shRNA adenovirus inhibits HCV in vivo

Real-time RT-PCR analysis

Total cellular RNA was extracted from cultured cells or liver tissue
using ISOGEN (Nippon Gene, Tokyo, Japan). Total cellular RNA
(2 pg) was used to generate cDNA from each sample using the
SuperSeript 11 reverse-transcriptase (Invitrogen). The mRNA
expression levels were measured using the Light Cycler PCR and
detection system (Roche, Mannheim, Germany) and Light Cycler
Fast Start DNA Master SYBR Green 1 mix (Roche).

Luciferase assays

Luciferase activity was measured using a luminometer, Lumat
LB9501 (Promega) and the Bright-Glo Luciferase Assay System
(Promega) or the Dual-Luciferase Reporter Assay System
(Promega).

Northern and western hybridization

Total cellular RNA was separated by denaturing agarose-
formaldehyde gel electrophoresis, and transferred to a nylon mem-
brane. The membrane was hybridized with a digoxigenin-labeled
probe specific for the full-length replicon sequence, and subse-
quently with a probe specific for beta-actin. The signals were
detected by chemiluminescence reaction using a Digoxigenin
Luminescent Detection Kit (Roche), and visualized by Fluoro-
Imager (Roche). For the western blotting, 10 pg of total cell lysate
was separated on NuPAGE 4.12% Bis-TrisGel (Invitrogen), and
blotted onto an Immobilon PYDF Membrane (Roche). The mem-
brane was incubated with monoclonal antibodies specific for
HCV-NS5A (BioDesign, Saco, ME, USA), NS4A (Virogen,
Watertown, MA, USA), or beta-actin (Sigma), and detected by a
chemiluminescence reaction (BM Chemiluminescence Blotting
Substrate; POD, Roche).

Transient-replication assays

Acreplicon, pRep-Fluc, was transfected into cells and the luciferase
activities of the cell lysates were measured serially. To correct the
transfection efficiency, each value was divided by the luciferase
activity at 4 h after the transfection.

Stable colony formation assays

Cells were transfected with a replicon, pRep-BSD, and were cul-
tured in the presence of 150 pg/mL of BSD (Invitrogen). BSD-
resistant cell colonies appeared after —3 weeks of culture, and were
counted.

HCV-JFH1 virus cell culture

An in-vitro transcribed HCV-JFH1 RNA™ was transfected into
Huh7.5.1 cells.”” Naive Huh7.5.1 cells were subsequently infected
by the culture supernatant of the JFH1-RNA transfected Huh-7.5.1
cells, and subjected to siRNA or drug treatments. Replication
levels of HCV-RNA were quantified by the realtime RT-PCR by
using primers that targeted HCV-NS5B region, HCV-JFHI sense:
5-TCA GAC AGA GCC TGA GTC CA-3’, and HCV-JFHI anti-
sense: 5-AGT TGC TGG AGG GCT TCT GA-3".
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Mice and adenovirus infection

Transgenic mice. CN2-29, inducibly express mRNA for the HCV
structural proteins (genotypelb, nucleotides 294-3435) by the
CrelloxP switching system.™ The transgene does not contain full-
length HCV 5°-UTR. but shares the target sequence of the shRNA-
HCV. Although the transgenic mouse CN2 has been previously
reported as expressing higher levels of the viral proteins, the
expression levels of the viral core protein in the CN2-29 mice are
modest and similar to that in the liver of HCV patients, Thus, we
chose CN2-29 mice in the present study.

The mice were infected with AxshRNA-HCV or controls
(AxshRNA-Control or AxCAw1) in combination with AxCAN-
Cre, which expressed Cre recombinase. Three days after the
infection, the mice were killed and HCV core protein in the liver
was measured as described below. The BALB/c mice were
maintained in the Animal Care Facility of Tokyo Medial and
Dental University, and transgenic mice were in the Tokyo Met-
ropolitan Institute of Medical Science. Animal care was in accor-
dance with institutional guidelines. The review board of the
university approved our experimental animal studies and all
experiments were approved by the institutional animal study
committees,

Measurement of HCV core protein in
mouse liver

The amounts of HCV core protein in the liver tissue from the mice
was measured by a fluorescence enzyme immunoassay (FEIA)™
with a slight modification. Briefly, the 5F11 monoclonal anti-
HCV-core antibody was used as the first antibody on the solid
phase, and the SE3 antibody conjugated with horseradish peroxi-
dase was the second antibody. This FEIA can detect as little as
4 pg/mL of recombinant HCV-core protein. Contents of the HCV
core protein in the liver samples were normalized by the total
protein contents and expressed as pg/mg total protein.

Immunohistochemical staining

Liver tissue was frozen with optimal cutting temperature (OTC)
compound (Tissue Tek; Sakura Finetechnical, Tokyo, Japan).
The sections (8 um thick) were fixed with a 1:1 solution of
acetone : methanol at —20°C for |0 min and then washed with
phosphate-buffered saline (PBS). Subsequently, the sections were
incubated with the IgG fraction of an anti-HCV core rabbit poly-
clonal antibody (RR8)™ in blocking buffer or antialbumin rabbit
polyclonal antibody (Dako Cytomation, Glostrup, Denmark) in
PBS overnight at 4°C. The sections were incubated with secondary
antibody, Alexa-antirabbit 1gG (Invitrogen) or TRITIC-antirabbit
IgG (Sigma), for 2h at room temperature. Fluorescence was
observed using a fluorescence microscope,

Statistical analyses

Statistical analyses were performed using Student’s r-test;
P-values of less than 0.05 were considered to be statistically
significant.
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Retrovirus transduction of shRNA can protect
from HCV replication

