Antiviral Research 108 (2014) 79-87

journal homepage: www.elsevier.com/locate/antiviral

Contents lists available at ScienceDirect

Antiviral Research

ANTIVIRAL -
RESEARCH

Suppression of hepatitis C virus replication by cyclin-dependent

kinase inhibitors

@ CrossMark

Tsubasa Munakata *®*, Makoto Inada®, Yuko Tokunaga?, Takaji Wakita ¢, Michinori Kohara?,

Akio Nomoto ™

2 Department of Microbiology and Cell Biology, Tokyo Metropolitan Institute of Medical Science, 2-1-6 Kamikitazawa, Setagaya-ku, Tokyo 156-8506, Japan
b Department of Microbiology, Graduate School of Medicine, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan

¢ Department of Virology II, National Institute of Infectious Diseases, 1-23-1 Toyama, Shinjuku-ku, Tokyo 162-8640, Japan

dInstitute of Microbial Chemistry, 3-14-23 Kamiohsaki, Shinagawa-ku, Tokyo 141-0021, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 5 February 2014
Revised 2 May 2014
Accepted 23 May 2014
Available online 2 June 2014

Keywords:
HCV

CDK inhibitor
Rb

Replicon
Chimera mice

Hepatitis C virus (HCV) is a causative agent of chronic hepatitis. Although the standard therapy for HCV-
infected patients consists of pegylated interferon plus ribavirin, this treatment is associated with serious
side effects and high costs, and fails in some patients infected with specific HCV genotypes. To address
this problem, we are developing small-molecule inhibitors of cyclin-dependent kinases (CDKs) as novel
anti-HCV drug candidates. Previous data showed that HCV replication is inhibited by retinoblastoma pro-
tein, which is itself inactivated by CDK-mediated phosphorylation. Here, we report that CDK inhibitors
suppress HCV replication in vitro and in vivo, and that CDK4 is required for efficient HCV replication.
These findings shed light on the development of novel anti-HCV drugs that target host factors.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Hepatitis C virus (HCV) is a causative agent of chronic hepatitis,
and persistent HCV infection is a major risk factor for the develop-
ment of a range of liver diseases, including cirrhosis and hepatocel-
lular carcinoma (HCC). As an estimated 170 million people
worldwide are infected with HCV, this virus is an increasing
concern for global public health (De Francesco and Migliaccio,
2005). HCV is classified into 6 major genotypes (designated 1-6)
and several subtypes (designated a, b, c, etc.) (Simmonds et al.,
2005). Types 1a and 1b are the most common, accounting for about
60% of global infections. Currently, the standard therapy for HCV-
infected patients consists of treatment with pegylated interferon
(PEG-IFN) plus ribavirin (Feld and Hoofnagle, 2005). This combina-
tion therapy has been quite successful in patients with HCV geno-
type 2 or 3 infections, leading to sustained virologic response (SVR)
in more than 80% of patients treated (Pawlotsky, 2009). However,
in patients infected with HCV genotype 1 or 4, only about 50% of
treated individuals achieve SVR (Keeffe, 2007). Furthermore, treat-
ment is often associated with serious side effects and high costs.
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HCV is an enveloped virus with a positive-strand RNA genome.
The 9.6-kb HCV genome encodes a single polyprotein processed by
both cellular and viral proteases into at least 10 distinct structural
(core, E1, E2, and p7) and nonstructural (2, 3, 4A, 4B, 5A, and 5B)
proteins. Among these proteins, essential viral enzymes serve as
potential candidates for targeting by antiviral therapy. Specifically,
the NS3/4A serine protease and NS5B RNA polymerase have been
the most popular targets (Waters and Nelson, 2006). A number
of competitive inhibitors of NS3, as well as nucleoside and non-
nucleoside inhibitors of NS5B, are being developed, although emer-
gence of resistance to inhibitors has been observed in vivo and
in vitro (Sarrazin et al., 2007). For instance, a single mutation is suf-
ficient to confer resistance to a viral protease inhibitor, BILN 2061
(Lamarre et al., 2003; Lin et al., 2005). Very recently, the standard
of care for treating chronic HCV infection has changed to a triple
therapy of PEG-IFN, ribavirin and an HCV protease inhibitor such
as telaprevir, boceprevir or vaniprevir (Macartney et al., 2014;
Manns et al., 2012). However, emergence of resistance-associated
variants after failed triple therapy remains a matter of concern,
and severe side-effects such as anemia limit the choice of patients
(Barnard et al., 2013; Poordad et al., 2013), suggesting that a novel
approach is necessary to treat HCV infection.

