adenovirus vectors in
mammalian cells.

Oshiumi, H., M. Matsumoto, S. Riplet/RNF135, a RING-finger J Biol 284 | 807-817 2009
Hatakeyama, and T. Seya protein, ubiquitinates RIG-1 to Chem

promote interferon-L induction

during the early phase of viral

infection.
Wu, J. D, C. L. Atteridge, X. J. Obstructing shedding of the ClinCancer{ 15 632-640 2009
Wang, T. Seya, and S. R. immune stimulatory MHC class | | Res
Plymate chain-related gene B prevents

tumor formation
Akao, Y, T. Ebihara, H. Masuda, | Enhancement of antitumor CancerSci | 100 1494~ 2009
Y. Saeki, K. Hazeki, O. Hazeki, natural killer cell activation by 1501
M. Matsumoto, and T. Seya. orally administered Spirulina

extract in mice.
Fujimoto, Y., M. Hashimoto, M. Innate Immunostimulatory Chem Biol 10 2311- 2009
Furuyashiki, M. Katsumoto, T. lipopepitdes of Staphylococcus Chem 2315
Seya, Y. Suda, and K. Fukase aureus as TLR2 ligands;

Prediction with mRNA

expression, chemical synthesis

and immunostimulatory activities.
Yasukawa, K., H. Oshiumi, M. Mitofusin 2, a mitochondrial Science 2 47 2009
Takeda, Y. Yanagi, T. Seya, S. fusion mediator, acts as a Signaling

negative regulator for

mitochondrial antiviral signaling.
Takaki, H., H. Oshiumi, T. Cytoplasmic oligomerized Eurd 39 3469- 2009
Kawanishi, M. Sasai, M. TICAM-1 recruits nuclear BS69 - | Immunol 3476
Matsumoto, and T. Seya. to enhance type | interferon

induction
lwakiri. D.,L. Zhou, M. Samanta, | Epstein-Barr virus J Exp Med 206 2091- 2009
M. Matsumoto, T. Ebihara, T. (EBV)-encoded small RNAis 2099
Seya, S. Imai, M. Fujieda, K. released from EBV-infected cells
Kawa, and K. Takada and activates signaling from

Toll-like receptor 3
Sasai, M., H. Oshiumi, K. Direct binding of TRAF2 and Mol 47 1283- 2010
Funami, M. Matsumoto, and T. TRAFBS to TICAM-1/TRIF adaptor | Immunol 1291
Seya. of the Toll-like receptor 3/4

pathway.
Kubota, N., T. Ebihara, M. IL-6 and interferon-alpha induced | Biochem. 391 1421- 2010
Matsumoto, S. Gando, and T. by polyl:C-stimulated Biophys. 1426
Seya. bone-marrow-derived dendritic Res.

cells regulate peripheral Commu

expansion of regulatory T cells.
Oshiumi, H., K. Sakai, M. DEAD/H BOX 3 (DDX3) helicase | EurJ In press
Matsumoto, and T. Seya. binds the RIG-I adaptor IPS-1 Immunol

and hepatitis C virus core protein

to modulate IFN-beta inducing

potential.
Seya, T., M. Matsumoto, T. unctional evolution of the Immunoal 227 44-53 2009
Ebihara, and H. Oshiumi TICAM-1 (TRIF) pathway for Rev

extrinsic RNA sensing.

—64—




Seya, T., and M. Matsumoto. The extrinsic RNA-sensing Cancer 58 1175- 2009
pathway for adjuvant Immunol
immunotherapy for cancer. Immunothe
r
Seya, T., H. Shime, T. Ebihara, H. | Pattem-recognition receptorsof | CancerSci | 101 313-320 2010
Oshiumi, and M. Matsumoto. innate immunity and their
application to tumor
immunotherapy.
Takai K, Sawasaki T, Endo Y. Practical cell-free protein Nature 5 227-238 2010
synthesis system using purified Protocol
wheat embryos.
Shimada H, Hirai K, Simamura Paraquat toxicity induced by J Biol 284 28642- 2009
E, Hatta T, iwakiri H, Mizuki K, voltage-dependent anion channel | Chem 28649
Hatta T, Sawasaki T, Matsunaga | 1 acting as an NADH- dependent
S, Endo Y, Shimizu S. oxidoreductase.
Nozawa A, Matsubara Y, Tanaka | Construction of a protein library of | Biosci 73 1661- 2009
Y, Takahashi H, Akagi T, SekiM, | arabidopsis transcription factors | Biotechnol 1664
Shinozaki K, Endo Y, Sawasaki T. | using a wheat cell-free protein Biochem.
production system and its
application for DNA binding
analysis.
lgawa T, Fujiwara M, Takahashi | Isolation and identification of J Exp Biol 60 3067- 2009
H, Sawasaki T, Endo Y, Seki M, ubiquitin-related proteins from 3073
Shinozaki K, Fukao Y, Yanagawa | Arabidopsis seedlings.
Y.
Takahashi H, Nozawa A, SekiM, | Asimple and high-sensitivity BMC Plant 9 39 2009
Shinozaki K, Endo Y, Sawasaki T. | method for analysis of Biology
ubiquitination and
polyubiquitination based on
wheat cell-ree protein synthesis.
Nishi M, Ryo A, Tsurutani N, Requirement for microtubule FEBS Lett 583 1243- 2009
Ohba K, Sawasaki T, Morishita R, | integrity in the SOCS1-mediated 1250

Perrem K, Aoki I, Morikawa Y,
Yamamoto N.

intracellular dynamics of HIV-1
Gag

65—




IV. BFERRROTIITY - B



JOURNAL OF VIROLOGY, May 2009, p. 5137-5147
0022-538X/09/$08.00+0 doi:10.1128/JV1.02179-08

Vol. 83, No. 10

Copyright © 2009, American Society for Microbiology. All Rights Reserved.

Involvement of Creatine Kinase B in Hepatitis C Virus Genome
Replication through Interaction with the Viral NS4A Protein’

Hiromichi Hara," Hideki Aizaki," Mami Matsuda,' Fumiko Shinkai-Ouchi,® Yasushi Inoue,*
Kyoko Murakami,' Ikuo Shoji,"> Hayato Kawakami,® Yoshiharu Matsuura,” Michael M. C. Lai8
Tatsuo Miyamura,1 Takaji Wakita,! and Tetsuro Suzuki'*

Department of Virology II' and Department of Biochemistry and Cell Biology,> National Institute of Infectious Diseases, Tokyo 162-8640,

Japan; Department of Internal medicine, Division of Pulmonary Diseases, The Jikei University School of Medicine, Tokyo 105-8461,
Japan®; Mita Hospital, International University of Health and Welfare, Tokyo 108-8329, Japan®; Division of Microbiology,

Kobe University Graduate School of Medicine, Hyogo 650-0017, Japan®; Department of Anatomy,
Kyorin University School of Medicine, Tokyo 181-8611, Japan®; Research Institute for Microbial Diseases,
Osaka University, Osaka 565-0871, Japan”; and Department of Molecular Microbiology and
Immunology, University of Southern California, Keck School of Medicine,

Los Angeles, California 90033°

Received 15 October 2008/Accepted 20 February 2009

Persistent infection with hepatitis C virus (HCV) is a major cause of chronic liver diseases. The aim of this
study was to identify host cell factor(s) participating in the HCV replication complex (RC) and to clarify the
regulatory mechanisms of viral genome replication dependent on the host-derived factor(s) identified. By
comparative proteome analysis of RC-rich membrane fractions and subsequent gene silencing mediated by
RNA interference, we identified several candidates for RC components involved in HCV replication. We found
that one of these candidates, creatine kinase B (CKB), a key ATP-generating enzyme that regulates ATP in
subcellular compartments of nonmuscle cells, is important for efficient replication of the HCV genome and
propagation of infectious virus. CKB interacts with HCV NS4A protein and forms a complex with NS3-4A,
which pessesses multiple enzyme activities. CKB upregulates both NS3-4A-mediated unwinding of RNA and
DNA in vitro and replicase activity in permeabilized HCV replicating cells. Our results support a model in
which recruitment of CKB to the HCV RC compartment, which has high and fluctuating energy demands,
through its interaction with NS4A is important for efficient replication of the viral genome. The CKB-NS4A

association is a potential target for the development of a new type of antiviral therapeutic strategy.

Hepatitis C virus (HCV) infection represents a significant
global healthcare burden, and current estimates suggest that a
minimum of 3% of the world’s population is chronically in-
fected (4, 19). The virus is responsible for many cases of severe
chronic liver diseases, including cirrhosis and hepatocellular
carcinoma (4,.16, 19). HCV is a positive-stranded RNA virus
belonging to the family Flaviviridae. Its ~9.6-kb genome is
translated into a single polypeptide of about 3,000 amino acids
(aa), in which the nonstructural (NS) proteins NS2, NS3,
NS4A, NS4B, NS5A, and NS5B reside in the C-terminal half
region (6, 34, 44). NS4A, a small 7-kDa protein, functions as a
cofactor for NS3 to enhance NS3 enzyme activities such as
serine protease and helicase activities. The hydrophobic N-
terminal region of NS4A, which is predicted to form a trans-
membrane a-helix, is responsible for membrane anchorage of
the NS3-4A complex (8, 44, 50), and the central region of
NS4A is important for the interaction with NS3 (10, 44). A
recent study demonstrated the involvement of the C terminus
of NS4A in the regulation of NS5A hyperphosphorylation and
viral replication (28).