Retrovirus vectors propagated from pLNCshRNA-HCV and
pLNCshRNA-Control were used to infect Huh7 cells, and cell
lines were established that constitutively express shRNA-HCV
and shRNA-Control (Huh7/shRNA-HCV and Huh7/shRNA-
Control, respectively). There were no differences in the cell
morphology or growth rate between shRNA-transduced and non-
transduced Huh7 cells (data not shown). The HCV replicon,
pRep-Fluc, was transfected into Huh7/shRNA-HCV, Huh7/
shRNA-Control and naive Huh7 cells by electroporation. In Huh7/
shRNA-Control and naive Huh7 cells, the initial luciferase activity
at 4 h decreased temporarily, which represenis decay of the trans-
fected replicon RNA, but increased again at 48 h and 72 h, which
demonstrate de novo synthesis of the HCV replicon RNA. In
contrast, transfection into Huh7/shRNA-HCV cells resulted in a
decrease in the initial luciferase activity, reaching background by
72 h (Fig. 3a). Similarly, transfection of the replicon, pRep-BSD,
into Huh7 cells and BSD selection yielded numerous BSD-
resistant colonies in the naive Huh7 (832 colonies) and Huh7/
shRNA-Control cell lines (740 colonies), while transfection of
Huh7/shRNA-HCYV, which expressed shRNA-HCYV, yielded obvi-
ously fewer colonies (five colonies), indicating reduction of
colony forming units by 107 (Fig. 3b). There was no difference in
shape. growth or viability between cells expressing the shRNA or
not. These results indicated that cells expressing HCV-directed
shRNA following retrovirus transduction acquired resistance o
HCV replication.

Effect of recombinant adenoviruses expressing
shRNA on in vitro HCV replication

We investigated subsequently the effects of recombinant adenovi-
rus vectors expressing shRNA. AxshRNA-HCV and AxshRNA-
Control were used separately to infect Huh7/pRep-Feo cells, and
the internal luciferase activities were measured sequentially
(Fig. 4a). AxshRNA-HCV caused continuous suppression of HCV
RNA replication. Six days postinfection, the luciferase activities
fell to background levels. In contrast, the luciferase activities of the
Huh7/pRep-Feo cells infected with AxshRNA-Control did not
show any significant changes compared with untreated Huh7/
pRep-Feo cells (Fig. 4a). The dimethylthiazol carboxymethox-
yphenyl sulfophenyl tetrazolium (MTS) assay showed no
significant difference between cells that were infected by recom-
binant adenovirus and uninfected cells (Fig. 4b). In the northern
blotting analysis, the cells were harvested 6 days after infection
with the adenovirus at an MOI of 1. Feo-replicon RNA of 9.6 kb,
which was detectable in the untreated Huh7/pRep-Feo cells and in
the cells infected with AxshRNA-Control, diminished substan-
tially following infection with the AxshRNA-HCV (Fig. 4¢). Den-
sitometries showed that the intracellular levels of the replicon
RNA in the Huh7/pRep-Feo cells correlated well with the internal
luciferase activities. Similarly in the western blotting, cells were
harvested 6 days after infection with adenovirus. Levels of the
HCV NS4A and NS5A proteins that were translated from the HCV
replicon decreased following infection with the AxshRNA-HCV
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Figure 3 HCV replication can be inhibited by shRNA-HCV which was
stably ransfected into cells. Huh7/shANA-HCV and Huh7/shRNA-
Coantrol stably express shANA-HCV or shANA-Contral, respectively, fol-
lowing retroviral duction. (a) Ti replication assay. An HCV
replicon ANA, pRep-Fluc, was transfected into naive Huh7, Huh7/
shRANA-HCV and Huh7/shRNA-Control cells. Luciferase activities of the
cell lysates were measured serially at the tmes indicated, and
the values were plotted as ratios relative to luciferase activities at 4 h,
The luciterase activities at 4 h represent transfected replicon RNA, The
data are mean = SD. An asterisk denctes a Pvalue of less than 0.001
compared with the corresponding value of the naive Huh? cells, (bl
Stable colony formation assay. The HCV replicon, pRep-BSD, was trans-
fected into naive Huh7, Huh7/shRNA-HCV and Huh7/shRNA-Control
cells. The cells were cultured in the presence of blasticidin S (BSD) in
the medium for -3 weeks, and the BSD-resistant colonies were
counted. These assays were repeated twice. The colony-forming units
per microgram ANA (CFU/ug RNA) are shown at the bottom.

(Fig. 4d). These results indicated that the decrease in luciferase
activities was due 1o specific suppressive effects of shRNA on
expression of HCV genomic RNA and the viral proteins, and not
due to non-specific effects caused by the delivery of shRNA or to
toxicity of the adenovirus vectors,

Absence of interferon-stimulated gene
responses by siRNA delivery

It has been reported that double-stranded RNA may induce
interferon-stimulated gene (ISG) responses which cause instahility
of mRNA, translational suppression of proteins and apoplotic cell
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death."***! Therefore, we examined the effects of the shRNA- with plasmid pUC19-shRNA-HCV or pUC19-shRNA-Control, or
expressing plasmids and adenoviruses on the activation of ISG adenovirus, AxshRNA-HCV or AxshRNA-Control, and the ISRE-
expression in cells. The ISRE-reponer plasmid, pISRE-TA-Luc, mediated luciferase activities were measured. On day 2, the ISRE-
and a control plasmid, peGFPneo, were transfected into Huh7 cells luciferase activities did not significantly change in cells in which
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Figure 4 Effect of a recombinant adenavirus expressing shANA on HCV replicon. (8) Huh7/pRep-Feo cells were infected with AxshRNA-HCV or
shRNA-Control at a multiplicity of infection (MOI) of 1. The cells were harvested, and internal luciferase activities were measured on day 0 though
day 9 after adenovirus infection. Each assay was done in triplicate, and the value is displayed as a percentage of no treatment and as mean = SD
An astensk indicates a Pvalue of less than 0.05. b Dimethyithiazol carboxymethoxyphenyl sulfophanyl tetrazolium (MTS) assay of Huh7/pRep-Feo
cells. Cells ware infected with indicated recombinant adenoviruses at an MOI of 1, The assay was done at day 6 of infection_ Errof bars indicate mean
+ SD. (c) Northern blotting. The upper panel shows replicon RNA, and the lower panel shows beta-actin mRANA. (d) Western blotting. Total cell lysates
ware separated on NuPAGE gel, blotted and incubated with monocional anti-NS4A or anti-NS5A antibodies. The membrane was re-blotted with
antibeta-actin antibodies, NT, untreated Huh7/pRep-Feo cells; Control, cells infected with AxshANA-Control, HCV, cells treated with AxshRNA-HCV.

