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Figure 1. HCV replicative inhibition assay in adenovirus mediated RNA polymerase I dependent HCV
reporter system. Huh7 cells were infected with AdP 235-HCV and Ad-tTA. After 1.5 hrs of incubation, the

cells were treated with each concentration of IFN-a8 and incubated for 48 hrs. And then, luciferase activity (A)

and cell viabilitv (B) were measured. Thé data represent the mean £+ S.D. of three independent experiments.
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Figure 2. HCYV infection assay in iPS-Hep cells. (A) Expression of HCV receptors in iPS-Hep cells. Total
RNA samples from Huh7, iPS, and iPS-Hep cells were subjected to RT-PCR analysis. The PCR products were
separated on 2% agarose gels, followed by staining with ethidium bromide. (B) Infection of iPS-Hep cells
with HCVpv. iPS, iPS-Hep and Huh7 cells were infected with HCVpv at the indicated dilution. After 2 h of
infection, the cells were cultured with fresh medium for 24 h. Then, luciferase activities were measured. Data
are presented as means = SD (n = 3). (C, D) Effect of anti-CD81 antibody on infection of iPS-Hep cells with
HCVpv. iPS-Hep (C) and Huh7 (D) cells were treated with mixtures of HCVpv (open column) or VSVpv
(gray column) and anti-CD81 antibody or control mouse IgG at the indicated concentrations. After a 2-h
incubation, the cells were cultured with fresh medium for 24 h. Then, the luciferase activities were measured.
Data represent the percentage of vehicle-treated cells. Data are presented as means + SD (n = 3).
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Figure 3. HCYV replication and inhibition assay in iPS-Hep cells. (A-C) HCV replication assay in iPS-Hep
cells. (A) Comparison of replication of HCV subgenomic replicons, AdP;235-HCV (gray column) and AdP;235-
AGDD (open column), in iPS, iPS-Hep and Huh7 cells. The cells were infected with replicons, treated with
Dox, and renilla luciferase activity was measured. To normalize for infectivity of Ad vector, cells were co-
infected with AdP;235-fluc and Ad~tTA. After 72 h, firefly luciferase activity was measured. Corrected
luciferase activity was calculated as the ratio of renilla luciferase activity to firefly luciferase activity. (B, C)
Real-time PCR analysis of HCV plus- (B) and minus- (C) strand RNA in iPS-Hep cells. iPS-Hep cells were -
infected with replicons, and total RNA was subjected to real-time PCR analysis. The copy numbers were shown
as ratio of those of Huh7. Data are presented as means = SD (n=3). (D,E) Effect of interferon on HCV
replication in iPS-Hep cells. iPS-Hep (open column) and Huh7 (gray column) cells were infected with AdP,235-
HCV and AdtTA. After 24 h, the cells were treated with Dox and the indicated conceniration of interferon for
48 h. Luciferase activities (D) and cell viabilities (E) were measured. Data represent the percentage of the value
for vehicletreated cells, and are presented as means + SD (n = 3).
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Host tropism of hepatitis C virus (HCV) is limited to human and chimpanzee. HCV infection has never
been fully understood because there are few conventional models for HCV infection. Human induced plu-~
ripotent stem cell-derived hepatocyte-like (iPS-Hep) cells have been expected to use for drug discovery to
predict therapeutic activities and side effects of compounds during the drug discovery process. However,
the suitability of iPS-Hep cells as'an experimental model for HCV research is not known. Here, we inves~
tigated the entry and genomic replication of HCV in iPS-Hep cells by using HCV pseudotype virus (HCVpv)
and HCV subgenomic replicons, respectively. We showed that iPS-Hep cells; but not iPS cells, were sus-
«ceptible to infection with HCVpv. The iPS-Hep cells expressed HCV receptors, including CD81, scavenger
receptor class B type 1 (SR-BI), claudin-1, and occludin; in contrast, the iPS cells showed no expression of
" SR-BI or claudin-1. HCV RNA genome replication occurred in the iPS-Hep cells: Anti-CD81 antibody, an .
inhibitor of HCV entry, and interferon, an inhibitor of HCV genomic replication, dose-dependently atten-
uated HCVpv entry and HCV subgenomic replication in iPS-Hep cells, respectively. These findings suggest
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that iPS-Hep cells are an appropriate model for HCV infection.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Hepatitis Cvirus (HCV), a hepatotropic member of the'Flaviviri‘dae
family, is the leading cause of chronic hepatitis, cirrhosis and hepa-
tocellular carcinoma. Approximately 130-200 million people are
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RT, reverse transcription; PCR, polymerase chain reaction; GAPDH, glyceraldehyde
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estimated to be infected with HCV worldwide, Each year, 3—4 million
people are newly infected with HCV {1]. Thus, overcoming HCV is a
critical issue for the World Health Organization. -

HCV contains a positive strand ~9.6 kb RNA encoding a smgle
polyprotein (~3000 aa), which is cleaved by host and viral prote-
ases to form structural proteins (core, E1, E2, and p7) and non-
structural proteins (NS2, NS3, NS4A, NS4B, NS5A, and NS5B) [1].
These virus proteins might be potent targets for anti-HCV drugs.
However, combination therapy with interferon and ribavirin,
which often causes severe side-effects leading to treatment termi-
nation, has been the only therapeutic choice [2]. Very recently, new
direct antiviral agents have been approved or are under clinical tri-
als; these agents include NS3 protease inhibitors, NS5A inhibitors,
and NS5B polymerase inhibitors [2-4]. However, the emergence of
drug resistance is a serious problem associated with the use of di-
rect antiviral agents [5].

Host targets are alternative targets for the development of anti-
HCV drugs. A liver-specific microRNA (miRNA), miR-122, facilitates
the replication of the HCV RNA genome in cultured liver cells {6].
Administration of a chemically’modified oligonucleotide comple-
mentary to miR-122 results in long-lasting suppression of HCV with
no appearance of resistant HCV in chimpanzees |7]. Epidermal
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growth factor receptor (EGF-R) and ephrin factor A2 (EphA2) are
host cofactors for HCV entry [8]. Inhibitors of EGF-R and EphA2
attenuated HCV entry, and prevented the appearance of viral escape
variants [8]. These findings strongly indicate that identification of
host factors associated with infection of human liver by HCV is a po-
tent strategy for anti-HCV drug development. Because the host tro-
pism of HCV is limited to human and chimpanzee [9], there is no
convenient model for the evaluation of HCV infections. This has
led to a delay in the development of anti-HCV agents targeting host
factors. .

Takahashi and Yamanaka developed human induced pluripo-
tent stemn (iPS) cells from human somatic cells [10]. The stem cells
can be redifferentiated in vitro, leading to new models for drug dis-
covery, including iPS-based models for drug discovery, toxicity
assessment, and disease modeling [11,12].