The development of HCV replicon technology several years
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ago accelerated research on viral RNA replication (7, 44).
Furthermore, a robust cell culture system for propagation of
infectious HCV particles was developed using a viral genome
of HCV genotype 2a, JFH-1 strain, enabling us to study every
process in the viral life cycle (27, 47, 54). RNA derived from
genotype la, HCV H77, containing cell-culture adaptive mu-
tations, also produces infectious viruses (52). Using these sys-
tems, it has been reported that the HCV genome replicates in
a distinct, subcellular replication complex (RC) compartment,
which includes NS3-5B and the viral RNA (2, 14, 33). The RC
forms in a distinct compartment with high concentrations of
viral and cellular components located on detergent-resistant
membrane (DRM) structures, possibly a lipid-raft structure (2,
41), which may protect the RC from external proteases and
nucleases. Almost all processes in viral replication are depen-
dent on the host cell’s machinery and involve intimate inter-
action between viral and host proteins. However, the func-
tional roles of host factors interacting with the HCV RC in
viral genome replication remain ambiguous.

To gain a better understanding of cellular factors that are
components of the HCV RC and that function as regulators of
viral replication, a comparative proteomic analysis of DRM
fractions from HCV replicon and parental cells and subse-
quent RNA interference (RNAI) silencing of selected genes
were performed. We identified creatine kinase B (CKB) as a
key factor for the HCV genome replication. CKB catalyzes the
reversible transfer of the phosphate group of phosphocreatine
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(pCr) to ADP to yield ATP and creatine and is known to play
important roles in local delivery and cellular compartmental-
ization of ATP (48, 51). The findings obtained here suggest
that recruitment of CKB to the HCV RC, through CKB inter-
action with NS4A, is essential for maintenance or enhance-
ment of viral replicase activity.

MATERIALS AND METHODS

Cell lines, antibodies, and reagents. Human hepatoma cell line Huh-7.5.1 (54)
was kindly provided by Francis V. Chisari. Cell lines carrying subgenomic rep-
licon RNAs, namely, SGR-N (41) and SGR-JFH1 (23), were derived from the
HCV-N (17) and JFH-1 strains (24), respectively. Mouse monoclonal antibodies
(MAbs) against HCV NS3 (Chemicon, Temecula, CA), NS4A (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA), NS5A (Biodesign, Saco, ME), NS5B 2),
FLAG (M2; Sigma-Aldrich, St. Louis, MO), glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH; Chemicon), and Flotillin-1 (BD Biosciences, San Jose, CA)
and polyclonal antibodies (PAbs) against CKB (mouse [Abnova, Taipei, Tai-
wan}, goat [Santa Cruz]), hemagglutinin (HA; Sigma-Aldrich), and FLAG (Sigma-
Aldrich) were used. Cyclocreatine (Cer; also known as 2-imino-1-imidazo-
lidineacetic acid), pCr, and phosphopyruvic acid (pPy) were purchased from
Sigma-Aldrich. Recombinant CKB and pyruvate kinase (PK) were obtained
from Acris (Herfold, Germany) and Calbiochem (San Diego, CA), respectively.

Proteome analysis. RC-rich membrane fractions of cells were isolated as
described previously (2, 41). Briefly, cells were lysed in hypotonic buffer. After
removing the nuclei, supernatants were treated with 1% NP-40 for 60 min, mixed
with 70% sucrose, overlaid with 55 and 10% sucrose, and centrifuged at 38,000
rpm for 14 h. Proteins from membrane fractions were purified by using a 2D
Clean-Up kit (GE Healthcare, Tokyo, Japan), followed by labeling with fluores-
cent dyes: Cy5 for replicon cells, Cy3 for parental cells, and Cy2 for the protein
standard containing equal amounts of both cell samples. Two-dimensional flu-
orescence difference gel electrophoresis (2D-DIGE) was performed using Im-
mobiline DryStrip as the first-dimension gel and 12.5% polyacrylamide gelas the
second-dimension gel. The 2D-DIGE images were analyzed quantitatively using
the DeCyder software (GE Healthcare). Student # test was performed on differ-
ences between the tested samples using DeCyder biological variation analysis
module. Samples were analyzed in triplicate. The protein spots of interest were
excised from the gel, subjected to in-gel digestion using trypsin or lysyl endo-
peptidase and analyzed by liquid chromatography (MAGIC 2002 System;
Michrom Bioresources, Auburn, CA) directly connected to electrospray ioniza-
tion-ion trap mass spectrometry (LCQ-decaXP; Thermo Electron Corp.,
Iwakura, Japan). The results were subjected to database (NCBInr) search by
Mascot server software (Matrix Science, Boston, MA) for peptide assignment.

Plasmids. A human CKB ¢cDNA (43; kindly provided by Oriental Yeast Corp.,
Tokyo, Japan) was inserted into the EcoRI site: of pCAGGS, yielding
pCAGCKB. To generate expression plasmids for HA-tagged versions of wild-
type and deletion mutated CKB, the corresponding DNA fragments were am-
plified by PCR, followed by introduction into the BglII site of pCAGGS. A
fragment representing the inactive mutant CKB-C2835 was synthesized by PCR
mutagenesis. To generate FLAG-tagged NS protein expression plasmids;, DNA
fragments encoding either NS3, NS4A, NS4B, NS5A; or NS5B protein were
amplified from HCV strains NIHJ1 (1) and JFH-1 (23) by PCR, followed by
cloning into the EcoRI-EcoRYV sites of pcDNA3-MEF (20). To generate an
HA-tagged NS3 expression plasmid, a fragment encoding NS3 with the HA tag
sequence at its N terminus was inserted into pCAGGS.

SiRNA transfection. The small interfering RNAs (siRNAs) targeted to CKB
(CKB-1 [5'-UAAGACCUUCCUGGUGUGGTT-3'] and CKB-2 [5’-CGUCAC
CCUUGGUAGAGUUTT-3']) and the scramble negative control siRNA to
CKB-2 (5-GGCGUACUAGCUUAUUCGCTT-3') were purchased from
Sigma. Cells in a 24-well plate were transfected with siRNA using HiPerFect
transfection reagent (Qiagen, Tokyo, Japan) according to the manufacturer’s
instructions. The siRNA sequences for the other genes used in the siRNA
screening are available upon request.

HCYV infection. Culture media from Huh-7 cells transfected with in vitro-
transcribed RNA corresponding to the full-length JFH-1 (47) was collected,
concentrated, and used for the infection assay (3).

Quantification of HCV core protein and RNA. To estimate the levels of HCV
core protein, aliquots of culture supernatants or of cell lysates were assayed by
using HCV Core enzyme-linked immunosorbent assay kits (5). Total RNA was
isolated from harvested cells using TRIzol (Invitrogen, Carlsbad, CA). Copy
numbers of the viral RNA were determined by reverse transcription-PCR (RT-
PCR) (2, 36, 46).

J. VIROL.

Immunoprecipitation, immunoblot analysis, and immunofluorescence micros-
copy. The analyses, as well as DNA transfection, were performed essentially as
previously described (42). Cells were lysed in immunoprecipitation lysis buffer
(50 mM Tris-HCl {pH 7.6], 150 mM NaCl, 1% sodium deoxycholate, 1% NP-40,
0.1% sodium dodecy! sulfate, 1 mM dithiothreitol, 1 mM calcium acetate). For
immunoprecipitation, supernatants of cell lysates were precipitated with anti-
FLAG antibody and protein A-Sepharose Fast Flow beads (GE healthcare). For
immunofluorescence microscopy, anti-CKB goat PAb and anti-NS4A MAb as
primary antibodies and Alexa Fluor 555-conjugated donkey anti-goat immuno-
globulin G (Invitrogen) and Alexa Fluor 488-conjugated rabbit anti-mouse im-
munoglobulin G (Invitrogen) as secondary antibodies were used and observed
under an LSM 510 confocal microscope (Carl Zeiss, Oberkochen, Germany).

Immunoelectron microscopy. Postembedding immunostaining using the col-
loidal gold-labeling method was performed as described previously (38). Cells
were fixed in 4% paraformaldehyde-1% glutaraldehyde at 4°C for 1 h. After
dehydration through a graded series of ethanol, cells were embedded in LR
White (London Resin Company, London, United Kingdom) and sectioned.
After blocking, section grids were incubated with a mixture of anti-NS4A and
anti-CKB antibodies at 4°C overnight, followed by treatment with a mixture of
18-nm colloidal gold-conjugated donkey anti-mouse immunoglobulin G and
12-nm colloidal gold-conjugated donkey anti-goat immunoglobulin G antibodies
(Jackson Immunoresearch, West Grove, PA) at 4°C overnight. The sections were
stained with uranyl acetate and observed under a transmission electron micro-
scope.