In panels (b} and (c), cells were harvested on day & after adenovirus infection at an MOI of 1
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Figure5 Interferon-stimulated gene responses by transfection of
siANA vectors. (al Huh7 cells were seeded a1 5 x 10° per well in 24-well
plates on the day before transfection. As a positive control, 200 ng of
pISRE-TA-Luc, or pTA-Luc, 1 ng of pRL-CMV, were transfected into a
well using FUGENE-G Transtecnon Reagent (Rochel, and the cells were
cultured with 1 U/mL of interferon (IFN) in the medium (lane 1). Lanes
3-5: 200 ng of pISRE-TA-Luc or pTA-Luc, and 1 ng of pRL-CMV were
cotransfected with {lane2) 300 ng of poly (I : C}, or 200 ng of plasmids
{lane 3} pcDNA3J.1, (lane 4) pUC19-shANA-Control or {lane 5) pUC19-
shRNA-HCV. Lanes 6-8: 200 ng of pISRE-TA-Luc or pTA-Luc, and 1 ng of
pRL-CMV were tansfected, and MOl =1 of adenoviruses, (lane 6)
AxlLacZ, which exp d the beta-gal LacZ) gene under
control of the chicken beta-actin (CAG) promoter as a control, {lane 7)
AxshRNA-Control oc (lane B) AxshRMA-HCV were infected. Dual
luciferase assays were performed at 48 h after transfection. The Fluc
activity of each sample was normalized by the respective Rluc actvity,
and the respective pTA lucilerase activity was subtracted from the
pISRE luciferase activity. The expeniment was done in triplicate, and the
data are displayed as means + SD. (b) Huh7 cells were infected with
indicated recombinant adenoviruses, AxLacZ, AxshRNA-Control and
AxshRNA-HCV. RNA was extracted from each sample at day 6, and
mANA expression levels of an imerferon-inducible MxA protein were
quantified by the real-time RT-PCR analysis. Primers used were as
follows: human MxA sense, 5-CGA GGG AGA CAG GAC CAT CG-3;
human MxA antisense, 5-TCT ATC AGG AAG AAC ATT TT-3"; human
beta-actin sense, 5-ACA ATG AAG ATC AAG ATC ATT GCT CCT CCT-3";
and human beta-actin antisense, 5-TTT GCG GTG GAC GAT GGA GGG
GCC GGA CTC3

e h

negative- or positive-control shRNA plasmids was transfected.
(Fig. 5a). Similarly, the expression levels of an interferon-
inducible MxA protein did not significantly change by transfection
of shRNA-expression vectors (Fig. 5b). These results demonstrate
that the shRNA used in the present study lack induction of the ISG
responses both in the form of the expression plasmids and the
adenovirus vectors.

Effect of siRNA and shRNA adenoviruses on
HCV-JFH1 cell culture

The effects of HCV-targeted siRNA- and shRNA-expressing
adenoviruses were confirmed by using HCV-JFH1 virus cell
culture system. Transfection of the siRNA #331" into HCV-
infected Huh7.5.1 cells resulted in substantial decrease of intra-
cellular HCV RNA, while a control siRNA showed no effect
(Fig. 6a). Similarly, infection of AxshRNA-HCV into Huh7.5.1/
HCV-JFHI cells specifically suppressed expression of HCV
RNA (Fig. 6b).
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Figure 8 Effects of an siRNA and adenovirus expressing shRNA on
HCV-JFH1 cell culture. (al The siRNA #331, the siRNA-Control', (bl
AxshRNA-HCV or AxshRNA-Control were, respectively, transfected or
infected onto HV-JFH1-infected Huh7.5.1 cells. Seventy-two hours of
the transfecton or infection, expression level of HCV-RNA was quanti-
fied by real-time RT-PCR. The assays were repeatad twice, and consis-
tent results were obtained. IFN, recombinant interferon-aipha 2b.

Suppression of HCV-IRES-mediated translation
in vivo by adenovirus expressing shRNA

The effects of the shRNA expression on the expression of the viral
structural proteins in vive were investigated using conditional
HCV  c¢DNA-transgenic mice, CN2-29.*  Adenoviruses,
AxshRNA-HCV. AxshRNA-Control or AxCAw1 were injected
into CN2-29 mice in combination with AXCANCre, an adenovirus
expressing Cre DNA recombinase. The mice were killed on
the fourth day after the injection, and the hepatic expression of
the HCV core protein was measured. The expressed amounts
of the core protein were 143.0 = 56.2pg/mg and 108.5 =
424 pg/mg in AxCAwl and AxshRNA-Control-infected mice,
respectively, and the expressed amount was significantly lower in
mice injected with AxshRNA-HCV (28.7 = 7.0 pg/mg, P <0.05,
Fig. 7a). Similarly, the induced expression of HCV core protein
was not detectable by immunohistochemistry in AxshRNA-HCV
infected liver tissue (Fig. 7c). Staining of a host cellular protein,
albumin, was not obviously different between the liver infected
with AXCAw 1, AxshRNA-HCV and AxshRNA-Control (Fig. 7d).
The expression levels of two ISG, IFN-beta and Mx1, in the liver
tissue were not significantly different between individuals with
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and without injection of the adenovirus vectors (Fig. 7b). These
results indicate specific shRNA silencing of HCV structural
protein expression in the liver.

Discussion

The requirements to achieve a high efficiency using RNAI are: (i)
selection of target sequences that are the most susceptible to
RNAI; (ii) persistence of siRNA activity; and (iii) efficient in vivo
delivery of siRNA 10 cells. We have used an shRNA sequence that
was derived from a highly efficient siRNA (siRNA331), and con-
structed a DNA-based shRNA expression cassette that showed
competitive effects with the synthetic siRNA (Fig. 2).* The
shRNA-expression cassette does not only allow extended half-life
of the RNAI, but also enables use of gene-delivery vectors, such as
virus vectors. As shown in the results, a retrovirus vector express-
ing shRNA-HCV could stably transduce cells 1o express HCV-
directed shRNA, and the cells acquired protection against HCV
subgenomic replication (Fig. 3). An adenovirus vector expressing
shRNA-HCV resulted in suppression of HCV subgenomic and
protein expression by around three logs to almost background
levels (Fig. 4). Consistent results were obtained by using an HCV
cell culture (Fig. 6). More importantly, we have demonstrated
in-vive effects on viral protein expression in the liver using a
conditional transgenic mouse model (Fig. 7). These results suggest
that efficient delivery of siRNA could be effective against HCV
infection in vivo.