Recently, several groups reported that iPS cells can be success-
fully differentiated into hepatocyte-like (iPS-Hep) cells that show
many functions associated with mature hepatocytes [ 13-19]. How-
ever, whether iPS-Hep cells are suitable as a model for HCV infec-
tion has not been fully determined. Here, we investigated HCV
entry and genomic replication in iPS-Hep cells by using HCV pseud-
otype virus (HCVpv) and HCV subgenomic replicons, respectively.

2. Materials and methods
2.1. Cell culture

Huh7 cells were cultured in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum (FCS). An iPS cell-line (Dot~
com) generated from the human embryonic lung fibroblast cell-line
MCR5 was obtained from the Japanese Collection of Research
Bioresources Cell Bank {20,21]. The iPS cells were maintained on a
feeder layer of mitomycin C-treated mouse embryonic fibroblasts
(Millipore, Billerica, MA) in iPSellon culture medium (Cardio, Hyo-
20, Japan) supplemented with 10 ng/ml fibroblast growth factor-2.

2.2. In vitro differentiation

Before the initiation of cellular differentiation, the medium of
the iPS cells was replaced with a defined serum-free medium,
hESF9, and the cells were cultured as previously reported [22].
The iPS cells were differentiated into iPS-Hep cells by using adeno-
virus (Ad) vectors expressing SOX17, the homeotic gene HEX or
hepatocyte nuclear factor 40t (HNF-4at) in addition to the appropri-
ate growth factors, cytokines, and supplements, as described previ-
ously [19].

2.3. Reverse transcription (RT)-polymerase chain reaction (PCR)
analysis of HCV receptors

Total RNA samples were reverse-transcribed using the Super-
Script VILO ¢DNA Synthesis Kit (Invitrogen, Carlsbad, CA), and the
resultant cDNAs were PCR amplified by using Ex Taq DNA polymer-
ase (TaKaRa Bio Inc,, Shiga, Japan) and specific paired-primers for
CD81 (5'-cgccaaggatgtgaageagtic-3' and 5'-tcccggagaagaggtcate-
gat-3'), scavenger receptor class B type I (SR-BI; 5’-attccgatcagtgeaa
catga-3' and 5'-cagttttgcitcctgeageacag-3'), claudin-1 (5'-tcagcact
geectgeeccagt-3' and 5'-tggtgttgggtaagaggttgt-3'), occludin (5'-tca
gggaatatccacctatecacttcag-3' and  5-catcagcagcagccatgtactcttcac-
3’), or glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (5'-tct
tcaccaccatggagaag-3’ and 5'-accacctggtgctcagtgta-3'). The expected
sizes of the PCR products were 245 bp for CD81, 788 bp for SR-BI,
521 bp for claudin-1, 189 bp for occludin, and 544 bp for GAPDH.
The PCR products were separated on 2% agarose gels and visualized
by staining with ethidium bromide.

2.4. HCVpv infection

Pseudotype vesicular stomatitis virus (VSV) bearing HCV enve- .
lope glycoproteins (HCVpv) and VSV envelope glycoproteins
(VSVpv) were prepared as described previously [23]. iPS, iPS-Hep
and Huh?7 cells were treated with HCVpv or mixtures of HCVpv or
VSVpv and anti-CD81 monoclonal antibody (JS-81; BD Biosciences,
Franklin Lakes, NJ) or control mouse IgG for 2 h. After an additional
24 h of culture, the luciferase activities were measured by using a
commercially available kit (PicaGene, Toyo Ink, Tokyo, Japan).

2.5. Preparation of Ad vector expressing the HCV replicon

Ad vectors expressing a tetracycline (tet)-controllable and RNA
polymerase (pol) I promoter-driven HCV subgenomic replicon con-
taining renilla luciferase (AdP235-HCV), a replication-incompetent
HCV subgenomic replicon containing renilla luciferase (AdP;235-
AGDD), tet-responsive trans-activator (Ad-tTA) or a tet-controlla-
ble RNA pol-I driven firefly luciferase (AdP235-fluc) were prepared
by using an in vitro ligation methad as described previously
[24-26]. The biological activity (infectious unit) of the Ad vectors
was measured by using an Adeno-X rapid titer kit (Clontech,
Mountain View, CA).

2.6. HCV replication assay

iPS, iPS-Hep and Huh7 cells were infected with AdP235-HCV or
AdP;235-AGDD at multiplicity of infection (MOI; infectious unit per
cell) of 3, and Ad-tTA at MOI of 15. After 24 h, the cells were treated
with 10 pg/ml of doxycycline (Dox) for 48 h. Renilla luciferase
activities in the lysates were then measured with the use of the
Renilla Luciferase Assay System (Promega, Madison, WI). To nor-
malize for the infectivity of Ad vector, iPS, iPS-Hep and Huh7 cells
were co-infected with AdP235-fluc (3 MOI) and Ad-tTA (15 MOI).
After a 72-h incubation, the firefly luciferase activities in the lysates
were measured, and the renilla luciferase activities were normal-
ized by dividing by the corresponding firefly luciferase activities.

2.7. Quantitative analysis of plus- and minus-strand HCV RNA

iPS, iPS-Hep and Huh7 cells were co-infected with AdP,235-HCV
or AdP;235-AGDD (3 MOI), and Ad-tTA (15 MOI). After 24 h, the cells
were treated with 10 pg/ml of Dox for 48 h. Total RNA was reverse-
transcribed into ¢cDNA by using the Thermoscript reverse transcrip-
tase kit (Invitrogen) as described previously [27,28]. Real-time PCR
was performed with SYBR Premix Ex Taq (TaKaRa Bio Inc.) by using
Applied Biosystems StepOne Plus (Applied Biosystems, Foster City,
CA). The transcription products of the HCV plus-strand RNA,
minus-strand RNA, and GAPDH gene, were amplified by using spe-
cific primers for HCV plus-strand RNA (RC1 primer, 5'-gtctagc-
catggcgttagta-3’; and RC21 primer, 5'-ctcccggggcactcgeaage-3'),
HCV minus-strand RNA (tag primer, 5'-ggccgtcatggtggegaataa-3/;
and RC21 primer), and GAPDH (5'-ggtggtctcctctgacttcaaca-3’ and
5'-gtggtcgttgagggcaatg-3'), respectively. The copy numbers of the
transcription products of the HCV plus- and minus-strand RNA were
normalized with those of the GAPDH gene and infectivity of Ad vec-
tor as described in the Section 2.6.

2.8. Inhibition of HCV replication by interferon-o.8

iPS-Hep and Huh7 cells were infected with AdP235-HCV (3
MOI) and Ad-tTA (15 MOI). After 24 h of infection, the cells were
treated with 10 pug/ml of Dox and recombinant human inter-
feron-a8 (IFN) at the indicated concentration. After an additional
48-h incubation, renilla luciferase activity in the lysates was mea-
sured with the use of the Renilla Luciferase Assay System. Cell
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viability was measured with the use of a WST-8 kit (Nacélai Tes-
que, Kyoto, Japan).