Measurement of CK activity and cellular ATP level. Cells were lysed with
passive lysis buffer (Promega, Madison, WI), and CK activities were measured
based on Oliver methods (40), in which the activity of converting creatine phos-
phate and ADP to creatine and ATP was measured. ATP levels in cell lysates
were measured by using a CellTiter-Glo luminescent cell viability assay (Pro-
mega).

RNA replication assays in permeabilized replicon cells and in vitro. The RNA
synthesis assay using permeabilized replicon cells was based on a previously
described method (33). Briefly, SGR-JFH1 cells were treated with 5 pg of
actinomycin D/m! for 2 h, followed by permeabilization with 50 pg of digito-
nin/ml for 5 min. The resulting mix was incubated with 500 M concentrations
of ATP, GTP, and CTP; 10 uCi of UTP ([«-*?P]UTP); 50 ug of actinomycin
D/ml; and 5 mM pCr with or without 20 U of CKB/ml for 4 h at 27°C. RNA was
extracted by using TRIzol and analyzed by 1% formaldehyde agarose gel elec-
trophoresis. The cell-free RNA replication assay was performed as described
previously (2).

In vitro helicase assays. Helicase activity on double-stranded RNA (dsRNA)
was investigated as described previously (11) with some modifications. The 5
end of the release strand was labeled with [y-*?P]ATP using T4 polynucleotide
kinase (Ambion). The dsRNA substrate was obtained by annealing the labeled
RNA with a template strand RNA at a molar ratio of 1:1. The helicase assay
mixture contained 5 nM dsRNA, helicase enzyme (80 nM NS3 or NS3-4A [kindly
provided by R. De Francesco]), 6 mM ATP, in the presence or absence of 20U
of CKB/ml in an assay buffer (25 mM MOPS-NaOH {pH 7.0], 2.5 mM dithio-
threitol, 100 g of bovine serum albumin/ml, 3 mM MgCl,, 5 mM pCr, 2.5 U of
RNasé inhibitor/ml). After the helicase reaction, samples were electrophoresed
in a native 8% polyacrylamide gel and autoradiographed.

To determine the effect of PK/pPy system on the helicase activity, PK and pPy
were used instead of CKB and pCr. Helicase activity on dsDNA was measured
based on homogeneous time-resolved fluorescence quenching using a Trupoint
helicase assay kit (Perkin-Elmer, Waltham, MA) according to the manufacturer’s
instructions.

In vitro protease assay. In vitro HCV protease activity of NS3-4A or N53 was
analyzed by using a SensoLyteHCV protease assay kit (AnaSpec, San Jose, CA)
according to the manufacturer’s instructions.

RESULTS

Identification of host factors invelved in HCV RNA replica-
tion by comparative proteomic analysis of DRM fractions and
RNAi silencing. To identify host proteins involved in the HCV
RC, proteome profiles of the RC-rich membrane fraction in
Huh-7 cells harboring subgenomic replicon RNA derived from
genotype 1b, N isolate (SGR-N) were compared to those of
parental cells by 2D-DIGE. We confirmed that the DRM frac-
tion obtained from SGR-N cells is functionally active in a
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FIG. 1. Comparative proteomic analysis of DRM fractions and RNAi silencing. (A) Preparation of functionally active RC fraction for proteome
analysis. DRM fractions obtained from SGR-N cells and parental Huh-7 cells were analyzed by immunoblotting with anti-NS5A and anti-NS5B
antibodies (upper panel) and by the cell-free RNA replication assay (lower panel). (B) Histogram representation of proteins detected in 2D-DIGE.
Images were analyzed quantitatively by the DeCyder software. The left and right y axis, respectively, indicate the spot frequency and the maximum
volume of each spot, given against the log volume ratio (x axis). (C) Comparison of 2D-DIGE maps of proteins from DRM fractions of SGR-N
cells and Huh-7 cells. Enlarged 2D-DIGE gel images of regions containing protein spots of CKB (arrows) are shown. (D) Effects of siRNAs of
genes selected from comparative proteome analysis on HCV RNA replication. SGR-N cells were transfected with siRNA specific to cathepsin D,
CKB (siCKB-1), GRP58, GST, Hsp70 protein 4, GRP94, HMG-coenzyme A synthase, or Tat binding protein 7 or with nontargeting (NC) siRNA.
At 48 h posttransfection, total RNA was isolated and HCV RNA levels were assessed by real-time RT-PCR. (E) Enrichment of CKB in the DRM
of HCV replicon cells. Equal amounts of DRM fractions from SGR-N and parental Huh-7 cells, or whole-cell lysates from both cells were analyzed

by immunoblotting with antibodies against CKB, flotilin-1 or GAPDH.

cell-free replication assay (Fig. 1A). Three independent pro-
teome experiments were performed for a reliable analysis of
protein expression. Approximately 1,300 spots were resolved in
each gel, and 4 to 5% of the protein spots represented a
>2-fold increase in the membrane fraction of replicon cells in
each experiment (Fig. 1B). The protein spots that exhibited
high reproducibility (an example shown in Fig. 1C) were ex-
cised, digested by trypsin or lysyl endopeptidase, and analyzed
by mass spectrometry, which identified the corresponding pro-
teins in 27 cases (Table 1). Among the proteins implicated in a
variety of functional categories, 10 were involved in protein
folding, mainly as chaperones, 7 were metabolic and biosyn-
thesis enzymes including proteins for redox regulation or en-

ergy pathways, 3 were involved in cytoskeleton organization,
and 3 proteins were related to cellular processes, mainly pro-
teolysis pathways. The viral NS proteins identified as differen-
tially expressed proteins in the analysis were not listed.

In order to identify host factors involved in HCV replication,
we examined the effects on viral RNA replication of transfec-
tion of SGR-N cells with siRNAs against genes encoding nine
proteins belonging to diverse classes of biological functions
(Table 1). Each siRNA reduced the HCV RNA level to 47 to
76% of the level of the siRNA control (Fig. 1D). None of the
siRNAs tested exhibited considerable cytotoxicity against the
replicon cells, ruling out overt toxicity as a mechanism for
inhibition of viral RNA replication. Among the candidate
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TABLE 1. Selected proteins that reproducibly increased in the DRM fraction of SGR-N cells®

Avg ratio P (tstteus(ti; nt COZ,; ;i 8¢ Protein name Molecular function GI no.
5.56 0.04 27 GRP% Protein folding 15010550
499 0.07 47 Hsp60 Protein folding 6996447
3.73 0.07 6 tRNA guanine transglycosylase Metabolism 30583205
3.56 0.06 23 KIAA0088 Unknown 577295
332 0.07 4 Thioredoxin-related protein Unknown 20067392
3.32 0.13 12 Tat binding protein 1 (TBP-1) Cellular processes 20532406
3.06 0.14 22 Aldehyde dehydrogenase 1 Metabolism 2183299
3.06 0.14 14 Chaperonin TRiC/CCT, subunit 2 Protein folding 54696794
2.96 0.04 14 Heat shock 70-kDa protein 4 (HSPA4) Protein folding 6226869
2.96 0.04 29 GRPs58 Metabolism/protein folding 2245365
2.94 0.01 37 Mutant B-actin Cytoskeleton organization 28336
2.65 0.17 33 Glutathione S-transferase (GST) Catalytic activity 2204207
2.53 0.04 37 Keratin 19 Cytoskeleton organization 6729681
246 0.08 6 Heterogeneous nuclear ribonucleoprotein K Nucleic acid modification 460789
2.45 0.001 13 HMG-coenzyme A synthase Metabolism 30009
24 0.02 31 CKB Energy pathway/metabolism 180570
24 0.02 11 Cathepsin D Cellular processes 30582659
24 0.02 11 C8orf2 Unknown 37181322
2.36 0.1 38 Tropomyosin 4-anaplastic lymphoma kinase fusion protein Cytoskeleton organization 14010354
236 0.1 6 Calreticulin Protein folding 30583735
2.33 0.01 29 Quinolinate phosphoribosyltransferase Metabolism 30583301
2.29 0.04 25 Protein disulfide isomerase-related protein 5 Protein folding 1710248
2.29 0.04 16 Tat binding protein 7 (TBP-7) Cellular processes 263099
2.05 0.11 24 Calumenin Metabolism 2809324
2.05 0.12 10 TRiC/CCT, subunit 5 Protein folding 24307939
2.03 0.07 20 Hsp90 beta Protein folding 34304590
2.01 0.07 10 TRIC/CCT, subunit 1 Protein folding 36796

“ The spectra obtained by tandem mass spectrometry were collected using data-dependent mode, and the results were subjected to database (NCBInr) search by
Mascot server software (Matrix Science, London, United Kingdom) for peptide assignment. Coverage, the ratio of the portion of protein sequence covered by matched

peptides to the whole protein sequence. GI no., Genlnfo identifier number.

genes examined, we observed a reproducible inhibition of
HCV RNA replication by two independent siRNAs targeting
CKB (see below).