Host mechanisms that regulate cell-cycle progression and
cellular proliferation are disrupted in HCC associated with HCV
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(Mayhew et al., 2007; Reed et al., 2010). Among cell-cycle regula-
tors, retinoblastoma protein (Rb) plays a major role in controlling
the G1- to S-phase transition and mitotic checkpoints through a
repressive effect on E2F transcription factors (Chellappan et al.,
1991; Chen et al., 2009). Rb functions as a tumor suppressor, and
is targeted by oncoproteins expressed by DNA tumor viruses
(Khidr and Chen, 2006; Knudson, 1971). In previous studies, we
found that the NS5B polymerase forms a complex with Rb, target-
ing Rb for degradation (Munakata et al., 2007, 2005). This interac-
tion leads to the activation of E2F-responsive promoters, and
promotes progression of the cell cycle from G1- to S-phase in cells
expressing NS5B. This interaction also inhibits NS5B polymerase
activity, as Rb binds near the NS5B polymerase catalytic site. Given
that the S phase facilitates HCV replication and translation, Rb thus
is a negative regulator of HCV replication by two mechanisms
(Honda et al., 2000; Scholle et al., 2004).

In addition to degradation, Rb can be inactivated by phosphor-
ylation (Buchkovich et al., 1989). Cyclin-dependent kinases (CDKs)
phosphorylate Rb at multiple sites to suppress the repressive func-
tion of Rb (Knudsen and Wang, 1996). In quiescent cells or cells in
early G1, Rb binds to the E2F transcription factors and blocks the
E2F transactivation domains, recruiting transcriptional co-repres-
sors and resulting in the repression of E2F-responsive promoters
(Chen et al., 2009). Under normal conditions, initiation or progres-
sion through the cell cycle requires growth signals that lead to the
sequential activation of the CDK-cyclin complexes CDK4/6-cyclin D
and CDK2-cyclin E, leading in turn to hyperphosphorylation of Rb
and the release of active E2F (Simanis and Nurse, 1986; Uhlmann
et al, 2011). In the present study, we used small-molecule CDK
inhibitors to activate Rb (Krystof and Uldrijan, 2010; Whittaker
et al., 2004). We found that CDK inhibitors suppress HCV replica-
tion in vitro and in vivo, and that CDK4 is required for efficient
HCV replication. These findings shed light on the development of
novel anti-HCV drugs that target host factors.

2. Materials and methods
2.1. Cells

Human hepatoma cells HuH-7 and its derivatives, including
Huh7.5.1, were grown in Dulbecco modified Eagle medium (Invit-
rogen, Carlsbad, CA; GlutaMax grade) supplemented with 10%
heat-inactivated fetal bovine serum, 100 U/ml penicillin G, and
100 pg/ml streptomycin, at 37 °C in a humidified atmosphere with
5% CO,. The 2-3 cells were a HuH-7-derived cell line containing
autonomously replicating, genome-length, dicistronic, selectable
HCV RNAs that were derived from the genotype-1b HCV-N strain;
the 2-3 cell line was cultured as above, with addition of 300 pig/ml
G418 (lkeda et al., 2002). Y19 and R6FLR-N were HuH-7-derived
cell lines containing autonomously replicating, subgenomic, dicis-
tronic, selectable HCV RNAs derived from genotype-2a JFH-1 and
genotype-1b HCR6 and HCV-N strains, respectively; these cell lines
were cultured as above, with the addition of 500 pg/ml G418. The
cognate cell lines, interferon-cured progeny cell lines 2-3c and
Y19c, were generated from the respective parent lines and were
maintained as described previously (Ikeda et al., 2002), and con-
tained no detectable HCV RNA by RT-PCR assay.

2.2. Viruses

Cell culture-infectious genotype-2a JFH-1 viruses were har-
vested from the culture medium supernatant of RNA-transfected
HuH-7 cells, and stored at —80 °C until use. Huh7.5.1 cells were
infected with JFH-1 virus as described previously (Munakata et al.,
2007; Wakita et al., 2005), and HCV RNA titers of the infected cells

were measured by real-time RT-PCR using a Light Cycler (Roche,
Indianapolis, IN). Briefly, one microgram of RNA was reverse-tran-
scribed and amplified using RNA Master Hybridization Probes Kit
(Roche) with JFH-1 sense 62-81 (5'-TTC ACG CAG AAA GCG CCT
AG-3’) and antisense 311-293 (5'-ACT CGC AAG CGC CCT ATC A-
3') primers, and was detected with LC179-207 (5'-GGA AGA CTG
GGT CCT TTC TTG GAT AAA CC-3'-FITC) and LC209-233 (LC-Red-
5-ACT CTA TGC CCG GCC ATT TGG GCG T-3') probes. Testing
revealed that Huh7.5.1+]JFH-1 cells harbored approximately
1 x 107 copies of HCV genome per microgram of RNA.