3. Results
3.1. Infection of iPS-Hep cells with HCVpv

HCV entry requires sequential interaction between the enve-
lope proteins and multiple cellular factors, including CD81, SR-BJ,
claudin-1, and occludin [29]. To investigate expression of these
receptors in iPS-Hep cells, we performed RT-PCR analysis. iP5 cells
expressed CD81 and occludin, but not SR-BI and claudin-1. In con-
trast, iPS-Hep and Huh?7 cells expressed all four receptors (Fig. 1A).
HCVpv have been widely used in studies of the mechanism of HCV
entry and in screens for inhibitors of HCV infection [30} We there-
fore investigated HCVpv infection in iPS-Hep cells. iPS cells showed
no susceptibility to HCVpv infection. In contrast, HCVpv dose-
dependently infected iPS-Hep cells as well as Huh7 cells, a popular

model cell line for HCV research (Fig. 1B). Treatment of the cells -

with IgG did not affect susceptibility of iPS-Hep or Huh7 cells to
HCVpv infection, even at IgG concentrations of 1 pg/ml. In contrast,
anti-CD81 antibody dose-dependently inhibited HCVpv infection
of iPS-Hep and Huh7 cells, and the antibody treatment did not af-
fect infection of VSVpv with iPS-Hep (Fig. 1C). These findings sug-
gest that iPS-Hep cells are a useful model for HCV infection:
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- 3.2. Replication of subgenomic HCV RNA in iPS-Hep cells

We previously developed Ad:vectors containing tet-controlla-
ble and RNA pol I-driven HCV RNA subgenomic replicons
{AdP;235-HCV [replication competent},-and AdP;235-AGDD {[rep-
lication incompetent]). The replicons encoded luciferase, and
monitoring. of luciferase activity in infected cells was a simple
and convenient method to evaluate HCV replication [24]. Here,
we found cells transduced with the replication-competent HCV
replicon expressed luciferase in iPS-Hep cells, but not in iPS cells
(Fig. 2A). In contrast, célls transduced with the replication-incom-
petent HCV replicon did not express luciferase (Fig. 2A). Taken.
together, these results suggest that replication of the HCV RNA
genome occurred in the iPS-Hep cells. To confirm replication of
the HCV genome, we investigated production of minus-strand
HCV RNA from the positive-strand HCV RNA genome by perform-
ing real time-PCR analysis. The results of this analysis showed
that minus-strand HCV RNA was produced in.iPS-Hep cells and
Huh7 cells, but not in iPS cells (Fig. 2B). To investigate whether
the iPS-Hep cells could be used to screen for drugs that suppress
HCV replication, we treated the cells with a suppressor of HCV
replication, IFN. Treatment with IFN resulted in dose-dependent
attenuated replication of the HCV genome with no cytotoxicity
(Fig. 3A and B). These findings suggest that the iPS-Hep cells
are a suitable system to use for monitoring the replication of
the HCV RNA genome.
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Fig. 1. HCV infection assay in iPS-Hep cells. (A) Expression of HCV receptors in iPS-Hep cells. Total RNA samples from Huh7, iPS, and iPS-Hep cells were subjected to RT-PCR
analysis as described in the Section 2. The PCR products were separated on 2% agarose gels, followed by staining with ethidium bromide. (B) Infection of iPS-Hep cells with
HCVpv. iPS, iPS-Hep and Huh7 cells were infected with HCVpv at the indicated dilution. After 2 h of infection, the cells were cultured with fresh medium for 24 h. Then,
luciferase activities were measured. Data are presented as means  SD (n = 3). (C) Effect of anti-CD81 antibody on infection of iPS-Hep cells with HCVpv. iPS-Hep (upper panel)
and Huh7 (lower panel) cells were treated with mixtures of HCVpv.(open column) or VSVpv (gray column) and anti-CD81 antibody or control mouse IgG at the indicated
concentrations. After a 2-h incubation, the cells were cultured with fresh medium for 24 h. Then, the luciferase actmtles were measured. Data represent the percentage of

vehicle-treated cells. Data are presented as means £ SD (= 3).
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column), in iPS, iPS-Hep and Huh?7 cells. The cells were infected with replicons,
treated with Dox, and renilla luciferase activity was.measured, as described in the
Section 2. To normalize for infectivity of Ad vector, cells were co-infected with
AdP235-fluc and Ad-tTA. After 72h, firefly luciferase activity was measured.
Corrected luciferase activity was calculated as the ratio of renilla luciferase activity
to firefly luciferase activity. (B) Real-time PCR analysis of HCV plus- and minus-
strand RNA in iPS-Hep cells. iPS-Hep cells were infected with replicons, and total
RNA was subjected to real-time PCR analysis, as described in the Section 2. The copy
numbers were shown as ratio of those of Huh7. Data are presented as means * SD
(n=3).

4. Discussion
Tropism of HCV is limited to human and chimpanzee. Our

understanding of HCV infection has been delayed by the lack of
appropriate model systems. In the present study, we demonstrated

that iPS-Hep cells are suitable in vitro models of hepatocytes for )

use in the study of HCV infection.
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Fig. 3. Effect of interferon on HCV replication in iPS—Hép cells. iPS-Hep (open
column) and Huh7 (gray column) cells were infected with AdP;235-HCV and Ad-
ETA. After 24 h, the cells were treated with Dox and the indicated concentration of
interferon for 48 h. Luciferase activities (A) and cell viabilities (B) were measured as
described in the Section 2. Data represent the percentage of the value for vehicle-
treated cells, and are presented as means  SD (n=3).

Other in vitro model systems of hepatocytes may not accurately
reflect the biology of hepatocytes in vivo. For instance, expression
profiles of mRNAs in embryonic stem (ES) cell-derived hepato-
cyte-like cells are different from those of primary human hepato-
cytes {31]. The development of efficient methods to- differentiate
stem cells into hepatocytes has been a critical issue in the applica-
tion of stem cell technology to drug discovery. Recently, Mizuguchi
and colleagues established efficient differentiation protocols for iPS
cells by using adenoviral transfer of SOX17 [17], HEX {18}, and
HNF-4o [19] in addition to growth factors. Approximately 80% of
the differentiated cells showed expression of hepatic-specific
proteins, including cytochrome P-450s (CYP2D6, CYP3A4, and
CYP7A1)[19]. The iPS-Hep cells were also used as a simple system
to evaluate the hepatotoxicity of drugs that are metabolized into
toxic substances by cytochromes [19]. Here, we showed that the
essential host factors for HCV infection (occludin, claudin-1, SR-
Bl and CD81) are expressed in the iPS-Hep cells. HCV RNA genome
replication occurred in the cells, and HCVpv infected the cells. An
inhibitor of HCV entry (anti-CD81 antibody), and an anti-HCV
agent (IFN), attenuated the entry of HCVpv and the replication of
the HCV genome in the cells, respectively. These findings suggest
that the iPS-Hep cells are useful for understanding HCV infection
and for screening anti-HCV drugs.