CKB participates in HCV RNA replication and the propa-
gation of infectious virus. CKB is a brain-type creatine kinase
isoenzyme and is also detected in a variety of other tissues,
including human liver (32). Steady-state levels of CKB in the
DRM fraction, as well as in whole-cell lysate of SGR-N cells
were compared to those from parental cells by Western blot-
ting. The CKB level in the DRM fraction of replicon cells was
higher than that in parental cells (Fig. 1E), confirming the
results of the proteome analysis described above. In contrast,
the CKB level in whole cells was similar in both cells (Fig. 1E).
These results suggest participation of posttranslational modi-
fication, such as translocation to the DRM fraction, of CKB in
replicon cells.

Figure 2A shows the inhibitory effect on HCV RNA repli-
cation of CKB siRNA; siCKB-2, the sequence of which does
not overlap with the sequence of siCKB-1 used in the above
siRNA screening (Fig. 1D). Transfection with siCKB-2 effec-
tively decreased the cellular level of CKB enzymatic activity
(data not shown), as well as the abundance of CKB protein
(Fig. 2A), and resulted in 60% reduction in the viral RNA level
in SGR-N cells compared to the cells treated with control
siRNA. This inhibitory effect of siRNA on HCV RNA abun-
dance was also observed in JFH-1-derived subgenomic repli-
con (SGR-JFH1) cells. The viral RNA level in the cells trans-
fected with siCKB-2 decreased by 50% compared to the
control (Fig. 2A). We also tested the CKB mutant, CKB-

(2838, in which Cys at aa 283, near the catalytic site, has been
replaced with Ser (Fig. 3A) and which is known to be enzy-
matically inactive and to work in a dominant-negative manner
(22, 29). As expected, overexpression of CKB-C283S resulted
in a reduction in HCV RNA replication in SGR-N cells (Fig.
2B). We obtained a similar result in SGR-JFH1 cells, as de-
scribed below (Fig. 3E).

To further examine the involvement of CKB in HCV RNA
replication, we tested the effect of Ccr, a substrate analogue
and possible inhibitor for CK in either SGR-N, SGR-JFH1
(Fig. 2C), or Huh7 cells transiently replicating luciferase-sub-
genomic replicon (data not shown). We found dose-dependent
inhibition of HCV RNA replication but no observed effect on
total cellular levels of protein and ATP (Fig. 2D) in the rep-
licon setting used.

We next examined whether the knockdown of CKB or treat-
ment with Ccr would abrogate the production of HCVce. At
72 h posttransfection with siCKB-2, the HCV core level in cells
infected with HCVcc was significantly reduced (Fig. 2E).
Treatment of the infected cells with Cer at various concentra-
tions also reduced the intracellular and supernatant core level
and subsequently decreased HCVce production (Fig. 2F).
These results demonstrate that suppression of the HCV RNA
replication by the siRNA-mediated knockdown of CKB or
treatment with CKB inhibitor leads to reduction of the pro-
duction of infectious virus.

CKB interacts with HCV NS4A. Having established a role
for CKB in HCV RNA replication, we then tried to determine
to how CKB influences the HCV life cycle. It has been re-

72—



VoL. 83, 2009 INVOLVEMENT OF CKB IN HCV GENOME REPLICATION 5141

A - sorw = serFHt B SGRN C s
Z10- &4 g 3 SGR-JFH1
— b3 —_ I
38 3% £ 2 :
2 5 810
xg x2 3 22 g5
5 8s. 58 ge €3 €2
s T 8 2 210 4 ] > 9
& o > 9 I3 Q5 s
X ¥ *3 E 5
= 5 54 x * %
0 = 4 X i
CKB =] = 0 3 10 = 0 3 10 2
== vere—— L
GAPDH GAF’DH ok 0 Cer (mM) Cor (mM)
- E ‘ o J—— 4
8 £ & ckpc2s3s === £ £ _
5 O 4 GAPDH BT £ o2 £5
[ &) 0 583 £z
0 o meo =25 Q.E
E Y© W E 0.1 3 g
uw OH o~ ° ~
- o] >4

0 3 10

IFN

Cer (mM) Cer (m)

-4
L

O
m
n

N

-
<
N

(%)
wn

Intracellular core
(X102 fmoliwell)

(X102 fmoliwell)

Infectivity
{core from target cells)

Intracelluar ATP
Intraceilular core

Supernatant core
(X102 fmol/well)

*

<
f=]

3
————————— 1]_
Cer(mM) Cor (mM) ——-Ccr (mM)

Y
CKB
GAPDH[=—

FN

Cer (mM)

Emp
CKB
€2838

siCont
SICKB-2

siCont
sickB-2} 1

FIG. 2. Involvement of CKB in HCV replication. (A and E) Knockdown of endogenous CKB in SGR-N and SGR-JFH1 cells (A) or
HCVcc-infected cells (E). Cells were transfected with siRNA against CKB (siCKB-2) or control siRNA (siCont) and were harvested at 72 h
posttransfection. Real-time RT-PCR for HCV RNA levels and immunoblotting for CKB and GAPDH were performed. (B) SGR-N cells were
transfected with pCAGCKB-C283S or empty vector, and HCV RNA levels and expression of CKB and CKB-C283S were determined 72 h
posttransfection. SGR-N and SGR-JFH1 cells (C) or HCVcc-infected cells (F) were treated with Cer at various concentrations for 72 h, followed
by quantification of HCV RNAs and total cellular proteins. ATP levels (D) were determined after transfection with siCKB-2, pPCAGCKB-C283S,
or treatment with Cer for 72 h in SGR-N cells. The ATP levels in the cells transfected with negative control siRNA (left), empty vector (middle),
and no treatment (right) were set at 100%, respectively. (F) HCVcc-infected cells were treated with Cer, and the viral core protein levels in cells
(left) and supernatants (middle) were determined at 72 h postinfection. Collected culture supernatants were inoculated into naive Huh-7.5.1 cells
after the removal of Ccr. After 72 h, the core proteins in cells were determined (right panel). All data are presented as averages and standard
deviation values for at least triplicate samples. *, P < 0.05 against control such as transfection with siCont (A and E) or empty vector (B) or
nontreatment (C, D, and F).

ported that interaction of CKB with some cellular proteins is gesting that aa 297 to 357 of CKB are important for its inter-
required for local availability of CKB activity and local gener- action with NS4A. It is noted that the expression of CKB aa
ation of ATP (22, 29). To examine the possible interaction of 297 to 357 in cells was undetected, presumably due to its
CKB with HCV NS proteins, HA-tagged CKB (HA-CKB) was misfolding and/or instability. To verify a role for CKB-NS4A
coexpressed with FLAG-tagged NS proteins (NIHJ1 strain), interaction in HCV RNA replication, we further determined
followed by immunoprecipitation with an anti-FLAG antibody. the effect of expression of either CKB-C283S or its internal
CKB was shown to specifically interact with NS4A. No or little deletion lacking aa 297 to 357 (CKB-C283Sdel297-357) on
interaction was observed between CKB and either NS3, NS4B, viral replication in SGR-JFHI cells. As expected, the HCV
NSSA, or NS5B (Fig. 3B). CKB-NS4A interaction was also RNA level was significantly decreased by CKB-C283S, whereas

found with the JFH-1 strain (Fig. 3C). this effect was not observed by CKB-C283Sdel297-357
To identify the CKB region required for the interaction with (Fig. 3E).

NS4A, various deletion mutants of CKB were generated (Fig. NS4A is a 54-residue small protein composed of three do-

3A). An immunoprecipitation assay indicated that NS4A was mains: the N-terminal membrane anchor, the central domain

coimmunoprecipitated with either a full-length CKB, a C-ter- responsible for interacting with NS3, and the C-terminal acidic

minal deletion (aa 1 to 357), an N-terminal deletion (aa 297 to domain. To define the portion in NS4A responsible for its
381), or CKB-C283S, but not with aa 1 to 296, aa 1 to 247, or interaction with CKB, we constructed three NS4A deletion
aa 1 to 184 (Fig. 3D, upper middle panel). Further, internal mutants, each separately expressing one of the NS4A domains,
deletions of CKB (CKBdel297-357 and CKB-C283Sdel297- with a FLAG tag (Fig. 3F). CKB proved to interact with the
357) failed to interact with NS4A (Fig. 3D, lower panel), sug- central domain, aa 21 to 39, of NS4A, which is involved in
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FIG. 3. CKB interacts with HCV NS4A. (A) Structures of CKB constructs used in the present study. A full-length wild-type CKB without an
epitope tag (CKB) or with an N-terminal HA tag (HA-CKB), HA-CKB with deletions (aa 1 to 357, aa 1 t0 296, aa 1 to 247, aa 1 to 184, and aa
297 to 381 and del297-357), CKB mutant at the catalytic site, Cys-283 (CKB-C283S) or CKB-C283S lacking aa 297 to 357 (CKB-C283Sdel297-357)
are shown. HA-CKB was coexpressed with FLAG-tagged versions of each NS protein of strain NIHJ1 (B) or with NS4A of strain JFH-1 (C) in
293T cells and immunoprecipitated (IP) with an anti-FLAG antibody. Immunoprecipitates were subjected to immunoblotting (IB) with anti-HA