2.3. CDK inhibitors

Roscovitine, CDK4 inhibitor, CDK2 inhibitor III, fascaplysin,
aminopurvalanol A, and indirubin-3’-monoxime-5-sulfonic acid
were purchased from Merck Chemicals (Philadelphia, PA); each
was prepared as a solution in dimethyl sulfoxide (DMSO). Roscovi-
tine was also purchased from ALEXIS Biochemicals (Farmingdale,
NY). Detailed features of each inhibitor including IC50 for a target
CDK are shown in Table 1, based on the manufacturer’s informa-
tion (McClue et al., 2002; Meijer et al., 1997).

For treatment of the replicon-carrying and HCV-infected cells,
cells were seeded into 6-well plates and grown to 50% confluence.
Inhibitors then were added to the culture medium at the indicated
concentrations and were incubated for 24-48 h. Cell extracts were
then processed to isolate protein (for immunoblots) or total RNA
(for real-time RT-PCR).

2.4. Plasmids

CDK4 expression vector, pCMV6XL5-hCDK4, was purchased
from Origene. The cDNA encoding cyclin D1 was cloned from a
cDNA library of HuH-7 cells, and was subcloned into pcDNA3.1-
zeo(+) (Invitrogen) to construct the cyclin D1 expression vector,
pcDNA3.1zeo(+)-hCyclinD1. For over-production of CDK4 or cyclin
D1, Huh7.5.1 +]JFH-1 cells were seeded into 6-well plates 24 h
before transfection and grown to 50% confluence. At the time of
transfection, culture medium was replaced with fresh medium
without antibiotics. Cells then were transiently transfected with
one of the expression plasmids using FUGENE 6 reagents (Roche).
Protein extracts were prepared for immunoblots at 48 h after
transfection.

2.5. RNA interference

For knockdown of cyclin D1, CDK2, CDK4, CDK6, and MDM2,
siGENOME SMART pool siRNAs were purchased from Dharmacon
(Pittsburgh, PA). For knockdown of Rb, Stealth RNAi siRNA was
purchased from Invitrogen. As negative controls, non-targeting
siRNAs and those against green fluorescent protein (GFP) were
used. Further analysis of CDK4 knockdown was performed using
the four individual siRNA molecules that are normally combined
in the CDK4 SMART pool. Transfection with siRNAs was carried
out using Lipofectamine 2000 (Invitrogen) as described previously
(Munakata et al., 2007).

2.6. Luciferase assays

HCV replicon cells were seeded in 96-well plates at a density of
4 x 103 cells/well. After 24-h incubation, inhibitors were added to
the growth medium, and after an additional 72-h incubation, lucif-
erase assays were performed using the Bright-Glo luciferase assay
kit (Promega, Madison, WI) according to the manufacturer’s
instructions. At the same time, cell viability was measured by
WST-8 assay (Cell Counting Kit-8; Dojindo, Kumamoto, Japan)
according to the manufacturer’s instructions.
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Table 1

Inhibitors of cyclin-dependent kinases (CDKs).
Inhibitor Chemical name Target CDK (in vitro I1C50) Mw
A Roscovitine CDK1 (650 nM),CDK2 (100 nM),CDK5 (200 nM) 354.5
B CDK4 inhibitor CDK1 (2.1 pM), CDK2 (520 nM), CDK4 (76 nM) 404.2
C CDK2 inhibitor III CDK1 (4.2 uM), CDK2 (500 nM), CDK4 (215 pM) 400.5
D Fascaplysin CDK4 (350 nM), CDK6 (3.4 uM) 306.8
E Aminopurvalanol A CDK1 (33 nM), CDK2 (28 nM), CDK5 (20 nM) 403.9
F Indirubin-3’-monoxime-5-sulfonic acid CDK1 (5 nM), CDK5 (7 nM) 357.3

Mw, molecular weight.