We found that iPS cells express CD81 and occludin, and are not
susceptible to HCV entry, whereas iPS-Hep cells express all four
HCV receptors and are susceptible to HCV entry. These findings
are consistent with previous studies showing that CD81, occludin,



T. Yoshida et al./Biochemical and Biophysical Research Communications 416 (2011) 119-124 123

SR-BI, and claudin-1 are key receptors for HCV {29]. HNF-4a, which
promotes the differentiation of iPS cells to iPS-Hep cells, is essen-
tial for the expression of a multitude of genes encoding cell junc-
tion and adhesion proteins during embryonic development of the
mouse liver [32]. For instance, claudin-1 expression is not detected
in the liver of HNF-4o-deficient mice {32}, HNF-4ot enhances
peroxisome proliferator-activated receptor-mediated SR-BI tran-
scription [33]. Thus, the susceptibility to HCV entry observed in
iPS-Hep cells may be the result of the additional expression of clau-
din-1 and SR-BI following HNF-4a treatment,

miR-122 is a liver specific miRNA that constitutes 70% of the to-
tal miRNA population [34] and is essential for replication of the
HCV genome in the liver [6]. ES cells do not express miR-122,
whereas expression of miRNA is observed during differentiation
into hepatocyte-like cells [35]. Replication of HCV subgenomic rep-~
licons was observed in iPS-Hep cells, but not iPS cells (Fig. 2A).
Expression of miR-122 might be a key factor controlling the repli-
cation of the HCV RNA genome in iPS-Hep cells.

The reasons that 15-20% of people infected with HCV can clear
the virus without pharmaceutical intervention, and patients vary
in their sensitivity to pharmaceutical treatments, are still unclear
[36]. Understanding the basis of these variable responses to infec-
tion and treatment would facilitate the discovery of potent targets
for drug development for HCV. iPS-derived hepatocytes are a
promising system for drug discovery for HCV infection. In the pres-
ent study, we showed that the iPS-derived hepatocyte-like cells
can be used with popular models of HCV infection: HCV subge-
nomic replicons and HCVpv. Our findings will contribute to our
understanding of the mechanisms of HCV infection and to the
identification of novel targets for HCV therapy by means of iPS
technology.

Acknowledgments

This work was supported by a Health and Labor Sciences Re-
search Grant from the Ministry of Health, Labor and Welfare of Ja-
pan (HM, FS and KY), by a Grant-in-Aid for Scientific Research from
the Ministry of Education, Culture, Sports, Science and Technology,
Japan (23659039, MK) by the Japan Research Foundation for Clin-
ical Pharmacology (HM), and by the Uehara Memorial Foundation
(HM).

References

[1] S.A. Sarbah, ZM. Younossi, Hepatitis C: an update on the silent epidemic, J.
Clin. Gastroenterol. 30 (2000) 125-143.

[2] J. Schlutter, Therapeutics: new drugs hit the target, Nature 474 (2011) $5-7.

[3] N. Sakamoto, M. Watanabe, New therapeutic approaches to hepatitis C virus, J.
Gastroenterol. 44 (2009) 643-649.

{4] N. Sakamoto, G.Y. Wu, Prospects for future therapy of hepatitis C virus
infection, Future Virology 4 (2009) 453-462.

[5]) C. Sarrazin, T.L. Kieffer, D. Bartels, B. Hanzelka, U. Muh, M. Welker, D.

Wincheringer, Y. Zhou, H.M. Chu, C. Lin, C. Weegink, H. Reesink, S. Zeuzem, A.D.
Kwong, Dynamic hepatitis C virus genotypic and phenotypic changes in
patients treated with the protease inhibitor telaprevir, Gastroenterology 132
(2007) 1767-1777.

[6] C.L. Jopling, M. Yi, AM. Lancaster, S.M. Lemon, P. Sarnow, Modulation of
hepatitis C virus RNA abundance by a liver-specific-microRNA, Science 309
(2005) 1577-1581.

[7] RE. Lanford, E.S. Hildebrandt-Eriksen, A. Petri, R. Persson, M. Lindow, M.E.
Munk, S. Kauppinen, H. Orum, Therapeutic silencing of microRNA-122 in
primates with chronic hepatitis C virus infection, Science 327 (2010) 198-201.

[8] ]. Lupberger, M.B. Zeisel, F. Xiao, C. Thumann, 1. Fofana, L. Zona, C. Davis, CJ.
Mee, M. Turek, S. Gorke, C. Royer, B. Fischer, M.N. Zahid, D. Lavillette, J.
Fresquet, F.L. Cosset, S.M. Rothenberg, T. Pietschmann, A.H. Patel, P. Pessaux,
M. Doffoel, W. Raffelsberger, 0. Poch, J.A. McKeating, L. Brino, T.F. Baumert,
EGFR and EphA2 are hest factors for hepatitis C virus entry and possible targets
for antiviral therapy, Nat. Med. 17 (2011) 589~595.

[9] J. Bukh, A critical role for the chimpanzee mode] in the study of hepatitis C,

- Hepatology 39 (2004) 1469-1475.

[10] K. Takahashi, K. Tanabe, M. Ohnuki, M. Narita, T. Ichisaka, K. Tomoda, S.
Yamanaka, Induction of pluripotent stem cells from adult human fibroblasts
by defined factors, Cell 131 (2007) 861-872.

[1 1] LE. Greenbaum, From skin cells to hepatocytes: advances in appllcauon of iPS
cell technology, J. Clin, Invest. 120 (2010) 3102-3105.

[12] E. Kiskinis, K. Eggan, Progress toward the clinical application of patient-
specific pluripotent stem cells, J. Clin. Invest. 120 (2010) 5159,

[13] H. Gai, D.M. Nguyen, Y,]J. Moon, J.R. Aguila, LM. Fink, D.C. Ward, Y. Ma,
Generation of murine hepatic lineage cells from induced pluripotent stem
cells, Differentiation 79 (2010) 171-181.

[14] K. Si-Tayeb, FX. Noto, M. Nagaoka, J. Li, M.A. Battle, C. Duris, P.E. North, S.
Dalton, S.A. Duncan, Highly efficient generation of human hepatocyte-like cells
from induced pluripotent stem cells, Hepatology 51 (2010) 297-305.

[15] Z.Song, J. Cai, Y. Liu, D. Zhao, J. Yong, S. Duo, X. Song, Y. Guo, Y. Zhao, H. Qin, X.
Yin, C. Wu, J. Che, S. Lu, M. Ding, H. Deng, Efficient generation of hepatocyte-
like cells from human induced pluripotent stem cells, Cell Res. 19 (2009)
1233-1242.