d with FLAG-NS4A in 293T cells. Immunoprecipitates were analyzed by

immunoblotting. Arrow, CKB; arrowhead, immunoglobulin heavy chain. (E) SGR-JFH1 cells were transfected with the expression plasmid for
CKB-(C2838, CKB-C2835del297-357 or empty vector. At 72 h posttransfection, HCV RNA levels and the expression of CKB and CKB-C283S were
determined by real-time RT-PCR and immunoblotting with anti-HA antibody, respectively. For HCV RNA quantitation, data are indicated as
averages and standard deviations (n = 3). #, P < 0.05 against the empty vector control. (F) Structure of NS4A and NS4A constructs. FLAG-tagged
NS4A (aa 1 to 54) or its truncated mutants (aa 1 to 20, aa 21 to 39, or aa 40 to 54) are shown, (G) Each NS4A deletion mutant was coexpressed
with HA-CKB and analyzed as described above. (H) FLAG-NS4A was coexpressed with HA-NS3 or HA-NS3 and CKB, followed by immuno-
precipitation with anti-FLAG antibody. Immunoprecipitates were analyzed by immunoblotting with anti-HA, anti-FLAG or anti-CKB antibody.

formation of the NS3-NS4A complex (Fig. 3G). We therefore
investigate whether NS3-NS4A interaction is affected in the
presence of CKB and found that exogenous expression of CKB
has no influence on NS3-NS4A interaction, and a putative
NS3-NS4A-CKB complex was detected in the coimmunopre-
cipitation analysis (Fig. 3H). Collectively, these results strongly
suggest that CKB plays a key role in HCV RNA replication via
interaction with NS4A.

Subcellular localization of CKB and NS4A in cells replicat-
ing HCV RNA. CKB is distributed throughout cells but is
mainly localized in the perinuclear area (31), whereas NS4A is

predominantly localized at the endoplasmic reticulum and mi-
tochondrial membranes (37). We examined the possible sub-
cellular colocalization of CKB and NS4A in SGR-N cells by
immunofluorescence staining (Fig. 4A). CKB tended to gather
in the perinuclear area of HCV replicating cells and was par-
tially colocalized with NS4A in the area, sharing a dotlike
structure. To further analyze the subcellular compartments in
which CKB and NS4A coexist, we used double-labeling immu-
noelectron microscopy on SGR-N cells using antibodies
against CKB and NS4A, with secondary antibodies coupled to
12- and 18-nm gold particles, respectively. One fraction of
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High Magnification

FIG. 4. Colocalization of CKB with HCV NS4A. (A) Indirect immunofluorescence analysis. The primary antibodies used were anti-CKB goat
PAD (red) and anti-NS4A MAD (green). Merged images of red and green signals are shown. High-magnification panels are enlarged images of
white squares in the merge panels. (B) Immunoelectron microscopic localization of CKB and NS4A. SGR-N cells were double-immunolabeled for
CKB (12-nm gold particles; white arrows) and for NS4A (18-nm gold particle; gray arrows). Mi, mitochondria. Bars, 200 nm.

CKB colocalized with NS4A in the cytoplasmic electron-dense
regions, presumably derived from altered or folded membrane
structures (Fig. 4B, left panel) and mitochondria (Fig. 4B, right
panel).

CKB enhances functional HCV replicase and NS3-4A heli-
case. NS4A is known to mediate membrane association of the
NS3-4A complex and to function as a cofactor in NS3 enzyme
activity. To understand the mechanism(s) underlying positive
regulation of HCV RNA replication through CKB via its in-
teraction with NS4A, we first investigated whether CKB mod-
ulates NS3-4A helicase activity. NS3-4A helicase is a member
of the superfamily-2 DexH/D-box helicase, which unwinds
RNA-RNA substrates in a 3’-to-5' direction. During RNA
replication, the NS3-4A helicase is believed to translocate
along the nucleic acid substrate by changing its protein con-
formation, utilizing the energy of ATP hydrolysis (9). We then
tested the effect of CKB on RNA- or DNA-unwinding activity
using purified recombinant full-length NS3 and NS3-4A com-
plex (12). As shown in Fig. 5A (left middle panel), both NS3
and NS3-4A helicase activity unwound dsRNA substrate most
efficiently when CKB, ATP, and pCr were added to the reac-
tion mixture. The enhancing effect of CKB was observed in the
presence of pCr but not in the absence of it, suggesting that
catalytic activity of CKB is important for its effect on the HCV
helicase activity. Similar results were obtained from the DNA
helicase assay using dsSDNA substrate (Fig. 5B). To address the
specificity of the stimulation by the CKB/pCr system, effects of
PK and pPy, which are also involved in the ATP generation,
were determined (Fig. SA, right panels). Exogenous PK and
pPy at the same concentrations as those of CKB and pCr

used in the study exhibited no effect on the HCV helicase
activity.

The effect of CKB on NS3-4A serine protease activity, which
is considered to be ATP-independent, was also assessed in an
in vitro protease assay using the purified viral proteins as men-
tioned above (Fig. 5C). As expected, NS3-4A complex exhib-
ited significantly higher activity than NS3 alone; however, CKB
did not affect the protease activities of NS3 or NS3-4A.

Finally, we investigated loss and gain of function of CKB in
HCV replicase activity, which requires high-energy phosphate,
in the context of semi-intact replicon cells. Miyanari et al. (33)
reported that the function of the active HCV RC can be mon-
itored in permeabilized replicon cells treated with digitonin.
Thus, permeabilized replicon cells in the presence or absence
of exogenous CKB were incubated with [a->*P]JUTP to detect
newly synthesized RNA. As indicated in Fig. 5D, an ~8-kb
band corresponding to HCV subgenomic RNA was most abun-
dant in cells in the presence of exogenous CKB, ATP and pCr.
The enhancing effect of CKB was observed in the presence but
not in the absence of pCr, suggesting that catalytic activity of
CKB is important for its effect on the replicase activity. As for
the RNA helicase assay, exogenous PK and pPy did not en-
hance the replicase activity (data not shown). HCV replicase
activity in permeabilized cells to which we had introduced
siCKB-2 was diminished compared to that in siRNA control-
treated cells. Interestingly, the replicase activity in the CKB-
depleted cells was recovered by the addition of CKB. Thus, our
findings suggest that CKB functions as a key regulator of HCV
genome replication by controlling energy-dependent viral en-
Zyme activities.
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FIG. 5. CKB enhances NS3-4A helicase and HCV replicase activities. (A) In vitro RNA helicase activity of NS3-4A or NS3 was determined
by detecting unwound single-strand RNA (ss) derived from the partially dsRNA substrate (ds). Band intensities corresponding to unwound
products and those to dsRNA substrates were determined by ImageQuant 5.2 (Molecular Dynamics), and the ssRNA/dsRNA ratios were

calculated. The results are representative of three similar experiments. (B) In vitro DNA helicase activity of NS3-4A or NS3 was analyzed by using
a commercially available kit. The data represent averages and standard deviations (n = 3). =, P < 0.05 against the value without supplementation
of CKB and ATP. (C) The in vitro HCV protease activity of NS3-4A or NS3 in the presence or absence of CKB was analyzed. Error bars represent
standard deviations (n = 3). (D) Replicase activity in permeabilized replicon cells. The upper panel shows the activity for synthesis of HCV
subgenomic RNA in the digitonin-permeabilized SGR-JFH1 cells with or without supplementation of CKB was measured. The middle panel shows
results for SGR-JFH1 or Huh-7 cells that were transfected with siCKB-2 or siCont and permeabilized at 72 h posttransfection. The permeabilized
cells with or without supplementation of CKB were subjected to the replicase assay. The lower panel shows the immunoblotting results for

whole-cell lysates of siRNA-transfected cells.

DISCUSSION

Viral replication requires energy and macromolecule syn-
thesis, and host cells provide the viruses with metabolic re-
sources necessary for their efficient replication. Thus, it is
highly likely that interaction of viruses with host cell metabolic
pathways, including energy-generating systems, contributes to
the virus growth cycle. In the regulation of HCV genome
replication, the functions of the viral NS proteins that comprise
the RC might be regulated by association in individual host cell
factors. For example, hVAP-A and -B function as cofactors of
modulating RC formation via interacting with NSSA and NS5B
(13, 18). Cyclophilin B is involved in stimulating viral RNA
binding activity via interacting with NS5B (49). FKBP8 (39)
and hB-ind1 (45) play an important role in recruiting Hsp90 to

RC via interacting with NS5A. However, the association of
viral protein(s) with the cellular energy-generating system to
directly regulate the activity of the RC has not been well
understood.