An obstacle 1o applying siRNA technology to treat virus infec-
tions is that viruses are prone to mutate during their replication.”
HCV continuously produces mutated viral strains to escape
immune defense mechanisms. Even in a single patient, the circu-
lating HCV population comprises a large number of closely related
HCV sequence variants called quasispecies. Therefore, siRNA
targeting the protein-coding sequence of the HCV genome, which
have been reported by others,'*" may vary considerably among
different HCV genotypes, and even among strains of the same
genotype.™ Our shRNA sequence targeted the 5-UTR of HCV
RNA, which is the most conserved region among various HCV
isolates.”* In addition, the structural constraints on the 5-UTR, in
terms of its requirement to direct internal ribosome entry and
translation of viral proteins, might not permit the evolution of
escape mutations. Our preliminary results have shown that the
siRNA-HCV suppressed replication of an HCV genotype 2a
replicon™ to the same extent as the HCV 1b replicon.

Although the siRNA techniques rely on a high degree of speci-
ficity, several studies report siRNA-induced non-specific effect
that may result from induction of ISG responses."™"! These effects
may be mediated by activation of double-strand RNA-dependent
protein kinase, toll-like receptor 3. or possibly by a recently
identified RNA helicase, RIG-1." It remains to be determined
whether these effects are generally induced by every siRNA con-
struct. Sledz er al. have reported that transfection of two siRNA
induced cellular interferon respanses,” while Bridge et al. report
that shRNA-expressing plasmids induced an interferon response
but transfection of synthetic siRNA did not." Speculatively, these
effects on the interferon system might be construct dependent. Our
shRNA-expression plasmids and adenoviruses did not activate
ISG responses in vitro (Fig. 5ab) or in vive (Fig. 7b). We have
preliminarily detected phosphorylated PKR (P-PKR) by western
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blotting. and found no apparent increase of P-PKR (data not that suppresses translational initiation of mRNA.™ or it could
shown). These results indicate that these largel sequences and mediate transcriptional gene silencing.™ Regarding our in-vivo
structures are of sufficient specificity to silence the target gene experiments, it was difficult to differentially analyze the effect of
without eliciting non-specific interferon responses siRNA al individual sites of action because posi-translational

Beside the canonical action of siRNA, a sequence-specific effect of siRNA concomitantly destabilizes target mRNA, which
cleavage of target mRNA, the siRNA could act as a micro-RNA leads to appareni decrease of mRNA transcripts
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Efficiency and safety of gene transfer methods are the key
determinants of the clinical success of gene therapy and an unre-
solved problem. There are several reports of delivery of siRNA or
siRNA-expression vectors (o cells in vivo;™ 4" however, gene
delivery methods that are safe enough to apply to clinical thera-
peutics are currently under development. Adenovirus vectors are
one of the most commonly used carriers for human gene
therapies.** Our present results demonstrate that the adenoviral
delivery of shRNA is effective in blocking HCV replication
in vitro and virus prolein expression in vivo. Adenovirus vectors
have several advantages of efficient delivery of transgene both in
virro and in vive and natural hepatotropism when administered in
vivo. The AxshRNA-HCV specifically blocked expression of HCV
structural proteins in a conditional transgenic mouse expressing
those proteins. The current adenovirus vectors may cause inflam-
matory reactions in the target organ,* however, and produce neu-
tralizing antibodies which make repeated administration difficult.
These problems may be overcome by the improved constructs of
virus vectors with attenuated immunogenicity or by the develop-
ment of non-viral carriers for gene delivery.*

In conclusion. our results demonstrate the effectiveness and
feasibility of the siRNA expression system. The efficiency of aden-
ovirus expressing shRNA that target HCV suggests that delivery
and expression of siRNA in hepatocytes may eliminate the virus
and that this RNA-targeting approach might provide a potentially
effective future therapeutic option for HCV infection.
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ARTICLE INFO ABSTRACT
Articie history: RNA interference (RNAI) induced by small interfering RNA (siRNA) has emerged as a powerful technique
Received 28 November 2008 for the silencing of gene expression at the post-transcriptional level. it has been shown that in the RNAI

Kevised 14 January 2008 Mhinﬂ?.lh&!'mﬂnn;mﬁmdapﬂkmanﬁ[ananﬂumemrﬂ]nfﬂmnmmimbythe

::"'"’“"“”"I"“":Eﬂm PAZ domain in the A p and the 2-nucleotide (nt) ¥-overhang is ac dated into a
Nnﬂn;mdﬂmwddhy&up&nhcauﬁmxﬂsinﬂtmzmwmlﬂshthﬁ
- information, we designed and synth 1 siRNAs | % ds at their 3'-overhang
'n"::"“ regions. It was found that the modified siRNAs p i : is are more potent than
SIRNA tulmdﬂmﬂmlmdumwhnﬂmﬂnﬁluﬂmxﬁﬂdudthenﬁiwmnsm
Aromatic compound almemnlwmdwmﬂdmmmm scleosides at their 3" 1 gions. We also
Nucksass-resiatant found that the siRNAs p ing the pounds at their ¥-overhang ruimcuuldbeuled
HeV meHtl:paddszirus(HCV)mpljnﬁnnm:rmnwkm:witnammlkmpnatmlri-ends
were more resistant to nucleolytic degradation by snake venom phosphodiesterase (SVPD) (a 3'-exonu-
clease) than | RNAs. The ic € ds described in this report do not have functional
groups capable of forming hydrogen bonds with nucleobases. Therefore, we expect that they can serve

as the universal overhang units that can improve the nuclease resistance of siRNAs.
© 2009 Elsevier Ltd, All rights reserved.
1. Introduction for the therapeutic application of synthetic siRNAs.* Thus far, many