[16] G.J. Sullivan, D.C. Hay, LH. Park, J. Fletcher, Z. Hannoun, C.M. Payne, D. Dalgetty,
J.R. Black, J.A. Ross, K. Samuel, G. Wang, G.Q. Daley, J.H. Lee, G.M. Church, SJ.
Forbes, ].P. Iredale, I. Wilmut, Generation of functional human hepatic
endoderm from human induced pluripotent stem cells, Hepatology 51
(2010) 329-335,

[17] K. Takayama, M. Inamura, K. Kawabata, K. Tashiro, K. Katayama, F. Sakurai, T.
Hayakawa, M.K. Furue, H. Mizuguchi, Efficient and directive generation of two
distinct endoderm lineages from human ESCs and iPSCs by differentiation
stage-specific SOX17 transduction, PLoS One 6 (2011) e21780.

[18] M. Inamura, K. Kawabata, K. Takayama, K. Tashiro, F. Sakurai, K. Katayama, M.
Toyoda, H. Akutsu, Y. Miyagawa, H. Okita, N. Kiyokawa, A. Umezawa, T.
Hayakawa, M.K. Furue, H. Mizuguchi, Efficient generation of hepatoblasts from
human ES cells and iPS cells by transient over-expression of homeobox gene
HEX, Mol. Ther. 19 (2011) 400-407.

[19] K. Takayama, M. Inamura, K. Kawabata, K. Katayama, M. Higuchi, K. Tashiro, A.
Nonaka, F. Sakurai, T. Hayakawa, M.K. Furue, H. Mizuguchi, Efficient
generation of functional hepatocytes from human embryonic stem cells and
induced pluripotent stem cells by HNF4a transduction, Mol. Ther. (in press).

[20] H. Makino, M. Toyoda, K. Matsumeto, H. Saito, K. Nishino, Y. Fukawatase, M.
Machida, H. Akutsu, T. Uyama, Y. Miyagawa, H. Okita, N. Kiyokawa, T. Fujino, Y.
Ishikawa, T. Nakamura, A. Umezawa, Mesenchymal to embryonic incomplete
transition of human cells by chimeric OCT4/3 (POUSF1) with physiological co~
activator EWS, Exp. Cell Res. 315 (2009) 2727-2740.

{21] S. Nagata, M. Toyoda, S. Yamaguchi, K. Hirano, H. Makmo, K. Nishino, Y.
Miyagawa, H. Okita, N. Kiyokawa, M. Nakagawa, S. Yamanaka, H. Akutsu, A.
Umezawa, T. Tada, Efficient reprogramming of human and mouse primary
extra-embryonic cells to pluripotent stem cells, Genes Cells 14 (2009) 1395~
1404.

[22} MK. Furue, J. Na, ].P. Jackson, T. Okamoto, M. Jones, D. Baker, R. Hata, H.D.
Moore, ].D. Sato, PW. Andrews, Heparin promotes the growth of human
embryonic stem cells in a defined serum-free medium, Proc. Natl. Acad. Sci.
USA 105 (2008) 13409-13414. ‘

[23] H. Tani, Y. Komoda, E. Matsuo, K. Suzuki, {. Hamamoto, T. Yamashita, K.
Moriishi, K. Fujiyama, T. Kanto, N. Hayashi, A. Owsianka, A.H. Patel, M.A. Whitt,
Y. Matsuura, Replication-competent recombinant vesicular stomatitis virus
encoding hepatitis C virus envelope proteins, J. Virol. 81 (9) (2007) 8601~
8612. .

[24] T. Yoshida, M. Kondoh, M. Ojima, H. Mizuguchi, Y. Yamagishi, N. Sakamoto, K.
Yagi, Adenovirus vector-mediated assay system for hepatitis C virus
replication, Nucleic Acids Res. 39 (2011) e64.

[25] H. Mizuguchi, T. Hayakawa, Characteristics of adenovirus-mediated
tetracycline-controllable expression system, Biochim. Biophys. Acta 1568
(2002) 21-29.

[26] H. Mizuguchi, M.A. Kay, Efficient construction of a recombinant adenovirus
vector by an improved in vitro ligation method, Hum. Gene Ther. 9 (1998)
2577-2583.

[27] N.C. Besnard, P.M. Andre, Automated quantitative determination of hepatitis C
virus viremia by reverse transcription-PCR, J. Clin. Microbiol. 32 (1994) 1887~
1893.

[28] F. Komurian-Pradel, M. Perret, B. Deiman, M. Sodoyer, V. Lotteau, G. Paranhos-
Baccala, P. Andre, Strand specific quantitative real-time PCR to study
replication of hepatitis C virus genome, J. Virol. Methods 116 (2004) 103-106.

{29] M.B. Zeisel, I. Fofana, S. Fafi-Kremer, T.F. Baumert, Hepatitis C virus entry into
hepatocytes: molecular mechanisims and targets for antiviral therapies, J.
Hepatol. 54 (2011) 566-576.

{30] K. Moriishi, Y. Matsuura, Evaluation systems for anti-HCV drugs, Adv. Drug
Deliv. Rev. 59 (2007) 1213-1221.

[31] M. Ek, T. Soderdahi, B. Kuppers-Munther, }. Edsbagge, T.B. Andersson, P.
Bjorquist, I. Cotgreave, B. Jernstrom, M. Ingelman-Sundberg, 1. Johansson,
Expression of drug metabolizing enzymes in hepatocyte-like cells derived
from human embryonic stem cells, Biochem. Pharmacol. 74 (2007) 496-
503.

{32} M.A. Battle, G. Konopka, F. Parviz, AL. Gaggl, C. Yang, F.M. Sladek, S.A. Duncan,
Hepatocyte nuclear factor 4alpha orchestrates expression of cell adhesion
proteins during the epithelial transformation of the developing liver, Proc.
Natl. Acad. Sci. USA 103 (2006) 8419-8424.

[33] L. Malerod, M. Sporstol, LK. ]uvet A. Mousavi, T. Gjoen, T. Berg, Hepatlc
scavenger receptor class B, type 1 is stimulated by peroxisome proliferator-



124 T. Yoshida et al./ Biochemical and Biophysical Research Communications 416 (2011) 119-124

activated receptor gamma and hepatocyte nuclear factor 4alpha, Biochem. [35] N.Kim, H. Kim, L Jung, Y. Kim, D. Kim, Y.M, Han, Expression profiles of miRNAs
Biophys. Res. Commun. 305 (2003) 557-565. in human embryonic stem cells during hepatocyte differentiation, Hepatol.
[34] M. Lagos-Quintana, R. Rauhut, A. Yalcin, J. Meyer, W. Lendeckel, T. Tuschl, Res. 41 (2011) 170-183. g

Identification of tissue-specific microRNAs from mouse, Curr. Biol. 12 (2002) [36] L. Gravitz, A. Smouldering, Public-health crisis, Nature 474 (2011) $2-54.
735-739.