In the present study, the accumulation of CKB, an ATP-
generating enzyme, in the HCV RC-rich membrane fraction
of viral replicating cells and its importance in replication of
the HCV genome and production of infectious virions have
been demonstrated. Enzymatic analyses with semi-intact
replicon cells and purified NS3-4A protein revealed that
CKB enhances the functional replicase and helicase of
HCV. Its enhancing effect was observed in the presence of
pCr but not in its absence, suggesting that the catalytic
activity of CKB is important for enhancing the replicase and
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helicase activities. Moreover, we clearly detected a CKB-
NS4A complex using anti-tag antibodies in cotransfection
experiments, but the endogenous complex could not be im-
munoprecipitated from cells expressing only endogenous
levels of CKB, probably because of the inefficiency of the
available antibodies. Further, a deletion of the NS4A-inter-
acting region within an inactive mutant of CKB (CKB-
C283S) resulted in the loss of its dominant-negative effect
on HCV replication.

Creatine kinase, an evolutionarily conserved enzyme, is
known to be critical for the maintenance and regulation of
cellular energy stores in tissues with high and rapidly changing
energy demands (48). In mammals, three cytosolic and two
mitochondrial isoforms of CK, which share certain conserved
regions, are expressed (35). The brain-type CK, CKB, plays a
major role in cellular energy metabolism of nonmuscle cells,
reversibly catalyzing the ATP-dependent phosphorylation of
creatine and, hence, providing an ATP buffering system in
subcellular compartments of high and fluctuating energy de-
mand (21, 29). CKB is overexpressed in a wide range of tumor
tissues and tumor cell lines, including hepatocellular carci-
noma (32), and is used as a prognostic marker of cancer.

Although CK and creatine phosphate have been supple-
mented to in vitro replicase assays of some RNA viruses (15,
33), understanding of CKB function in the virus life cycle has
been limited. One study indicated that the CK substrate ana-
log, Cecr, exhibits antiviral activity against several herpesviruses
but not influenza viruses or vesicular stomatitis virus (26). We
have demonstrated here that HCV genome replication is
downregulated by either treatment with Cer, siRNA-mediated
knockdown of CKB, or the exogenous expression of CKB-
C283S. Coimmunoprecipitation experiments revealed that the
essential domain within NS4A for the interaction with CKB is
the NS4A central domain, aa 21 to 39, which is also responsible
for NS3-4A complex formation. However, the NS3-4A inter-
action was not impaired by overexpression of CKB, and CKB
was found to be able to form a complex with NS3-4A (Fig. 3H).
Since CKB does not directly interact with NS3 (Fig. 3A), it is
likely that NS3-4A-CKB association occurs through two inter-
actions of NS3-4A and NS4A-CKB. We examined whether the
formation of the ternary complex affects HCV enzymatic ac-
tivities, possibly through conformational changes in the viral
proteins, and found that CKB has no influence on NS3-4A
protease activity (Fig. 5C). With regard to helicase activity, the
effect of CKB on RNA unwinding activity by NS3-4A was
similar to the effect of NS3 alone in the presence of ATP (Fig.
5A). It is conceivable that interaction with CKB causes no or
little global change in the NS3-4A conformation and does not
affect the viral helicase and protease activities.

In general, translation initiation in eukaryotes includes an
ATP-dependent process such as unwinding the secondary
structure in the 5'-untranslated region to permit assembly of
48S ribosomal complexes. It was reported, however, that 485
complex formation on the HCV internal ribosome entry site
(IRES) has no requirement for ATP hydrolysis (25). In fact, we
found that Huh-7 cells with or without gene silencing of CKB
exhibited the same level of HCV IRES activity by transfection
with IRES-reporter constructs (data not shown).

Collectively, we conclude that CKB is targeted to the HCV
RC through its interaction with NS4A and functions as a pos-

INVOLVEMENT OF CKB IN HCV GENOME REPLICATION 5145

itive regulator for the viral replicase by providing ATP. It is
likely that the catalytic activity of CKB that associates with the
viral RC is important for enhancing the RNA replication. The
role of CKB-NS4A interaction in the enhancing effect seems to
be limited. Although either knocking down CKB, expression of
the dominant-negative mutant of CKB, or Ccr treatment re-
sulted in the reduction of HCV replication (Fig. 2A to C), the
total cellular ATP levels were not changed under these condi-
tions (Fig. 2D). This suggests that CKB contributes to enhanc-
ing HCV replication through controlling the ATP level in the
particular RC compartment. A tight coupling of a fast ATP
regeneration and delivery system to the viral RC is advanta-
geous for achieving efficient replication of the viral genome, To
our knowledge, the findings presented here provide the first
experimental evidence of the involvement of viral protein in
recruiting an ATP generating/buffering system to the subcel-
lular compartment for viral genome replication, a site with
high-energy turnover. Given that the levels of HCV RNA were
not dramatically diminished by the knocking down, dominant-
negative mutant or Cer, CKB may not be absolutely critical for
the viral replication. One would argue that energy required for
HCV genome replication can be partly complemented from
the intracellular ATP pool.

Although there are several isoforms of CK as described
above, the most abundant CK species expressed in Huh-7 cells
in the present study was CKB, and no other isoenzymes, in-
cluding mitochondrial CK, were detected by an isoform anal-
ysis based on the overlay gel technique (32; data not shown).
Thus, the CKB isoenzyme appears to be a key molecule in the
energy metabolism of HCV replicating cells. To identify po-
tential HCV RC components, we used a comparative pro-
teome analysis of the DRM fraction in cells harboring HCV
subgenomic replicon and the DRM fractions in parental cells
and then identified proteins that were more abundant in the
fraction of HCV replicating cells. In agreement with similar
previously reported approaches using the DRM or lipid raft
fraction (30, 53), the functional categories of identified pro-
teins included protein folding or assembly, cell metabolism and
biosynthesis, cellular processes, and cytoskeleton organization
(Table 1). Interestingly, Mannova et al. found that CKB was
upregulated in the fraction of Huh-7 cells carrying the geno-
type 1b Conl isolate-derived HCV replicon, as determined
using stable isotope labeling by amino acids combined with
one-dimensional electrophoresis (30). However, the effect of
CKB on regulation of the HCV life cycle was not examined in
that study.

In conclusion, CKB interacts with HCV NS4A and is impor-
tant for efficient replication of the viral genome. Recruitment
of CKB to the HCV replication machinery through its inter-
action with NS4A may have important implications for the
maintenance or enhancement of the functional replicase activ-
ity in the RC compartment, where high-energy phosphoryl
groups are required. A strategy for specific interception of
energy supply at the subcellular site of HCV genome replica-
tion by disruption of the NS4A-CKB interface may lead to
development of a new type of antiviral agent.
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We have previously reported on the ubiquitylation and degradation of hepatitis C virus core protein. Here we
demonstrate that proteasomal degradation of the core protein is mediated by two distinct mechanisms. One leads
to pelyubiquitylation, in which lysine residues in the N-terminal region are preferential ubiquitylation sites. The
other is independent of the presence of ubiquitin. Gain- and loss-of-function analyses using lysineless mutants
substantiate the hypothesis that the proteasome activator PA28v, a binding partner of the core, is involved in the
ubiquitin-independent degradation of the core protein. Our results suggest that turnover of this multifunctional
viral protein can be tightly controlled via dual ubiquitin-dependent and -independent proteasomal pathways.

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

Although ubiquitylation of substrates generally requires at
least one Lys residue to serve as a Ub acceptor site (5), there
is no consensus as to the specificity of the Lys targeted by Ub
(4, 8). To determine the sites of Ub conjugation in the core
protein, we used site-directed mutagenesis to replace individ-
ual Lys residues or clusters of Lys residues with Arg residues in
the N-terminal 152 amino acids (aa) of the core (C152), within
which is contained all seven Lys residues (Fig. 1A). Plasmids
expressing a variety of mutated core proteins were generated
by PCR and inserted into the pCAGGS (18). Each core-ex-
pressing construct was transfected into human embryonic kid-
ney 293T cells along with the pMT107 (25) encoding a Ub
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moiety tagged with six His residues (His). Transfected cells
were treated with the proteasome inhibitor MG132 for 14 h to
maximize the level of Ub-conjugated core intermediates by
blocking the proteasome pathway and were harvested 48 h
posttransfection. Hise-tagged proteins were purified from the
extracts by Ni*"-chelation chromatography. Eluted protein
and whole lysates of transfected cells before purification were
analyzed by Western blotting using anticore antibodies (Fig.
1B). Mutations replacing one or two Lys residues with Arg in
the core protein did not affect the efficiency of ubiquitylation:
detection of multiple Ub-conjugated core intermediates was
observed in the mutant core proteins comparable to the results
seen with the wild-type core protein as previously reported
(23). In contrast, a substitution of four N-terminal Lys residues
(C152K6-23R) caused a significant reduction in ubiquitylation
(Fig. 1B, lane 9). Multiple Ub-conjugated core intermediates
were not detected in the Lys-less mutant (C152KR), in which
all seven Lys residues were replaced with Arg (Fig. 1B, lane
11). These results suggest that there is not a particular Lys
residue in the core protein to act as the Ub acceptor but that
more than one Lys located in its N-terminal region can serve as
the preferential ubiquitylation site. In rare cases, Ub is known
to be conjugated to the N terminus of proteins; however, these
results indicate that this does not occur within the core protein.