RNA interference (RNAI) is a process of sequence-specific post-
transcriptional gene silencing that is triggered by double-stranded
RNAs (dsRNAs) homologous to the silenced genes.' The process is
initiated by the processive cleavage of dsRNA into 21- to 23-nucle-
otide (nt) duplexes by the enzyme Dicer. These duplexes, which
contain a 2-nt overhang at the 3'-end of each strand, are termed
as short interfering RNAs (siRNAs). The siRNAs associate with the
RNA-induced silencing complex (RISC), which is then guided to
catalyze the sequence-specific degradation of the target mRNAZ

siRNA has considerable potential as a new therapeutic drug for
intractable diseases because siRNAs can be rationally designed and
synthesized if the sequences of the disease-causing genes are
known. Several groups have demonstrated the efficacy of siRNA-
mediated inhibition of clinically relevant genes in vivo as well as
in vitro.*-® Improving the nuclease resistance of siRNA is important

- Cmu'pm\hrxaluhxs.Tﬂ +81 58 293 2639; fax: +81 58 293 2794 (Y.U.).
E-mail oddresses: uenoy®gifu-uacip (Y. Ueno) ykki v
Kitade)

(968-0896/S - see front matter © 2009 Elsevier Lid, All rights reserved.
doi:10.1016/1.bmc.2009.01.033

types of siRNAs modified at the base, sugar, or phosphate moieties
have been synthesized, and their nuclease-resistant properties and
RNAi-inducing activities have been studied.”**

Argonaute2, a key component of RISC. is respansible for mRNA
cleavage in the RNAi pathway.””** Arg 2 is composed of PAZ,
Mid, and PIWI domains. X-ray structural analysis and a nuclear
magnetic resonance (NMR) study have revealed that the 2-nt 3'-
overhang region of the guide strand (the antisense strand) of siRNA
is recognized by the PAZ domain and is accommodated into a bind-
ing pocket composed of hydrophobic amino acids; this pocket is lo-
cated in the domain.”®* The length of the 3'-overhang regions of
siRNA influences the activities of the siRNAs, It is reported that the
2-nt 3'-overhang is the most efficient in an experiment using 21-nt
siRNA in Drosophila embryo lysate; however, the multiple addition
of 2'-deoxynucleotide to the 3'-end of siRNAs is tolerated. ™

Considering this background information, we substituted the
natural nucleosides at 3'-overhang regions with the aromatic com-

ds, 1.3-bis(hydroxymethyl)benzene (1), 1.3-bis{hydroxy-
mﬂhyi)pyr[dme (2), and 1,2-bis{hydroxymethyl)benzene (3)
(Fig. 1). We hypothesized that the introduction of lipophilic groups
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Figure 1. Structures of the siRNAs

at the 3'-overhang portions of the siRNAs would improve affinities
of the 3'-overhang portions of the siRNAs with the PAZ protein
making the siRNAs more potent than normal siRNAs which possess
natural nucleosides at their 3'-overhang portion. In addition, the
modified RNAs would be more nuclease-resistant than the normal
siRNAs.

In this paper, we report the synthesis and the silencing activi-
ties of the siRNAs with the aromatic groups 1-3 at their 3'-over-
hang regions, The nuclease-resistant properties of the siRNAs are
also reported.

2. Results

2.1. Synthesis

Modified siRMAs were synthesized by the phophoramidite
method. In order to incorporate the aromatic compounds at the
3'-overhang regions of siRNAs, solid supports carrying 1, 2, or 3
and phosphoramidites of 1, 2, and 3 were synthesized according
to routes shown in Schemes 1 and 2. Dimethyl isophtalate was
treated with LiBH, to give 1.3-bis(hydroxymethyl)benzene (1) in
95% yield. One of the two hydroxyl groups of 1 was protected with
a 4,4'-dimethoxytrityl (DMTr) group to afford a mono-DMTr deriv-
ative 6 in 51% yield. The mono-DMTT derivative 6 was phosphity-
lated by the standard procedure®® to produce the corresponding
phosphoramidite 8 in 94% yield. In a similar manner, the phospho-
ramidites 9 and 14 were synthesized from dimethyl 2,6-pyridine-
dicarboxylate and dimethyl phthalate with total yields of 13%
and 64%, respectively.

To enable attachment to the solid support, the mono-DMTr
derivative 6 was succinated to yield the corresponding succinate,
that was linked to controlled pore glass (CPG) to afford the solid
support 10 possessing 6 (108 pmol/g). Similarly, the mono-DMTr
derivatives 7 and 13 were succinated and then linked to the CPGs
to afford the solid supports 11 and 15 possessing 7 (74 pmol/g) and
13 (86 pmol/g), respectively.

2.2. Oligoribonucleotide synthesis
All oligoribonucleotides (ONs) were synthesized with a DNA/

RNA synthesizer, Fully protected ONs (1.0 pmol each) linked to so-
lid supports were treated with concentrated NH,OH:EtOH (3:1, vjv)

o A oon oo 1)
X

o
4 X=CH 1 X=CH
SEX=N 2.X=N
b
1 i
DMTrO. i O‘F'N
3T
N L pumo Ix OH
8 X=CH
g xX=N 6:X=CH
T X=N
d
controlled-pore glass o
CGF‘Gl ODMTr
10: X =CH
M1X=N

Scheme 1. Reagents and conditions: (a) LIBH,. THF, rt. 95% for 1 and 28% for 2; (b)

DMTrCL DMAP, pyridine, r. 51% for 6 and 513 for 7; [¢) chloro{2-cyanoethaxy ¥ N.N-

diisopropylamino jphosphine, (-PryNEr, THF, r, 94% for 8 and 93% for 9; (d) (1)

succinic anhydride, DMAP, pyridine, it (2) CPG, WSCI, DMF, r, 108 umol/g for 10
o0

and 74 pmelfg for 11.
OCH 2 = ‘Q
3 HO OH
12

oo X
S

T LR

NeT DMTIO OH

14 13

CHLO

d

R

heme 2. Reag ditions: (a) LBH,, THF, rt, 72%; (b) DMTrCl, DMAP,
pyridine, 11, 90%; (c) mlﬂmﬂmﬂ | N-difsopropylamino)phosphine. i
PryNEL THF, rt, 98%; (d) (1) succinic anhydride, DMAP, pyridine, rt: (2) CPG, WSCL,
DMEF. rt. 86 umoljg.