2.7. Immunoblots

Cell extracts were prepared in chilled lysis buffer (20 mM Tris—
HCI [pH 7.5], 150 mM NaCl, 10 mM NayEDTA, 1% [v/v] Nonidet P-
40, 10% [v/v] glycerol, and 2 mM dithiothreitol) supplemented
with 1 mM phenylmethylsulfonyl fluoride and 2 pg/ml aprotinin.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE) and subsequent immunoblotting were performed as
described previously (Munakata et al., 2005), using mouse mono-
clonal antibodies against actin (C4; Chemicon, Billerica, MA),
CDK4 (DCS-35; Santa Cruz Biotechnology, Santa Cruz, CA), cyclin
D1 (DCS-6; Santa Cruz Biotechnology), HCV core (C7-50; Affinity
BioReagents, Rockford, IL, USA), HCV NS3 (1828; ViroStat, Portland,
ME, USA), HCV NS5A (#950328; Biken, Osaka, Japan), and Rb (G3-
245; BD Biosciences, San Diego, CA), and rabbit polyclonal antibod-
ies against BubR1 (A300-995A; Bethyl Laboratories, Montgomery,
TX), CDK2 (M2; Santa Cruz Biotechnology), CDK6 (C-21; Santa Cruz
Biotechnology), phospho-Rb Ser780 (#9307; Cell Signaling
Technology, Danvers, MA) and HCV NS5B (ab35586; Abcam,
Cambridge, MA).

2.8. Chimeric mice

Chimeric mice harboring a functional human liver cell xenograft
were purchased from PhoenixBio (Hiroshima, Japan). Six weeks
after human hepatocyte transplantation, we intravenously injected
each mouse with an HCV-infected patient’s serum containing 10°
copies of HCV genotype 1b (HCR6; Accession No. AY045702)
(Nakagawa et al., 2007). Protocols for the animal experiments were
approved by the Ethics Committee of Tokyo Metropolitan Institute
of Medical Science. Animals received humane care according to the
guidelines of the National Institutes of Health. The HCV-infected
patient who provided the serum provided written informed con-
sent before blood sampling.

The 14-day drug administration was performed as follows. Ros-
covitine-treated mice received intravenous once-daily (day 0-day
13) injections of 25 or 50 mg/kg roscovitine. IFN-treated mice
received subcutaneous twice-weekly (days 0, 3, 7, and 10) injec-
tions of 30 pg/kg PEG-IFNa-2a (Chugai, Tokyo, Japan). This IFN
dose, administered approximately every 3 days, represented a
10-fold excess when compared to the regimen used once daily in
clinical treatment. For all animals (mono- or combined therapy),
blood was sampled on days —1, 1, 3, 7, 10, and 14.

For quantification of HCV RNA, total RNA was purified from 1 pl
of serum from each mouse by the acid guanidinium-phenol-chlo-
roform method, and HCV RNA was quantified by real-time RT-PCR
as described previously (Nakagawa et al., 2007; Takeuchi et al.,
1999). For end-point analysis, total RNA was prepared from the
liver tissue of chimeric mice, and HCV RNA was quantified as
above. RNA analysis of human actin, CDK2, CDK4, CDK6, and
MDA5 was performed using TagMan Gene Expression Assays
(Applied Biosystems, Carlsbad, CA). Immunoblots of CDK proteins
were performed as described above, using total protein lysates pre-
pared by Tissue Lyser (Qiagen, Valencia, CA).

Human serum albumin in the blood of chimeric mice was mea-
sured using the Alb-II kit (Eiken Chemical, Tokyo, Japan) according
to the manufacturer’s instructions. Serum alanine aminotransfer-
ase (ALT) levels were measured using a Transaminase-CII Test A
kit (Wako Pure Chemical Industries, Osaka, Japan).

2.9. Statistical analysis

Analyses were performed by two-tailed Student’s t test using
Excel 2003 (Microsoft, Redmond, WA). Mean and standard devia-
tions were derived from at least three separate experiments. P val-
ues of <0.05 were considered statistically significant.

3. Results
3.1. CDK inhibitors suppress HCV replication

Our preliminary experiments employed three distinct HuH-7-
derived human hepatoma cell lines. Cells of this background are
known to support the autonomous replication of dicistronic HCV
RNA replicons. The first of these cell lines (called R6FLR-N) con-
tained a subgenomic replicon of the HCR6 and HCV-N strain of
genotype 1b; this replicon produced only the NS3-NS5B region of
the HCV polyprotein (Nakagawa et al., 2007). This cell line also
expressed firefly luciferase, which enabled us to quantify replicon
activity by measuring luciferase activity. The second cell line
(called 2-3) contained replicating genome-length RNA that pro-
duced all of the proteins of HCV-N strain (Ikeda et al., 2002). The
third cell line (called 2-3c) served as a control, and consisted of a
cognate cell line that did not contain any HCV RNA.