Virus Research 165 (2012) 214-218

Contents lists available at SciVerse ScienceDirect

Virus Research

~;§ M’ Y !{:'if{

journal homepage: www.eisevier.com/locate/virusres

Short commumcanon

Suppressmn of hepatitis C virus rephcon by adenovirus vector- medlated
expressmn of tough decoy RNA against miR-122a

Fuminori S'akuraia Norihisa Furukawa®, Maiko Higuchi®, Sayuri Okamoto?, Kaori Ono?,
Takeshi Yoshida®, Masuo Kondoh¢, Kiyohito Yagi®, Naoya Sakamoto9, Kazufumi Katayamaa.
Hiroyuki Mizuguchi®b.e*

2 Laboratory of Biochemistry and Molecular Biology, Graduate School of Pharmaceutical Sciences, Osaka University, Osaka, Japan
b Laboratory of Stem cell Regulation, National Institute of Biomedical Innovation, Osaka, Japan

¢ Laboratory of Bio-functional Molecular Chemistry, Graduate School of Pharmaceutical Sciences, Osaka University, Osaka, ]apan
94 Department of Gastroenterology and Hepatology, Tokyo Medical and Dental University, Tokyo, Japan

¢ The Center for Advanced Medical Engineering and Informatics, Osaka University, Osaka, Japan

ARTICLE INFO ABSTRACT

Article history: . Recent studies have demonstrated that the liver-specific microRNA (miRNA) miR-122a plays an impor-
Received 5 December 2011 _ tant role in the replication of hepatitis C virus (HCV). Antisense nucleotides against miR-122a, including
Received in revised form 27 January 2012 locked nucleic acid (LNA), have shown promising results for suppression of HCV replication; however,
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‘a liver-specific delivery system of antisense nucleotides has not been fully developed. In this study, an
adenovirus (Ad) vector that expresses tough decoy (TuD)-RNA against miR-122a (TuD-122a) was devel-
oped to suppress the HCV replication in the liver hepatocytes. Ad vectors have been well established to
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i?;‘::gfi‘s vector exhibit a marked hepatotropism following systemic administration. An in vitro reporter gene expression
Tough decoy RNA assay demonstrated that Ad vector-mediated expression of TuD-122a efficiently biocked the miR-122a
miR-122a in Huh-7 cells. Furthermore, transduction with the Ad vector expressing TuD-122a in HCV replicon-
Hepatitis C virus expressing cells resulted in significant reduction in the HCV replicon levels. These results indicate that
microRNA Ad vector-mediated expression of TuD-122a would be a promising tool for treatment of HCV infection.

© 2012 Elsevier B.V: All rights reserved.

Hepatitis C virus (HCV) is a hepatotropic human virus belong-
ing to a member of the family Flaviviridae and possessing a 9.6-kb
positive-sense RNA genome. HCV infection causes chronic hepatic
inflammation-and fibrosis, leading to hepatocellular: carcinoma
(Hoofnagle, 2002). Currently, 170 million people worldwide are
infected with HCV, and suffering from or at risk for the diseases
described above. In order to'suppress the replication of HCV, PEGy-
lated interferon alpha and ribavirin, which is a nucleotide analogue,
have been used as standard-of-care therapy; however, the ther-
apeutic efficiency has been limited, in spite of relatively severe
side effects, including fever and malaise (Chisari, 2005; Feld and
Hoofnagle, 2005). Another therapeutic strategy should be devel-
oped to efficiently suppress the HCV infection and HCV-caused
diseases.

Among several host factors involved in HCV infection, the
abundant liver-specific microRNA (miRNA), miR-122a has been
demonstrated to be crucial for efficient replication and/or
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translation of the HCV genome (Henke et al., 2008; Jopling et al.,
2005; Randall et al., 2007). The HCV genome has two closely spaced
miR-122a-binding sites in the 5'-untranslated region (UTR), which
contains overlapping cis-acting signals involved'in translation and
RNA synthesis (Jopling et al., 2005). Although the mechanism of
the miR-122a-mediated enhancement of HCV replication is con-
troversial (Henke et al., 2008; Jopling et al., 2005; Machlin et al.,
2011; Roberts et al., 2011; Wilson et al., 2011), antisense oligonu-
cleotides complementary to miR-122a, including locked nucleic
acid (LNA) oligonucleotides, have been shown to significantly
inhibit miR-122a and reduce the HCV genome, and thereby to
exhibit superior therapeutic effects (Henke et al., 2008; jopling
etal., 2005; Krutzfeldt et al., 2005; Lanford et al.,, 2010). Intravenous
administration of LNA oligonucleotides against miR-122a into HCV-
infected chimpanzees resulted in the long-lasting suppression of
HCV viremia without viral resistance or severe side effects (Lanford
et al., 2010).In addition, the 5’-UTR of the HCV genome is composed
of highly conserved structural domains, suggesting that a mutant
lacking the miR-122a-binding sites in the genome is unlikely to
appear. These results indicate that miR-122a is a promising target
for the treatment of HCV-related diseases; however, LNA oligonu-
cleotides accumulate in the kidney immediately after intravenous
administration and are excreted into the urine (Fluiter et al., 2003).
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Fig. 1. Structure of Ad vectors used in this study. The human U6 promoter-driven
TuD-RNA expression cassette was inserted into the El-deleted region of the Ad
vector genome. The CMV promoter-driven GFP expression cassette was inserted
into the E3-deleted region of the Ad vector genome.

Systems which efficiently deliver or express anti-miR-122a drugs
in the liver are necessary to efficiently treat HCV-related diseases.

Recently, tough decoy (TuD)-RNAs against miRNAs, which
efficiently and specifically inhibit miRNAs, were developed by
Haraguchi et al. (2009). TuD-RNAs are composed of two miRNA-
binding sequence (MBS) regions and two stem structures with
3-nucleotide linkers. The MBS in the TuD-RNA is considered to
tightly bind to miRNAs, leading to the inhibition of miRNAs.
The inhibition activity of the TuD-RNA against miRNAs is higher
than that of LNA oligonucleotides and miRNA sponges (Haraguchi
et al., 2009). Another advantage of the TuD-RNA is that it can
be expressed by viral and non-viral vectors. miRNAs can be
persistently suppressed by lentivirus vector- and retrovirus vector-
mediated expression of the TuD-RNA. Furthermore, liver-specific
expression of the TuD-RNA is thought to be achievable by an aden-
ovirus (Ad) vector and adeno-associated virus vector, because these
vectors can express transgenes in a liver-specific manner after sys-
temic administration. These properties of the TuD-RNA are highly
promising for inhibition of miR-122a in the liver and suppression
of HCV replication.