at room temperature for 12 h and then with 1.0 M tetra-n-butyl-
ammonium fluoride (TBAF)[THF at room temperature for 12 h.
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The ONs that were released from the support after the treatment
were purified using denaturing 20% polyacrylamide gel electropho-
resis (PAGE) to afford deprotected ONs 36-77. These ONs were
analyzed by matrix-assisted laser desorptionfionization time-of-
Might mass spectrometry (MALDI-TOF MS), and the observed
molecular weights were in agreement with their structures.

2.3. Thermal stabilities of siRNAs

The thermal stability of siRNAs was studied by thermal dena-
turation in 0.01 M sodium phosphate buffer (pH 7.0) containing
0.1 M Nacl (Table 2). The melting temperatures (T,,s) of siRNAs
18, 21, and 24 were 79.0, 77.1, and 78.2 °C, respectively. These re-
sults showed that the thermal stabilities of siRNA 21 which con-
tained 1 and siRNA 24 which contained 2 were lower than that
of siRNA 18 with a natural dinucleotide at its overhang portion.
However, the Ty, values of siRNAs 18, 21, and 24 were not consid-
erably different from each other.

2.4. Dual-luciferase assay

The ability of modified siRNAs to suppress gene expression was
determined by a dual-luciferase assay using a psiCHECK-2 vector,

Table 1
Sequences of oligonucleotides (ONs) used in this study
Number of SIRNA No. of ON Sequence
SiRNA16 ON36 5'-GLOCUUUCACUACUCCUAC-3'
ON37 F'-COCGAAAGUGAUGAGGALG-5'
sIRNA17 ON38 5'-GGCCUUUCACUACUCCUACT-3'
ON39 F-ICGLAAAGUGAUGAGGAUG-5
siRNA1S ON4D 5'-GGOCUUUCACUACUCCUACTH -3
ONa1 V-rrCCGCAAAGUGAUGAGGAUG-5"
siRNA1S ON4z 5 -GCOCUUUCACUACUCCUACHT-3
DN43 F-mrCCGGAAAGUGAUGAGGAUG-5'
siRNA20 ON44 5 -GGCCUUUCACUACUCCUACT-3"
ON45 3-1CCGCAAAGUGAUGAGGAUG-5
siRNA21 ONAG 5 -GGOCUUDCACUACUCTUACTT-3"
ON47 F-11CCCCAAAGUGAUGAGGAUG-5'
sRNAZ2 ONag 5 -GGCCUUUCACUACUCCUACTIT-3
ON49 FANCCGEAAACUCAUGAGGALIG-5"
sitRNAZ3 ONSO 5 -GGOCUUUCACUACUCCUACZ-Y
ONS1 F-2CCGGAAAGUGAUGAGGAUG-5"
siRNAZ4 ONS2 5'-GGOCUUUCACUACUCCUACZ2-3'
ON53 ¥-22CCCLAMCUGAUGAGGAUG-5
5iIRNAZS ONS4 §'-GOLOCUUUCACUACUCCUACZ22-3
ONS5 ¥-2220CGGAAGUGAUGAGGALIG-5"
SIRNAZ6 ONS6 5 -GGOCUUUCACUACUCCUACS-3
ON57 F-ICCCLAAAGUGAUGAGGAUG-5
siRNAZ7 ONS8 5'-GGCCULIUCACUACUCCUACTS-3'
ON59 3-33CCCCAAAGUGALIGAGCAUG-5'
siRNAZE ONGO 5-GGCCUUUCACUACUCCUALIZ3-T
ONB1 3'-3IICCCOAAACUCAUGAGGAUG-5"
siRNA29 ONG2 5'-AGAUCCAUACGUCCGUGAAI-3'
ONG3 F-gUCUACGUAUGCAGCCACUU-5"
SIRNA30 ONG4 5'-GCACCGGCAGGAGAUCAUA-3
ONG5 ¥ gt GUGGCCGUCCUCUAGUAL-5'
- ONGE F-5'-GLCCUUUCACUACUCCUACH -3
- ONG7 F-5'-GGCCUUUCACUACUCCUACT-3
siRNA31 ON6S 5'-GUOUCGUAGACCGUGCALCAUL-3
ONGS ¥ -UUCAGAGCAUCUGGCACGUAGU-5'
siRNA32 ONTO 5 -GUCUCGUAGACCGUGCAUCAM-3'
ONT1 F-CAGAGCAUCUGGCACGUAGU-5'
sIRNA3Z ONT2 5-CUCUCGUAGACCCGUCCALCATL-2'
ONT3 F-1ICAGAGCAUCUGGCACGUAGU-5
siRNA34 ON74 5'-GUCUCGUAGACCGUGCAUCAT2-3
ON75 F-2ICACAGCAUCUGGCACGUAGL-S
SiRNA3S ON76 5 -GUCUCAUAGGCCAUGCGUCATT -3
ONT7 T 1CAGAGUALUCCGGGACGCAGU-5

The capital letrers indicate ribonucleosides, The small italic letters represent 2'-
b jeosides. The letters indicate the mismatch bases. F shows

¥
Nuorescein.

Table 2

T values

SiRNA T ("C)
SIRNATE 79.0
SIRNAZY 77
siRNA24 782

which contained Renilla and firefly luciferase genes. The sequences
of the siRNAs were designed to target the Renilla luciferase gene.
Hela cells were co-transfected with the vector and indicated the
amount of siRNAs, The signals of Renilla luciferase were normalized
to those of firefly luciferase.