In order to determine the effect(s) of CDK inhibition, we initially
tested two CDK inhibitors (A and B; Table 1) in these HuH-7-
derived cells, and examined HCV replication in the treated cells.
As shown in Fig. 1a, CDK inhibitors A and B were able to suppress
HCV replication in R6FLR-N replicon cells without affecting cell
viability. Moreover, inhibitors A and B reduced the amount of
HCV NS5B polymerase as well as that of phosphorylated Rb
(Fig. 1b). There were no apparent changes in the amount of total
Rb. For both A and B, the 50% effective concentrations (ECsqs) for
suppression of HCV replication were submicromolar, and other
CDK inhibitors, except F, were also able to suppress HCV replica-
tion (Supplementary Fig. 1). However, in 2-3 replicon cells, inhib-
itor B, but not A, suppressed HCV replication, as shown by the
immunoblots of HCV NS5A and NS5B proteins (Fig. 1c). Although
the effective dose of inhibitor B was higher in 2-3 than in R6FLR-
N, this CDK inhibitor suppressed the replication of HCV of genotype
1b in vitro.

Next, we examined whether CDK inhibition suppressed the rep-
lication of HCV of other genotypes. For this purpose, we used a cell
line (called Y19) that contained a subgenomic replicon of the JFH-1
strain of HCV genotype 23, and a cognate cell line (called Y19c) that
did not contain any HCV RNA (Kato et al., 2003), and assessed viral
replication by real-time reverse transcription polymerase chain
reaction (RT-PCR). Of the six CDK inhibitors tested (A-F; Table 1),



82 T. Munakata et al. /Antiviral Research 108 (2014) 79-87

—
Q
N

R6FLR-N cells

—~ 12
g 120 N=6
— > 100
Q)
e >
z‘..a 80
= ©
5 g %
S L 40
3 2
3 & 20
O M

04 08 2
Inhibitor B (uM)

0 0.02 02 2 0
Inhibitor A ( uM)

(b) innibitor A (um)
0 00202 2 0

Inhibitor B (uM)
04 08 2

- . . . Rb (pS780)
N G B D (S8 S M e R (total)
—— P gy, === ¢ | NS5B

— s e | | — e———— | Actin

(c) A B Inhibitor
2-3c 2-3 2-3c 2-3 Cell line
0 20 100 020 100 0 520 0 5 20 (uM)

-

WP -

~a Rb (pS780)

— —  |-= NS5A

—- NS5B

B b X 7

12 3 456 7 8 9 101112

Fig. 1. CDK inhibitors suppress replication of HCV genotype 1b replicon. (a) Inhibition of HCV replicon activity in R6FLR-N cells. After addition of CDK inhibitor, HCV
replication was measured by luciferase assay, and cell viability was measured by water-soluble tetrazolium (WST) salts assay. Data represent means + SD from six
experiments. (b) Reduction of HCV NS5B protein in R6FLR-N cells. After addition of CDK inhibitor, total protein was isolated and subjected to immunoblot analysis for HCV
NS5B, Rb phosphorylated at Ser780 (pS780; confirmation of CDK inhibition), total Rb, and actin (loading control). CDK inhibitors decreased the amount of phosphorylated Rb
in a dose-dependent manner. (c) Inhibition of HCV replicon activity of 2-3 cells. After addition of CDK inhibitor, total protein was isolated and subjected to immunoblot
analysis for HCV NS5A, HCV NS5B, Rb phosphorylated at Ser780, and actin. As expected, 2-3c cells did not produce HCV proteins.

five (A, B, C, D, and E) were found to reduce the amount of HCV rep-
licon RNA (Fig. 2a), without affecting cell viability (Supplementary
Fig. 1b). We also found that these five inhibitors reduced the
amounts of HCV NS5B and phosphorylated Rb proteins, as com-
pared to controls (Fig. 2b). Specifically, inhibitors A, B, and E
decreased HCV RNA and protein in a dose-dependent manner.
Thus, CDK inhibitors suppressed the replication of genotype-2a
HCV in vitro.

3.2. CDK inhibitors suppress HCV infection

The preceding experiments demonstrated the effects of CDK
inhibitors on HCV replication in three distinct replicon cell lines.
To address the effects of CDK inhibition on HCV infection, we
employed a model of HCV infection in cultured hepatocytes. Spe-
cifically, we used the Huh7.5.1 + JFH-1 cell line, which corresponds
to HuH-7-derived cells (designated Huh7.5.1) that have been
infected in vitro with the JFH-1 strain of HCV (Wakita et al,
2005). HCV infection and reproduction was assayed using RT-PCR
detection of HCV RNA genome levels. We found that CDK inhibitors
B and E provided dose-dependent reductions in the levels of viral
RNA in HCV-infected cells (Fig. 3a), demonstrating the suppression
of HCV infection by CDK inhibition. Our data indicated that inhib-
itor B was the most effective of the 6 inhibitors tested. Inhibitor B
was reported to selectively target CDK4 (Table 1) (Matsushime
et al.,, 1992). Therefore, we hypothesized that CDK4 is a positive
regulator of HCV replication in infected hepatocytes (Fig. 3b;
Section 4).