To investigate how polyubiquitylation correlates with pro-
teasome degradation of the core protein, we performed kinetic
analysis of the wild-type and mutated core proteins by use of
the Ub protein reference (UPR) technique, which can com-
pensate for data scatter of sample-to-sample variations such as
levels of expression (10, 24). Fusion proteins expressed from
UPR-based constructs (Fig. 2A) were cotranslationally cleaved
by deubiquitylating enzymes, thereby generating equimolar
quantities of the core proteins and the reference protein, di-
hydrofolate reductase-hemagglutinin (DHFR-HA) tag-modi-
fied Ub, in which the Lys at aa 48 was replaced by Arg to
prevent its polyubiquitylation (Ub®*®%). After 24 h of transfec-
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FIG. 1. In vivo ubiquitylation of HCV core protein. (A) The HCV
core protein (N-terminal 152 aa) is represented on the top. The posi-
tions of the amino acid residues of the core protein are indicated above
the bold lines. The positions of the seven Lys residues in the core are
marked by vertical ticks. Substitution of Lys with Arg (R) is schemat-
ically depicted. (B) Detection of ubiquitylated forms of the core pro-
teins. The transfected cells with core expression plasmids and pMT107
were treated with the proteasome inhibitor MG132 and harvested 48 h
after transfection. His,-tagged proteins were purified and subsequently
analyzed by Western blot analysis using anticore antibody (upper
panel). Core proteins conjugated to a number of Hisg-Ub are denoted
with asterisks. Whole lysates of transfected cells before purification
were also analyzed (lower panel). Lanes 1 to 11, C152 to C152KR, as
indicated for panel A. Lane 12; empty vector.

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

We have shown that PA28y specifically binds to the core
protein and is involved in its degradation (16, 17). Recent
studies demonstrated that PA28y is responsible for Ub-inde-
pendent degradation of the steroid receptor coactivator SRC-3
and cell cycle inhibitors such as p21 (3, 11, 12). Thus, we next
investigated the possibility of PA28y involvement in the deg-
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FIG. 2. Kinetic analysis of degradation of HCV core proteins. (A) The
fusion constructs used in the UPR technique. Open boxes indicate the
DHER sequence, which is extended at the C terminus by a sequence con-
taining the HA epitope (hatched boxes). Ub®*® moieties bearing the Lys-Arg
substitution at aa 48 are represented by open ellipses. Bold lines indicate the
regions of the core protein. The amino acid positions of the core protein are
indicated above the bold lines. The arrows indicate the sites of in vivo cleav-
age by deubiquitylating enzymes. (B and C) Turnover of the core proteins.
After a 24-h transfection with each UPR construct, cells were treated with 50
g of cycloheximide/ml in the presence or absence of 10 pM MG132 for the
different time periods indicated. Cells were Iysed at the different time points
indicated, followed by evaluation via sodium dodecy! sulfate-polyacrylamide
gel electrophoresis and Western blot analysis using antibodies against the
core protein and HA. (D) Quantitation of the data shown in panels B and C.
At each time point, the ratio of band intensity of the core protein relative to
the reference DHFR-HA-Ub®™* was determined by densitometry and is
plotted as a percentage of the ratio at time zero.

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

We further investigated whether PA28y affects the turnover
of Lys-less core protein through time course experiments.
C152KR was rapidly destabilized and almost completely de-
graded in a 3-h chase experiment using cells overexpressing
F-PA28y (Fig. 3C, left panels). A similar result was obtained
using an analogous Lys-less mutant of the full-length core
protein C191KR (Fig. 3C, right panels), thus demonstrating
that the Lys-less core protein undergoes proteasomal degra-
dation in a PA28vy-dependent manner. These results suggest
that PA28vy may play a role in accelerating the turnover of the
HCV core protein that is independent of ubiquitylation.

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

Taking these results together, we conclude that turnover of
the core protein is regulated by both Ub-dependent and Ub-
independent pathways and that PA28y is possibly involved in
Ub-independent proteasomal degradation of the core protein.
PA28 is known to specifically bind and activate the 20S pro-
teasome (19). Thus, PA28y may function by facilitating the
delivery of the core protein to the proteasome in a Ub-inde-
pendent manner.

Accumulating evidence suggests the existence of protea-
some-dependent but Ub-independent pathways for protein
degradation, and several important molecules, such as p53,
p73, Rb, SRC-3, and the hepatitis B virus X protein, have two
distinct degradation pathways that function in a Ub-dependent
and Ub-independent manner (1, 2, 6, 7, 14, 21, 27). Recently,
critical roles for PA28y in the Ub-independent pathway have
been demonstrated; SRC-3 and p21 can be recognized by the
20S proteasome independently of ubiquitylation through their
interaction with PA28y (3, 11, 12). It has also been reported
that phosphorylation-dependent ubiquitylation mediated by
GSK3 and SCF is important for SRC-3 turnover (26). Never-
theless, the precise mechanisms underlying turnover of most of
the proteasome substrates that are regulated in both Ub-de-
pendent and Ub-independent manners are not well under-
stood. To our knowledge, the HCV core protein is the first
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FIG. 3. PA28y-dependent degradation of the core protein. (A) In-
teraction of the core protein with PA28y. Cells were cotransfected with
the wild-type (C152) or Lys-less (C152KR) core expression plasmid in
the presence of a Flag-PA28y (F-PA28y) expression plasmid or an
empty vector. The transfected cells were treated with MG132. After
48 h, the cell lysates were immunoprecipitated with anti-Flag antibody
and visualized by Western blotting with anticore antibodies. Western
blot analysis of whole cell lysates was also performed. (B) Degradation
of the wild-type and Lys-less core proteins via the PA28vy-dependent
pathway. Cells were transfected with the UPR construct with or with-
out F-PA28y. In some cases, cells were treated with 10 WM MG132 for
14 h before harvesting. Western blot analysis was performed using
anticore, anti-HA, and anti-Flag antibodies. (C) After 24 h of trans-
fection with UPR-C152KR and UPR-C191KR with or without F-
PA?28v (an empty vector), cells were treated with 50 pg of cyclohexi-
mide/ml for different time periods as indicated (chase time). Western
blot analysis was performed using anticore and anti-HA antibodies.
The precursor core protein and the core that was processed, presum-
ably by signal peptide peptidase, are denoted by open and closed
triangles, respectively.

82—



2392 NOTES
A A
e 1ot C191KR
<
HA-E6AP - - + - - + -
+ - - +

F-PA28y - = -

core l
HA-EBAP | - —
F-PA28y | —— |
GAPDH | s st wiliie it i o
B C191KR ciot
SIRNA c?éb «‘?éz 0§Q§2§Q‘§ oéibqf
COre | =7 T T e e s s
EBAP | == e o
PA28y ——— - B e
GAPDH | ™= = == == e e e

FIG. 4. Ub-dependent and Ub-independent degradation of the
full-length core protein in hepatic cells. (A) Huh-7 cells were cotrans-
fected with plasmids for the full-length core protein (C191) or its
Lys-less mutant (C191KR) in the presence of F-PA28y or HA-tagged-
E6AP expression plasmid (HA-E6AP). After 48 h, cells were lysed and
Western blot analysis was performed using anticore, anti-HA, anti-
Flag, or anti-GAPDH. (B) Huh-7 cells were cotransfected with core
expression plasmids along with siRNA against PA28y or E6AP or with
negative control siRNA. Cells were harvested 72 h after transfection
and subjected to Western blot analysis.

viral protein studied that has led to identification of key cellu-
lar factors responsible for proteasomal degradation via dual
distinct mechanisms. Although the question remains whether
there is a physiological significance of the Ub-dependent and
Ub-independent degradation of the core protein, it is reason-
able to consider that tight control over cellular levels of the
core protein, which is multifunctional and essential for viral
replication, maturation, and pathogenesis, may play an impor-
tant role in representing the potential for its functional activity.
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Ribavirin (RBV), a nucleoside analogue, is used in the treatment of hepatitis C virus (HCV) infection in
combination with interferons. However, potential mechanisms of RBV resistance during HCV replication
remain poorly understood. Serial passage of cells harboring HCV genotype 2a replicon in the presence
of RBV resulted in the reduced susceptibility of the replicon to RBV. Transfection of fresh cells with RNA
from RBV-resistant replicon cells demonstrated that the RBV resistance observed is largely replicon-
derived. Four major amino acid substitutions: T1134S in NS3, P1969S in NS4B, V2405A in NS5A, and
Y2471H in NS5B region, were identified. Site-directed mutagenesis of these mutations into the replicon
indicated that Y2471H plays a role in the reduced susceptibility to RBV and leads to decrease in replication
fitness. The results, in addition to analysis of sequence database, suggest that HCV variants with reduced

susceptibility to RBV identified are preferential to genotype 2a.

© 2010 Eisevier B.V. All rights reserved.

