1 WT-SR. Intracellular RNAs isolated at 2 days after
Pin1 transfection were analyzed by qPCR. (C) Protein expression levels of both HCV and host cells were determined by immunoblot analysis using
the indicated antibodies. (D) The effects of Pin1 mutants on HCV infectivity were determined by focus-forming assays. Experiments were carried
out in duplicate. Error bars indicate standard deviations.
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ficient (14). Figure 6F shows that the colocalization level of
Pin1 with NS5A was prominently decreased by juglone. These
results further demonstrate that protein interactions between
cellular Pin1 and viral NS5A/5B play a crucial role in HCV
replication.

Pin1 and CypA/CypB are differentially involved in HCV
proliferation. Since CypA and CypB, which are also members
of the PPIases, also interact with the NS5A and NS5B proteins

and play important roles in HCV replication (2, 5, 10), we
explored the possible competition between Pin1 and CypA/
CypB for interaction with HCV proteins. HEK293T cells were
transfected with Myc-tagged NS5A or NS5B and with a Flag-
tagged CypA or CypB expression plasmid as indicated in Fig.
7. The transfected cells were then treated with either juglone
or a vehicle (DMSO). Cell lysates were immunoprecipitated
with an anti-Pin1 antibody, and bound proteins were then

FIG. 6. Juglone represses HCV replication by inhibiting the interplay between Pin1 and HCV proteins. (A) Huh7.5 cells were infected with Jc1.
One day after HCV infection, cells were treated with different concentrations of juglone for 1 day. Cell viability was assessed by the MTT assay.
(B) Intracellular RNAs isolated from these cells were analyzed by qPCR. (C) Protein expression in these cells was analyzed by immunoblotting
(IB). (D) Extracellular RNAs isolated from these cells were quantified by qPCR. Experiments were carried out in duplicate. Asterisks indicate
significant differences (�, P � 0.05; ��, P � 0.01) from results with DMSO (vehicle). (E) HEK293T cells were transfected with the indicated
combinations of expression plasmids. (Top panel) At 24 h after transfection, cell lysates were immunoprecipitated (IP) with an anti-Flag
monoclonal antibody, and bound proteins were then detected by immunoblot analysis using an anti-Myc antibody. (Lower panels) The expression
of the NS5A, NS5B, and Pin1 proteins in the same cell lysates was confirmed by immunoblot analysis using the indicated antibodies. (F) Huh7.5
cells infected with HCV Jc1 were transiently transfected with a plasmid expressing Flag-tagged Pin1 at 24 h postinfection. Cells were then treated
with either DMSO (vehicle) or 1 �M of juglone at 24 h after transfection. Samples were fixed and were incubated with both anti-NS5A and
anti-Flag antibodies. The overlap coefficient was determined as described in Materials and Methods using immunofluorescence data. �, P � 0.05.
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detected by immunoblot analysis using an anti-Myc antibody.
As shown in Fig. 7A, juglone completely inhibited protein
interactions between endogenous Pin1 and NS5A/NS5B (lanes
1 and 2). However, endogenous Pin1 specifically interacted
with NS5A and NS5B in the absence of juglone (lanes 4 and 5).
Nevertheless, the protein interactions between Pin1 and NS5A
and between Pin1 and NS5B were not disturbed by exogenous
expression of CypA (Fig. 7A, lanes 6 and 7) or CypB (Fig. 7A,
lanes 8 and 9). We then examined whether CypA/CypB could
complement the functional loss of HCV propagation in Pin1
knockdown cells. Huh7.5 cells transfected with the siRNAs
indicated in Fig. 7B were infected with the Jc1 virus and were
then transfected with a plasmid expressing Pin1 WT-SR,
CypA, or CypB. Figure 7B shows that neither CypA nor CypB
was able to rescue HCV RNA replication in Pin1 knockdown

cells. This was further confirmed at the protein level (Fig. 7C,
lanes 5 and 6) and the level of infectivity (Fig. 7D). These data
suggest that Pin1 may be distinctively involved in HCV prop-
agation.

DISCUSSION

The HCV life cycle is highly dependent on cellular factors.
Identification of host factors involved in HCV replication not
only facilitates understanding of the HCV life cycle but also
aids in the development of novel anti-HCV therapies. Since
the mutation rates in cellular genes are substantially lower than
those in viral genomes, targeting of host factors may provide a
higher barrier to the generation of drug resistance. To identify
the cellular factors involved in HCV replication, we screened a