In order to further demonstrate our hypothesis, we examined
whether depletion of Rb, a downstream target of CDK4, rescued

suppression of HCV replication by inhibitor B. For this purpose,
we first knocked down endogenous Rb using small interfering
RNA (siRNA) transfection, and performed HCV replication inhibi-
tion assays (Fig. 3c). We found that the inhibitor B-dependent sup-
pression of HCV replication was significantly attenuated by Rb
knockdown (Fig. 3d and e). These data clearly indicate that CDK4
affects HCV replication through Rb.

3.3. CDK4 is a host factor required for HCV replication

In order to investigate whether CDK4 is actually required for
HCV replication, we first performed RNA interference (RNAi) for
knockdown of CDK4 in Y19 replicon cells. Immunoblot analysis
demonstrated that knockdown of CDK4 reduced the amounts of
CDK4 protein, as well as those of phosphorylated Rb and HCV
NS5B proteins, as was the case with CDK inhibitors (Fig. 4a). To fur-
ther examine whether CDK4 and/or its partner cyclin D are
required for the HCV life cycle, we again used RNAi to perform
knockdown of CDK4 and cyclin D1 in Huh7.5.1 +JFH-1 cells.
Although cyclin D consists of D1, D2, and D3 sub-types, D2 and
D3 are not normally produced in the liver, while cyclin D1 is
induced in hepatic tumor cells (Musgrove et al., 2011; Teramoto
et al.,, 1999). We therefore focused on cyclin D1 in our analysis. Fol-
lowing transfection with siRNAs that targeted the mRNAs encoding
CDK4 or cyclin D1, we used immunoblotting to determine the lev-
els of CDK4, cyclin D1, and HCV core protein. As shown in Fig. 4b,
RNAI against CDK4 impaired the production of CDK4 protein and
reduced levels of HCV core protein; RNAi against cyclin D1 reduced
cyclin D1 production, but did not decrease HCV core protein levels.
To demonstrate the specificity of CDK4 knockdown, we transfected
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Huh7.5.1 and Huh7.5.1 + JFH-1 cells. Note that HCV core was not expressed in Huh7.5.1 cells. (c) Inhibition of the production of HCV core by knockdown of CDK4 using four
separate siRNA molecules. Among the four, three siRNAs exhibited CDK4 knockdown and down-regulation of HCV core protein abundance. (d) Enhancement of the
production of HCV core by over-production of CDK4, but not that of cyclin D1. For all 3 panels, total protein was isolated following siRNA exposure or transfection and
subjected to immunoblot analysis for CDK4, cyclin D1, core protein, and actin (loading control).

Huh7.5.1 + JFH-1 cells separately with four distinct siRNAs. We
again observed reductions in CDK4 and HCV core abundance in
cells transfected with three of these four CDK4-specific siRNAs
(CDK4-2, CDK4-3, and CDK4-4) (Fig. 4c). Notably, the siRNA
(CDK4-1) that failed to impair HCV core abundance also failed to
reduce CDK4 levels, indicating the specific requirement of CDK4
for HCV propagation.

In order to further clarify the role of CDK4 in the HCV life cycle,
we overexpressed CDK4 in Huh7.5.1 + JFH-1 cells, and observed
increased levels of both CDK4 and HCV core protein (Fig. 4d). In
contrast, overexpression of cyclin D1 cDNA increased the levels of
cyclin D1 protein, but not those of HCV core protein (Fig. 4d). These
findings were consistent with the inhibitor assays, and suggested
that CDK4 is a host factor required for HCV replication.

CDK4, along with CDK2 and CDKG®, is classified as an interphase
CDK (Malumbres and Barbacid, 2009). This fact, combined with the
results of our CDK inhibitor analysis, suggested that CDK2 and
CDK6 might also function as regulators of HCV. Therefore, we
repeated our knockdown analysis with siRNAs against the

transcripts encoding CDK2 and CDKB6. As seen with CDK4, we found
that cells with impaired production of CDK2 or CDK6 also exhib-
ited reduced levels of HCV core protein (Fig. 5a and b). Interest-
ingly, knockdown of the interphase CDKs induced over-
production of the mitotic checkpoint protein BubR1 (Fig. 5b), sug-
gesting that normal mitotic progression is required for HCV repli-
cation (Elowe, 2011).