The results are shown in Figure 2. The silencing activities of the
siRNAs possessing overhang moieties were markedly greater than
those of siRNA 16, which lacked an overhang portion. Surprisingly,
the silencing activities of the siRNAs carrying aromatic compounds
1,2, and 3 at their 3'-overhang regions were almost equal to those
of siRNAs 17, 18, and 19, which had natural thymidines at their 3'-
overhang portions, at all concentrations. The number of aromatic
derivatives at the overhang moieties seemed to influence the activ-
ities of the siRNAs. At all concentrations, the silencing activities of
siRNAs with rwo aromatic compounds at their 3'-overhang regions
tended to be greater than that of those carrying one or three aro-
matic compounds at their 3'-overhang portions. The silencing
activities of the siRNAs carrying the 1,3-substituted compound 1,
the 1,2-substituted compound 2, and the pyridine derivative 3
were not considerably different at each concentration.

Argonaute2{elF2C2 (hAgo2) has been identified as a key protein
with endonuclease activity associated with RISC in the RNAI path-
way.?”*® In order to examine whether the observed silencing activ-
ities could be atrributed to RNAI, the activities of the modified
siRNAs were studied after treating Hela cells with elF2C2-target-
ing siRNAs, We hypothesized that if the silencing activities of the
modified siRNAs resulted from RNAI, the expression levels of lucif-
erase proteins would recover if Hela cells were treated with siR-
NAs that targeted elF2C2. Two kinds of siRNAs targeting elF2C2
were used in this study: one (siRNA 29) that targeted open reading
frame (ORF) positions 1168-1188 and another (siRNA 30) that tar-
geted ORF positions 1897-1917, Hela cells were transfected with
siRNA 29 or siRNA 30, After incubation for 1 h, the cells were co-
transfected with psiCHECK-2 vector and siRNAs modified with aro-
matic compounds. After incubation for 24 h, the activity of Renilla
luciferase was measured. As shown in Figure 3, the signals of Renil-
la luciferase were recovered on treatment with siRNAs targeting
elF2C2. These results indicated that the silencing activities of mod-
ified siRNAs could be artributed to RNAL

2.5. Nuclease-resistance

Improving the nuclease resistance of siRNA is important for the
therapeutic application of synthetic siRNAs. It was expected that
RNAs carrying the aromatic compounds would be more nuclease
resistant than unmodified RNAs. First, the stability of the RNAs in
PBS containing bovine serum was investigated. ONs 66 and 67 la-
beled at the 5'-ends with fluorescein were incubated in PBS con-
taining 5% bovine serum. ON 67 contained the aromatic
compound 1 at the 3'-overhang region. The reactions were ana-
lyzed with PAGE under denaturing conditions. Figure 4 shows
the results. After 1 min of incubation, both the ONs were hydro-
lyzed completely. The results implied that ON 67, which carried
1, was hydrolyzed mainly by the endonuclease activity in the bo-
vine serum.

Next, the susceptibility of the ONs to snake venom phosphodi-
esterase (SVPD), a 3'-exonuclease, was examined. Unmodified ON
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Figure 2. Dual-luciferase assay (1] The experimental conditions are as given under
Section 4.

40, modified ON 46 carrying benzene derivative 1, and modified
ON 52 that contained pyridine derivative 2 were labeled with
[¥-**PJATP and incubated with SVPD. The reactions were analyzed
using PAGE under denaturing conditions. As shown in Figure 5,
unmodified ON 40 was hydrolyzed randomly after 30 min of incu-
bation, while modified ONs 46 and 52 were resistant to the en-
zyme. The half-lives (t;;s) of ONs 40, 46, and 52 were 7, 64, and
72 min, respectively, Therefore, it was apparent that ON 46 carrying
benzene derivative 1 and ON 52 carrying pyridine derivative 2 were
9 and 10 times more resistant to SVPD than unmodified ON 40,

1.5
W none

0 siRNA 29
@ siRNA 30

0s

Renilia lucierase / Firally lucilerase

” SiRNA 24

sIRNA 18 siIRNA 21
Figure 3. Dual-luciferase assay (2) Hela cells were transfected with siRNA 29
(50 nM) or siRNA 30 [50 nM ). After incubating for 1 h, the cells were co-transfected
with a psiCHECK-2 vector and the modified siRNAs (10 nM). After incubating for
24 h, the activity of Renilla luciferase was measured. The experimental conditions

are as given under Section 4.

a b
1 2345678 12345678
::::;-: ::::;._.._.

Figure 4. 20% PAGE of ONs incubated in PES containing 5% bovine serum: (a) ONGG;
(b) ONEZ. ONs were incubated for O min (lane 1), 1 min (lane 2). 3 min (lane 3),
15min (lane 4), 1h (lane 5), 3h (lane 6), 6h (lane 7}, and 12 h (lane 8} The
experimental conditions are as given under Section 4

2.6. Inhibition of HCV replication

It has been reported that hepatitis C virus (HCV) replication is
efficiently suppressed by siRNA 31 that targets an internal ribo-
some entry site (IRES) region of HCV.*® Accordingly, in order to
examine the efficacy of the modified siRNAs, we compared the
abilities of the modified siRNAs to suppress HCV replication with
those of normal siRNAs. The sequences of the siRNAs used in this
study are listed in Table 1. The siRNAs 32, 33, and 34 contained
thymidines, benzene derivatives, and benzene and pyridine deriv-
atives at their 3'-overhang regions, respectively. siRNA 35 con-
tained 4 mismatched bases in its sequence.

Figure 6 shows the results. siRNAs 32, 33, and 34 dose-depen-
dently inhibited HCV replication. They almost completely sup-
pressed HCV replication at a concentration of 100 pM, while
the replication ratio of the siRNA35, which contained the mis-
matched bases, was 75% at the same concentration. The siRNAs
exerted no cytotoxic effect at 100 pM concentrations (Fig. 6¢
and d). Thus, it was found that modified siRNAs 33 and 34 sup-
press HCV replication in a sequence-specific manner. At each
concentration, the replication ratios of HCV in cells treated with
siRNAs 33 and 34, which carried aromatic compounds at their
2-pverhang regions, were almost equal to the ratio in the cells
treated with siRNAs 31 and 32 with natural uridines and thymi-
dines at their 3'-overhang portions. These results indicated that
the silencing abilities of the modified siRNAs are almost equal
to those of the normal siRNA, which had natural nucleosides at
their 3'-overhang regions.