FIG. 7. Pin1, CypA, and CypB are distinctively involved in HCV replication. (A) HEK293T cells were transfected with the indicated
combinations of expression plasmids. At 24 h after transfection, cells were treated with either 1 �M juglone or a vehicle (DMSO) for 24 h. (Top
panel) Cell lysates were immunoprecipitated (IP) with an anti-Pin1 polyclonal antibody, and bound proteins were then detected by immunoblot
(IB) analysis. (Lower panels) The expression of the NS5A, NS5B, Pin1, CypA, and CypB proteins in the same cell lysates was confirmed by
immunoblot analysis using the indicated antibodies. (B) Huh7.5 cells were transfected with the indicated siRNA. At 2 days after siRNA
transfection, cells were infected with Jc1 for 4 h and were then transfected with 2 �g of an empty vector or a plasmid expressing WT-SR, CypA,
or CypB. Intracellular RNAs were isolated and were analyzed by qPCR. (C) Both viral and cellular proteins isolated from these cells were analyzed
by immunoblot analysis using the indicated antibodies. The band intensity was quantified as described for Fig. 1. (D) Virus titers were determined
by focus-forming assays. Experiments were carried out in duplicate.
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siRNA library targeting the cell cycle in HCVcc-infected cells.
Out of 11 candidate hits that decreased extracellular HCV
RNA levels, we selected and characterized the gene encoding
Pin1. Pin1 catalyzes a conformational change in the bound
substrate in a phosphorylation-dependent manner. This pro-
tein has been shown to regulate the stability and localization of
its substrates during transcriptional activation, cell cycle pro-
gression, and cell death. Pin1 has also been found to be in-
volved in infection by many viruses. It interacts with hepatitis B
virus X protein to enhance hepatocarcinogenesis (17). Pin1
stabilizes human T cell leukemia virus type 1 (HTLV-1) Tax
oncoprotein and promotes malignant transformation (7, 20).
Pin1 also modulates the replication of human immunodefi-
ciency virus type 1 (HIV-1) via interaction with APOBEC3G
protein (29). In the present study, we showed that knockdown
of Pin1 significantly reduced extracellular HCV RNA expres-
sion as well as intracellular HCV RNA and protein expression,
suggesting that Pin1 is required for HCV replication.

Pin1 interacted directly with both the HCV NS5A and NS5B
proteins, as demonstrated by a GST pulldown assay. Protein
interactions between Pin1 and NS5A/NS5B were confirmed by
coimmunoprecipitation analysis and confocal microscopy. Nei-
ther binding-defective mutant Pin1 nor isomerase inactive mu-
tant Pin1 was able to rescue HCV replication in Pin1 knock-
down cells. These data suggested that the protein interaction
and isomerase activities of Pin1 are essential for HCV propa-
gation. Pin1 is upregulated in many cancers, including HCC
(11, 24). In this study, we found that Pin1 mRNA and protein
expression levels were elevated in both subgenomic replicon
cells and HCV-infected cells. Nevertheless, intriguingly, NS5B
but not NS5A increased Pin1 expression, although Pin1 inter-
acts with both these proteins. Therefore, further studies are
required in order to demonstrate the molecular mechanism
that causes NS5B to increase Pin1 expression. Because Pin1
overexpression significantly increases HCV replication, HCV
may hijack cellular Pin1 for its own propagation.

We used juglone, a naturally occurring Pin1 inhibitor, to
evaluate the effects of Pin1 inhibition on HCV propagation.
Juglone is known to inhibit the activities of RNA polymerases
I, II, and III (1). In the present study, juglone significantly
suppressed HCV propagation. Furthermore, juglone inhibited
the protein interplay between Pin1 and NS5A and between
Pin1 and NS5B. These data suggest that juglone may inhibit
the RNA-dependent RNA polymerase activity of NS5B. How-
ever, further studies are required to demonstrate the molecu-
lar mechanisms that regulate the inhibitory effects of juglone
on HCV replication. Juglone may represent a potent anti-
HCV therapeutic agent.

Previous studies have demonstrated that both CypA and
CypB interact with the NS5A and NS5B proteins and thus
modulate HCV replication (2, 5, 10). We wondered whether
these PPIases competed for interaction with HCV proteins.
We demonstrated that protein interactions between Pin1 and
NS5A and between Pin1 and NS5B were not altered by CypA
or CypB. Furthermore, the functional loss of Pin1 in HCV
propagation could not be rescued by either CypA or CypB,
suggesting that each of these PPIases may have a distinctive
role in HCV propagation.

It has been reported previously that Pin1 negatively regu-
lates innate IFN-regulatory factor 3 (IRF3)-dependent antivi-

ral responses (25). However, the phenotypes observed here
may not be due to the regulation of the IRF3 signaling pathway
by Pin1. Because Pin1 regulates IRF3 through interaction with
the phosphorylated form of IRF3, retinoic acid-inducible gene
I (RIG-I)-mediated IRF3 signaling modulation by Pin1 is
blocked in Huh7.5 cells in which RIG-I is defective (27). HCV
has the potential to encounter host immune responses in many
ways. Proteolytic processing of components of both the RIG-I
and Toll-like receptor 3 (TLR3) pathways by HCV NS3/NS4A
leads to abrogation of the cascade that activates IRF3 and
NF-�B. In addition, the HCV core, E2, and NS5A proteins
block the protein kinase R (PKR) and JAK/STAT pathways. In
our study, Pin1 interacted with NS5A/NS5B. NS5B increased
Pin1 expression, which resulted in an increase in HCV prop-
agation. Because there are multiple pathways through which
IRF3 could be activated, it is also possible that Pin1 may
mediate HCV propagation indirectly, probably via its negative
regulation of IRF3. Taking these findings together, our study
has revealed, for the first time, the essential roles of Pin1 in
HCV propagation via its interactions with NS5A and NS5B
proteins. Moreover, juglone, a natural inhibitor of Pin1, im-
paired the interaction between Pin1 and the HCV NS5A/5B
proteins and thus inhibited HCV propagation. Our study may
provide a new strategy for anti-HCV therapy.
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