3.4. CDK inhibition reduces serum HCV titer in mouse model of HCV
infection

All of the above experiments were performed in vitro; we next
addressed the potential in vivo activity of a CDK inhibitor in an ani-
mal model of HCV infection. Specifically, we tested the anti-HCV
effect of inhibitor A (roscovitine; seliciclib;(McClue and Stuart,
2008; Nutley et al., 2005)) in HCV (genotype 1b)-infected chimeric
mice with humanized livers (Nakagawa et al., 2007; Tateno et al.,
2004). Although the data presented to date indicate that inhibitor
B (CDK4 inhibitor) is the most effective in suppressing HCV
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Fig. 5. Interphase CDKs are required for HCV replication. (a) Knockdown of CDK2 or CDK6 in Huh7.5.1 + JFH-1 cells was shown by immunoblot analysis. (b) Expression of HCV
core protein was inhibited by knockdown of CDK2, CDK4, and CDK6 in Huh7.5.1 + JFH-1 cells. Inmunoblot of BubR1 demonstrated that this cell-cycle checkpoint protein was

induced by the reduced levels of each CDK.

replication, it has no valid data on in vivo use, which made it diffi-
cult to determine the dose for chimeric mice. As shown in Fig. 5,
CDK2 was also found to be required for HCV replication, and rosco-
vitine targets CDK2 (Table 1) and has lower EC50 for suppression of
HCV replication than inhibitor B in R6FLR-N cells (Supplementary
Fig. 1). In addition, this drug is undergoing a phase IIb clinical trial
as monotherapy for non-small cell lung carcinoma, and is therefore
well characterized, which facilitated our experiment in mice. We
administered inhibitor A intravenously over a period of 14 days,
both as monotherapy and in combination with subcutaneously-
injected polyethylene glycol-conjugated interferon alpha (PEG-
IFN). Inhibitor A significantly (P < 0.05) reduced serum HCV RNA
levels when administered as a 50-mg/kg monotherapy (Fig. 6b),
but did not demonstrate efficacy as a 25-mg/kg monotherapy
(Fig. 6a). In addition, while treatment with PEG-IFN alone reduced
HCV titer by more than one log at day 14, combined administration
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of PEG-IFN and inhibitor A (at either dose level) provided further
reductions in serum HCV RNA levels (Fig. 6a and b). Detailed
HCV titers in the serum of each chimeric mouse are shown in Sup-
plementary Fig. 2. Judging from body weight, human albumin lev-
els and ALT levels, our experiments did not significantly affect the
status of chimeric mice (Supplementary Fig. 3). We also analyzed
the liver tissues from a set of experiments on high dose of CDKI
at day 14. We examined the HCV viral titers, CDK mRNA levels,
and CDK protein levels in the liver tissues of three experimental
groups (Supplementary Fig. 4). These results indicate that HCV
titers in the liver of chimeric mice are clearly correlated with those
in the serum at day 14, and that the mRNAs and proteins of CDK2,
CDK4, and CDK6 are expressed in the end-point liver. These find-
ings demonstrate that CDK inhibition suppresses HCV replication
in vivo, suggesting that compounds of this class are candidate ther-
apies for the treatment of HCV-infected individuals.
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Fig. 6. In vivo anti-HCV activity of a CDK inhibitor. CDK inhibitor A (CDKI) and PEG-interferon o (IFN) were administered as single and combined therapies to HCV-infected
chimeric mice with humanized livers. The results for low doses of CDKI are shown in (a), and those for high doses of CDKI are shown in (b). At the indicated time points, blood
was sampled from each mouse. RNAs were prepared from the resulting sera and HCV RNA titers were measured by real-time RT-PCR. Each data point represents the

mean * SD from at least three mice. *P < 0.05.
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4. Discussion