In the present study, we developed an Ad vector expressing the
TuD-RNA against miR-122a (TuD-122a) to efficiently inhibit miR-
122a and to suppress the HCV replication. Transduction with an
Ad vector expressing TuD-122a efficiently inhibited miR-122a in
vitro. In HCV replicon-expressing cells, HCV replicon levels were
significantly reduced by Ad vector-mediated TuD-122a expression.

First, in order to examine the transduction efficiencies of the Ad
vectors constructed in this study in the HCV replicon-expressing
cells, Huh-7.5.1 1bFeo cells, which is a genotype 1b HCV repli-
con cell line (Yokota et al.,, 2003), were transduced with an Ad
vector expressing TuD-122a (Ad-TuD-122a) or the control TuD-
RNA (Ad-TuD-NC). Ad-TuD-122a and Ad-TuD-NC were prepared
as described in Supplemental materials and methods. Structure
of Ad vectors used in this study is shown in Fig. 1. The ratio of
particles-to-biological titer was between 6 and 9 for each Ad vec-
tor used in this study. Both Ad-TuD-122a and Ad-TuD-NC carry
the TuD-RNA expression cassette and the green fluorescence pro-
tein (GFP) expression cassette in the El-deleted and E3-deleted
region, respectively (Fig. 1). Both Ad-TuD-NC and Ad-TuD-122a effi-
ciently transduced Huh-7.5.1 1bFeo cells (Fig. 2). More than 80%
of the cells were found to be GFP-positive following transduction
with Ad-TuD-122a and Ad-TuD-NC, respectively, at a multiplicity of
infection (MOI) of 100. The averages of GFP-positive cells following
transduction with Ad-TuD-NC were slightly higher than those with
Ad-TuD-122a; however, statistically significant differences were
not found for either group. Apparent cellular toxicity was not found
following transduction with Ad-TuD-122a or Ad-TuD-NC (data not
shown). These results indicate that Ad-TuD-122a and Ad-TuD-NC
efficiently transduce Huh-7.5.1 1bFeo cells. ,

Next, in order to examine the inhibitory effects of TuD-122a
expressed by the Ad vector on miR-122a, a reporter gene assay
using the miR-122a complementary sequence-encoded plasmid,
psiCheck-122aT, was performed in Huh-7 cells. Huh-7 cells endoge-
nously express a high level of miR-122a (Suzuki et al., 2008). Huh-7
cells were transduced with the Ad vectors at MOIs of 25 and 100
for 1.5 h. After a 24-h incubation, the cells were transfected with

- [ ae-tup-NC
[ Ac-Tub-1220

100~ NS
i -

2

&

2

k-]

@

&

5

R

X _

25 50 160
MOT

Fig. 2. Transduction efficiencies of Ad-TuD-122a and Ad-TuD-NCinHuh-7.5.1 1bFeo
cells. The cells were transduced with Ad-TuD-122a or Ad-TuD-NC at multiplicities of
infection (MOIs) of 25, 50, and 100 for 1.5 h. At 48 h after transduction, GFP expres-
sion was evaluated by flow cytometry. The data are expressed as the means=+S.D.
(n=3). The percentage of GFP-positive cells in the mock-transduced group was less
than 0.2%. N.S.: not significant.

psiCheck-2 or psiCheck-122aT. The renilla and firefly luciferase

expression was evaluated 48 h after transfection with the plasmid

DNA. psiCheck-122aT, plasmid DNA containing the two copies of
miR-122a complementary sequences in the 3’-UTR of the renilla
luciferase gene, was constructed by ligation of Notl/Xhol-digested
psiCheck-2 (Promega, Madison, WI) with the oligonucleotides
122aT-Fand 122aT-R. The sequences of the oligonucleotides 122aT-
F and 122aT-R are described in the Supplemental information. In
mock-transduced cells, the relative renilla luciferase expression
level by psiCheck-122aT was about 5-fold lower than that by the
control plasmid psiCheck-2, which does not possess miR-122a tar-
get sequences, due to the endogenous expression of miR-122a
in Huh-7 cells (Fig. 3). The renilla luciferase expression profiles
following transfection with psiCheck-122aT were similar in the
mock-transduced cells and Ad-TuD-NC-transduced cells, indicating
that expression of the control TuD-RNA does not inhibit the miR-
122a. Ad-TuD-122a did not alter the renilla luciferase expression
level by psiCheck-2; on the other hand, psiCheck-122aT-mediated
renilla luciferase expression was significantly restored by Ad-TuD-
122a. The cells transduced with Ad-TuD-122a exhibited 2.8-fold
and 3.5-fold higher renilla luciferase expression at MOIs of 25 and
100, respectively, than the mock-transduced cells following trans-
fection with psiCheck-122aT. These results indicate that miR-122a
is efficiently inhibited by Ad-TuD-122a. We also performed quan-
titative RT-PCR analysis for miR-122a following transduction with
Ad-TuD-122a and Ad-TuD-NC in Huh-7 cells. No significant differ-
ences in the miR-122a expression levels were found in the cells
transduced with Ad-TuD-122a and the cells transduced with Ad-
TuD-NC (data not shown), probably because TuD-RNA does not
induce degradation of miRNA, although TuD-RNA tightly binds to
the target miRNA (Haraguchi et al.,, 2009).

Next, in order to examine whether TuD-122a-mediated inhi-
bition of miR-122a suppresses the HCV replicon, Huh-7.5.1 1bFeo
cells were transduced with Ad-TuD-122a and Ad-TuD-NC at the
indicated MOIs. Huh-7.5.1 1bFeo cells express an mRNA consist-
ing of the HCV 5'-UTR and the upstream part of the core region,
connected in-frame with the firefly luciferase gene, which allows
the simple evaluation of the HCV replicon levels by measuring
the firefly luciferase activity in the cells (Yokota et al, 2003).
Huh-7.5.1 1bFeo cells were transduced with the Ad vectors at
MOIs of 25, 50, and 100 for 1.5h. After a total 48-h incubation,
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Fig. 3. Inhibition of miR-122a by Ad vector-meditated TuD-122a expression. (A) Structure of the reporter gene-expressing plasmids psiCheck-2 and psiCheck-122aT. (B
and C) Relative renilla luciferase expression levels foilowmg transduction with Ad-TuD-NC or Ad-TuD-122a at MOIs of 25 (B) and 100 (C). The data are expressed as the

meansS.D. (n=4).

firefly luciferase expression levels were determined. Ad-TuD-122a
significantly reduced the firefly luciferase expression levels in a
dose-dependent manner (Fig. 4a). The firefly luciferase expression
level was reduced to 29% of that in the cells transduced with Ad-
TuD-NC at MOI of 100 by transduction with Ad-TuD-122a at MOl
of 100. In contrast, no significant changes in the firefly luciferase
expression were found by transduction with Ad-TuD-NC.