1. Introduction

Hepatitis C virus (HCV) is a leading cause of chronic liver
diseases, such as chronic hepatitis, cirrhosis and hepatocellular
carcinoma, affecting approximately 170 million people worldwide
(WHO, 2000). HCV belongs to the genus Hepacivirus of the fam-
ily Flaviviridae, and its genome is a single-stranded, positive-sense
RNA of 9.6kb. HCV displays marked genetic heterogeneity and
is currently classified into 6 major genotypes and more than 50
subtypes. HCV genotypes have regional distribution and, of those,
genotypes 1 and 2 are detected worldwide (Simmonds et al., 2000).
Current standard therapy for chronic hepatitis C consists of the
combination of pegylated interferon alpha (IFN-a) in combina-
tion with ribavirin (RBV). However, approximately 50% of treated
patients infected with genotype 1 do not respond or show only
a partial or transient response and treatment is limited by the
adverse effects of both agents (Manns et al,, 2001; Fried et al,
2002).

HCV replication is associated with a high rate of mutation that
gives rise to a mixed and changing population of mutants, known
as quasispecies (Martell et al., 1992; Domingo, 1996). The char-
acteristic of HCV may have important implications concerning
viral persistence, pathogenicity and resistance to antiviral agents

* Corresponding author. Tel.: +81 3 5285 1111; fax: +81 3 5285 1161.
E-mail address: tesuzuki@nih.go.jp (T. Suzuki).

0166-3542/$ - see front matter © 2010 Elsevier B.V. Al rights reserved.
doi:10.1016/j.antiviral.2009.12.008

{Domingo, 1996; Forns et al., 1999; Farci and Purcell, 2000). Most
previous studies on the possible relationship between HCV qua-
sispecies and response to chemotherapy have been carried out in
HCV genotype 1 patients. In addition, several studies have success-
fully demonstrated that the HCV subgenomic replicon is derived
from genotype 1, which typically contains HCV nonstructural
genes placed downstream of the neomycin phosphotransferase
gene, in selecting variants resistant to antiviral inhibitors. Two
studies have demonstrated the identification of HCV genotype 1
mutants responsible for decreased sensitivity to RBV (Young et
al., 2003: Pfeiffer and Kirkegaard, 2005). However, little is known
about the generation of genotype 2 isolates resistant to antivi-
rals including RBV, or the molecular mechanisms that confer
resistance.

In this study, we report the generation and characterization of
HCV genotype 2a replicon variants with reduced susceptibility to
RBV. The impacts of major amino acid substitutions observed on
RBV susceptibility and viral replication capacity were also exam-
ined.

2. Materials and methods
2.1. Compounds
RBV and IFN-o¢ were purchased from MP Biomedicals

(Eschwege, Germany) and Dainippon Sumitomo Pharma (Osaka,
Japan), respectively.
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Table 1
Primers used for PCR and nucleotide sequencing.
Region Primer name Nucleotide sequence Position? Polarity
NS3-4A-4B region PCR primers
JF1S GAAAAACACGATGATACCATG 1756-1776 Sense
JF1AS AACCCAGTCCCACACGTC 4650-4633 Antisense
Sequencing primers
JE5S CACTTTCAGTGACAACAGCA 2322-2341 Sense
JF6S CGCCACCGACGCCCTCATGA 3003-3022 Sense
JF4AS CTGGTCGACAACGGACTGGT 4109-4090 Antisense
NS5A-NS5B region PCR primers
JF2S TGCTCCGGATCCTGGCTC 4612-4629 Sense
JE2AS TACCTAGTGTGTGCCGCTCTA 7786-7806 Antisense
Sequencing primers
JF3S TGAGGTCCATGCTAACAGA 5209-5228 Sense
JF4s TCGAGGGGGAGCCTGGAGAT 5870-5889 Sense
JE3AS GAGTGTCTAACTGTTTCCCAG 7220-7200 Antisense

2 Reference strain: Gene Bank accession no. AB114136.

2.2. Cell culture

The human hepatoma cell line Huh-7 was maintained in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with
MEM non-essential amino acids (Invitrogen) 100 units/ml peni-
cillin, 100 pg/ml streptomycin, and 10% fetal bovine serum (FBS) at
37°Cina 5% CO, incubator. HCV replicon cells JFH-1/4-1 (Miyamoto
et al., 2006), which are Huh-7-derived cells carrying a subgenomic
replicon of JFH-1 (Kato et al., 2003) were maintained in the Huh-
7 medium as above, supplemented with 1 mg/ml G418 (Nacalai
Tesque, Kyoto, Japan).

2.3. Quantification of HCV RNA

Total RNA was isolated from harvested cells using Trizol (Invit-
rogen). Copy numbers of the viral RNA were determined by
real-time RT-PCR involving single-tube reactions and performed
using TagMan EZ RT-PCR Core Reagents (PE Applied Biosystems,
Foster City, CA, USA), as described previously (Aizaki et al., 2003;
Takeuchi et al., 1999).

2.4. Cell viability assay

Cells were seeded at density of 5 x 104 cells/well in 24-well
plates and RBV at various concentrations was added on the next
day. Cultures were further incubated for 3 days at 37°C under a
humidified 5% CO, atmosphere. Cytotoxicity assay was performed
by Cell Titer-GLO™ Luminescent Cell Viability Assay (Promega,
Madison, WI, USA) according to the manufacturer’s instructions.
Luciferase activities were quantified with LUMAT LB 9501 (Berthold
Technologies, Bad Wilbad, Germany).

2.5. Isolation and nucleotide sequencing of HCV nonstructural
regions from replicon-containing cells

Total cellular RNA was isolated from replicon cells with or
without RBV treatment as described above. cDNA synthesis was
carried out by using Super ScriptTM III First-Strand Synthesis Sys-
tem for RT-PCR (Invitrogen) with primer JF1AS for NS34AB region
and JF2AS for NS5AB region. Two cDNA fragments, correspond-
ing to NS3-NS4B and NS5A-NS5B regions, were amplified by PCR
using Takara EX Taq DNA polymerase (Takara BIO, Kyoto, Japan)
and specific primers (Table 1; Date et al, 2004). PCR products
were subcloned into pGEM-T vector (Promega) and inserts were
sequenced using QIA prepR Spin Mini Prep kit (QIAGEN, Tokyo,
Japan). Nucleotide sequences were analyzed with the 3100 Avant
Genetic Analyzer (PE Applied Biosystems).
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2.6. Plasmid constructions

PSGR-JFH1/luc, a subgenomic replicon construct with luciferase
reporter derived from HCV genotype 2a JFH-1 isolate was reported
previously (Miyamoto et al, 2006). Mutant replicons carrying
T1134S, P1969S, V2405A, and Y2471H were created by PCR-based
site-directed mutagenesis and cDNA fragments containing the
above mutations were inserted into the corresponding sites of
PSGR-JFH/luc. All plasmids were confirmed by sequencing the
entire PCR-generated inserts, Each mutant is referred to by the orig-
inal amino acid (one letter code) followed by the residue positions
within the complete open reading frame of full-length JFH-1 and
the substituted amino acid (one letter code).

2.7. RNA synthesis and transient replication assay

The transient replication assay method was described pre-
viously (Kato et al.,, 2005). Briefly, purified plasmids of pSGR-
JFH1/Luc, -JFH1/Luc-T1134S, -JFH/Luc-P1969S, -JFH/Luc-V2405A
and -JFH/Luc-Y2471H were linearized with Xbal and were treated
with proteinase K and SDS, followed by phenol-chloroform extrac-
tion. RNA was synthesized with Ampliscribe™ T7 Transcription
Kits (Epicentre BIO Technologies, Madison, WI, USA). Each tran-
scribed RNA (5 ug) was electroporated into 2.5 x 108 of Huh7 cells
pulsed at 290mV, 975uFD with Gene pulser Il apparatus {Bio-Rad
Laboratories, Hercules, CA, USA). Transfected cells were resus-
pended in growth medium without selection antibiotics and were
plated in 24-well plates at 6 x 104 cells per well. Cells were har-
vested at different time points post-transfection and were lysed
in Passive Lysis Buffer (Promega). Luciferase activity in cells was
determined using the Luciferase Assay System (Promega).

3. Results

3.1. Selection of replicon variants derived from genotype 2a with
reduced susceptibility to RBY

It has been reported that RBV inhibits HCV RNA replication in
Huh-7 cells bearing the viral subgenomic replicon RNAs with the
ECso (50% effective concentration) values of 15-225 uM (Zhou et
al,, 2003; Tanaka et al., 2004; Kato et al., 2005; aus dem Siepen
et al,, 2007). To select for RBV-associated replicon variants, cells
bearing a genotype 2a HCV replicon were serially passed in the
presence of 200 uM RBV as well as 1 mg/ml G418. After 20-week
treatment, variant cells were then tested for RBV resistance. HCV
RNA levels were determined after a 72-h incubation with various
concentrations of RBV in the absence of G418, and about 5-fold-
reduced susceptibility to RBV was observed in the variant replicon