4.1. Molecular mechanisms for suppression of HCV replication by CDK
inhibitors

CDKs play important roles in the regulation of the cell cycle, a
process that is perturbed in many tumor cells. Inhibition of CDK
activity has therefore been proposed as a strategy for the control
of cancer development and the curing of cells with abnormal
growth properties (Krystof and Uldrijan, 2010). In this paper, we
report that small-molecule CDK inhibitors suppress HCV replica-
tion in vitro and in vivo. We also demonstrate that interphase CDKs,
including CDK4, are required for the efficient replication of HCV.
Previous reports have shown that HCV genome replication is
strongly dependent on cellular proliferation, and that the activity
of the HCV internal ribosomal entry site (IRES) is greatest in
actively growing cells (Honda et al., 2000; Scholle et al., 2004).
Thus, it is possible that regulation of cell cycle in HCV-infected cells
by CDK inhibitors is responsible for the suppression of HCV repli-
cation. Alternatively, CDKs may regulate HCV replication via the
Rb protein. Rb, which is a direct target of CDKs, is known to bind
to and inhibit HCV NS5B polymerase (Munakata et al., 2005);
CDK inhibitors might activate Rb by enhancing and maintaining
the phosphorylated state of Rb. Indeed, hyper-phosphorylation of
Rb is reported to inhibit the LxCxE-binding activity of Rb
(Knudsen and Wang, 1996), which also mediates the interaction
between Rb and NS5B.

4.2. Roles of CDK4 in HCV replication

Among the CDK inhibitors tested in cell culture, a CDK4 inhibi-
tor was the most effective in suppressing HCV replication, and
RNAI analysis clearly showed that knockdown of CDK4 inhibited
HCV replication. These data suggest that CDK4 is a novel host fac-
tor that regulates the HCV life cycle. CDK4 was originally identified
as a catalytic partner of D-type cyclins (Matsushime et al., 1992).
However, in contrast to our results for CDK4, we found that
changes in cyclin D1 levels did not alter HCV replication. Knock-
down and over-production of cyclin D1 appeared not to affect
the regulation of HCV replication. We hypothesize that any cyclin
D-specific regulation of HCV depends on some cyclin D activity dis-
tinct from protein level, or that the CDK4 dependence of HCV is
mediated through a distinct binding partner in HCV-infected
hepatocytes.

Knockout analysis in mice revealed that CDK4 is not essential
for G1-phase progression, although CDK4-deficient mice exhibit a
decreased growth rate and infertility (Rane et al., 1999). CDK4 is
also suggested to play important roles in thymocyte maturation
and pancreatic B-cell development (Chow et al., 2010). Thus, the
CDK4-dependent aspects of HCV replication may reflect the func-
tions of CDK4 other than cell-cycle regulation (Fig. 3b), consistent
with the redundancy of CDK4 and CDK6 as interphase CDKs
(Malumbres and Barbacid, 2009). At the same time, our data indi-
cate that CDK2, CDK4, and CDK6 are each required for HCV replica-
tion in cultured cells, thus suggesting the significance of complete
interphase progression during HCV replication. Normal hepato-
cytes are non-growing quiescent GO cells, and enter the cell cycle
after viral infection or during liver regeneration. The detailed
molecular mechanisms underlying regulation of the interphase fol-
lowing HCV infection clearly deserves further investigation.

Interestingly, CDK4 has been demonstrated as a host factor
required for HCV entry, using functional siRNA kinase screening
(Lupberger et al., 2011). As our results clearly indicate that CDK
inhibitors suppress HCV replication in the subgenomic replicon
systems, the role of CDKs in our hypothesis is independent of

HCV entry. Therefore, CDKs must have at least two distinct func-
tions for supporting HCV replication and infection.

4.3. Relationship between endogenous CDK inhibitors and HCV
replication

The presence of endogenous CDK inhibitors, such as p16, p21
and p27, helps normal hepatocytes to regulate the cell cycle
(Kato et al., 1994; Toyoshima and Hunter, 1994). Production of
these endogenous inhibitors is tightly regulated at every step from
transcription to protein stability. Typically, p21 and p27 form a
complex with CDK2 or CDK4 in quiescent hepatocytes, resulting
in inhibition of kinase activity (Kwon et al., 2002). In place of cel-
lular inhibitors, we used synthetic small-molecule inhibitors of
CDKs to impair CDK function and suppress HCV replication. Given
that CDK4 is required for HCV replication, up-regulation of p21
and/or p27 may be able to substitute the addition of exogenous
CDK inhibitors. Indeed, HCV core is reported to stabilize p27 to
arrest cell-cycle progression, and enhanced production of p21 is
observed in hepatocytes of mice transgenic for HCV core (Chang
et al.,, 2009; Yao et al., 2003). The potential role of p21 and p27
in HCV replication will require further analysis.

4.4. Conclusion

In conclusion, a novel host factor, CDK4, was identified as a
potential target of HCV therapy. Small-molecule inhibitors of
CDK, currently under development as anti-cancer therapies, may
also find application in the treatment of individuals infected with
HCV, particularly for viral genotypes 1 and 2. The combined admin-
istration of IFN and a CDK inhibitor was more effective than either
alone, suggesting a possible future regimen for HCV treatment.
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