To examine whether inhibition of miR-122a by Ad vector-
mediated TuD-122a expression leads to a reduction in HCV
replicon RNA levels, strand-specific real-time RT-PCR analysis was
performed to determine the HCV replicon. RNA levels. Briefly,
Huh-7.5.1 1bFeo cells were transduced with the Ad vectors as
described above, and the total RNA was isolated 48 h after trans-
duction. Real-time RT-PCR analysis for the HCV positive-strand RNA
genome was performed as follows. Briefly, 2 pg of total RNA was
reverse-transcribed to ¢cDNA using the primer specific for the HCV
positive-strand genome (RC21; 5/-ctc ccg ggg cac tcg caa ge-37).
Real-time RT-PCR was performed using the primers(RC21 and RC1;
5'-gtc tag ccatgg cgt tag ta-3') and SYBR Premix Ex Taq Il (Takara Bio
Inc., Kyoto, Japan). Similarly to the results for the firefly luciferase
expression in Fig. 4A, HCV replicon RNA levels were significantly
reduced by Ad-TuD-122a(Fig. 4B). There was an approximately 2.2~
fold decline in the HCV replicon RNA level in the cells transduced
with Ad-TuD-122a at an MOI of 100, compared with the HCV repli-
con RNA level in the cells transduced with Ad-TuD-NC at an MOI
of 100, Ad-TuD-NC did not apparently decrease the HCV replicon
RNA levels. These results indicate that the inhibition of miR-122a
by Ad vector-mediated TuD-122a expression efficiently suppresses
the replication of the HCV replicon.

The present study demonstrates that Ad vector—medlated TuD-
122a expression significantly inhibits the function of miR-122a and

replication of the HCV replicon. Rephcatmn of the HCV genome is
promoted by thedirectinteraction betweenmiR-122a and the com-
plementary sequences in the 5-UTR of the HCV genome (Henke
et al, 2008; jangra et al., 2010), indicating that sequestration of
miR-122a leads to suppression of the HCV rephcatxon I order to
suppress the HCV replicon by inhibiting miR-122a, TuD-RNA was
selected as an’inhibitor of miRNA in this study, because TuD-RNA
potently inhibits miRNA by strongly binding to miRNA (Haraguchi
et al, 2009). In addition, TuD-RNA can be expressed by conven-
tional gene delivery vectors, including virus vectors. One drawback
of TuD-RNA is that TuD-RNA does not discriminate miRNA mem-
bers that belong to the same miRNA family (Haraguchi et al., 2009);
however, miR-122a does not constitute a family of miRNA, suggest-
ing that TuD-122a would not inhibit other miRNAs.

As described above, an Ad vector is suitable for liver-specific
expression of TuD-RNA due to the strong hepatotropism. Previ-
ous studies demonstrated that Ad vectors expressing short-hairpin
RNA (shRNA) or antisense RNA against the HCV genome success-
fully exhibited the suppressive effects on HCV infection in vivo
(Gonzalez-Carmona et al., 2011; Sakamoto et al., 2008). Another
advantage of using an Ad vector for treatment of HCV-related
diseases is that in vivo administration of an Ad vector induces
type I interferon (IFN) production via innate immune responses
(Huarte et al, 2006; Zhu et al, 2007). Our group previously
demonstrated’ that VA-RNA, which is a small non-coding RNA
expressed from a replication-incompetent Ad vector as well as
wild-type Ad, stimulates type I IFN production in’ an IFN-§ pro-
moter stimulator-1 (IPS-1 )-dependent manner (Yamaguchi et al,,
2010). Ad vector-induced type I IFN would contribute to suppres-
sion of HCV infection: The anti-HCV activity of Ad-TuD-122a can
also be up-regulated by insertion of an expression cassette of an
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Fig. 4. Suppression of the HCV replicon by Ad vector-mediated TuD-122a expres-
sion. (A) Firefly luciferase expression levels and (B) HCV replicon RNA levels in
Huh-7.5.1 1bFeo cells following transduction with the Ad vectors, All the data are
shown as the means +S.D, (n=3). N.5.: not significant. *P< 0.05, **P<0.005 between
mock-transduced cells and cells transduced with Ad-TuD-122a.

anti-HCV gene, including type I IFN genes and short-hairpin RNA
(shRNA) or antisense RNA against the HCV genome, into the Ad vec-
tor genome. Our group has developed various types of Ad vectors in
which two or three transgene expression cassettes can be inserted
into a single Ad vector genome (Mizuguchi et al., 2001, 2005, 2003 ).

Previous studies have demonstrated that lipid droplets, which
are lipid-storage intracellular organelles, are crucial for the pro-
duction of infectious HCV particles (Hinson and Cresswell, 2009;
Mivanari et al., 2007). Miyanari et al. demonstrated that HCV cap-
sid proteins recruit the non-structural proteins and the replication
complex to the lipid droplet-associated membrane (Miyanari et al.,
2007). miR-122a is an important factor that regulates cholesterol
and fatty-acid metabolism in the hepatocytes (Esau et al., 2006;
lliopoulos et al., 2010). Intravenous administration of the anti-
sense oligonucleotide against miR-122a resulted in a reduction
in the plasma levels of cholesterol and triglycerides (Esau et al.,
2006; Lanford et al., 2010). In addition to the enhancement of
accumulation and translation of the HCV genome, miR-122a might
up-regulate HCV infection by regulating lipid metabolism in the
hepatocytes. .

Almost similar levels of reduction in the HCV replicon RNA
copy numbers were found for Ad-TuD-122a at MOIs of 25, 50,
and 100, although there was dose-dependent reduction in the
firefly luciferase expression following transduction with Ad-TuD-
122a. It remains unclear why dose-dependent reduction in the
HCV replicon RNA copy numbers was not found, however, miR-
122a plays a crucial role in the enhancement of both translation
and stability of HCV genome (Henke et al., 2008; Jopling et al.,
2005:; Randall et al,, 2007; Shimakami et al, 2012). Stability of
HCV genome might be more susceptible to inhibition of miR-122a
than translation. The averages of HCV replicon RNA levels were
also reduced following transduction with Ad-TuD-NC, although

statistically significant differences were not found, compared with
the mock-transduced cells. Replication-incompetent Ad vectors
express non-coding small RNA (VA-RNA), which forms RNA-
induced silencing complex (RISC) with argonaute 2 {Ago2) (Xu
et al., 2007). Ago2 is an important factor for miRNA processing
(Diederichs and Haber, 2007). Processing of miR-122a might be
slightly disturbed by Ad vector-expressed VA-RNA, leading to the
reduction in the HCV replicon RNA levels.

In sumimary, we efficiently suppressed the HCV replicon levels
by Ad vector-mediated expression of TuD-122a, which blocks the
function of miR-122a. This study indicates that Ad vector-mediated
expression of TuD-122a in liver hepatocytes would offer an alter-
native approach for the treatment of HCV infection.
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