Please cite this article in press as: Ueno. ¥. et al.. Bioorg. Med. Ooun.—.{m}. doi:10.1016/ibmc.2009.01.033
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3. Discussion and conclusions

We designed and symhesued siRNAs possessing the aromatic
ct wds,  1,3-bis(hydroxymethyl)benzene, 1.3-bis{hydroxy-
methyl)pyrldine. and 1,2-bis{hydroxymethyl)benzene at their 3'-
overhang regions. RNAs containing these aromatic compounds at
their 3'-ends were successfully synthesized by the phosphorami-
dite method by using a DNA/RNA synthesizer, It has been reported
that the overhang nucleosides of RNA/RNA duplexes influence the
thermal stabilities of the RNA/RNA duplexes.*® Therefore, the ther-
mal stability of the siRNAs was studied using thermal denaturation
analysis. It was found that although the thermal stability of siRNA

21, which contained 1,3-bis{hydroxymethyl)benzene, and siRNA
24, which contained 1,3-bis(hydroxymethyl)pyridine, is slightly
lower than that of siRNA 18, which had a natural dinucleotide at
the overhang portion, the Ty, values of these three siRNA were
not considerably different. Therefore, it was considered that the
change in the thermal stability of the siRNAs, caused by the intro-
duction of aromatic residues, influenced the silencing activities of
the siRNAs to a very small extent.

The silencing activities of the siRNAs were examined by dual-
luciferase assay using the psiCHECK-2 vector. It was revealed that
the modified siRNAs were more potent than the siRNAs without
the 3'-overhang regions. Moreover, the silencing activities of the
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maodified siRNAs were almost equal to those of the normal siRNAs.
It has been reported that in the RNAi machinery, the 3'-overhang
region of the guide strand (the antisense strand) of siRNA is recog-
nized by a PAZ domain, and the 2-nt 3'-overhang is accommodated
into a binding pocket composed of hydrophobic amino acids; this
pocket is located in the domain.*®*? In this report, we tested the
siRNAs with the monocyclic compounds at their 3'-overhang re-
gions. They showed silencing activities similar to those of unmod-
ified siRNAs. Therefore, it is considered that recognition of the 3'-
overhang portions of the siRNAs by the PAZ domain of human Arg-
onaute is not so stringent. It has been reported that the 2-nt 3'-
overhang was the most efficient in an experiment using 21-nt siR-
NA in Drosophila embryo lysate. The silencing activity of the siR-
NAs with two aromatic compounds at their 3'-overhang regions
also tended to be greater than that of carrying one or three aro-
matic compounds in this experiment.

It has been reported that pre-treatment of tissue culture cells
with siRNAs can inhibit the replication of a large number of
viruses.”” Therefore, we examined the inhibition activity of the
modified siRNAs using the cells harboring HCV replicons. It was
found that the modified siRNAs suppressed HCV replication in a se-
quence-specific manner. The replication ratios of HCV in cells trea-
ted with siRNAs carrying aromatic compounds at their 3'-overhang
regions were almost equal to those treated with siRNAs with nat-
ural nucleosides at their 3'-overhang portions. Therefore, siRNAs
possessing aromatic compounds at their 3'-overhang region can
be used to inhibit HCV replication.

An improvement in nuclease resistance of siRNA is important
for the therapeutic application of synthetic siRNA.*® We examined
the susceptibility of the RNAs possessing aromatic compounds at
their 3'-ends. SVPD was used as the model 3'-exonuclease, and
the stability of the RNAs in bovine serum was also studied. The
3'-modified RNAs were hydrolyzed completely by the endonucle-
ase activity in the bovine serum after 1 min of incubation. In con-
trast, the 3'-modification was effective for improving resistance to
SVPD, a 3'-exonuclease.

In summary, we synthesized the siRNAs possessing the aro-
matic compounds at their 3'-overhang regions. It was revealed that
the modified siRNAs were more potent than the siRNAs without 3'-
overhang regions and that the modified siRNAs had silencing activ-
ity similar to those of the siRNAs possessing the natural nucleo-
sides at their 3'-overhang portions. Moreover, the modified RNAs
were more resistant to 3'-exonuclease than the natural RNAs.
The aromatic compounds described in this report do not have func-
tional groups capable of forming hydrogen bonds with nucleo-
bases. Therefore, they can be used as universal overhang units in
order to improve the nuclease resistance of siRNAs.

4. Experimental
4.1. General remarks

NMR spectra were recorded at 400 MHz ('H) and at 100 MHz
(**C), and are reported in ppm downfield from tetramethylsilane.
Coupling constants (J) are expressed in Hertz. Mass spectra were
obtained by electron impact (El) or fast atom bombardment
(FAB). Thin-layer chromatography was performed using Merck
coated plates 60F;sq. Silica gel column chromatography was car-
ried out on Wako gel C-300. siRNAs directed against elF2C2
{hAgo2) were purchased from QIAGEN Inc.

4.1.1. 1,3-Bis(hydroxymethyl)benzene (1)
A mixture of dimethyl isophtalate (2.00g, 10.3 mmol) and
LiBH,4 (1,12 g 51.5 mmol) in THF (52 mL) was stirred at room tem-

perature for 23 h. Aqueous NaHCO; (10 mL) was added to the mix-
ture at 0 *C, and the whole was stirred at room temperature for 1 h.
The solvent was evaporated in vacuo, and the resulting residue was
purified by column chromatography (5i0;, EtOACc) to give 1(1.36 g,
9.84 mmol) in 95% yield: 'H NMR (CDCly) 4 7.39-7,26 (m, 4H), 4.71
(s, 4H); ’C NMR (CDCl;) 4 141.2, 128.7, 126.2, 125.5, 65.1: LRMS
(ET) m/z 138 (M"); HRMS (El) calcd for CgHg0; 138.0681, found
138.0677. Anal. Caled for CgH,004: C, 69.54; H, 7.30. Found: C,
69.45: H, 7.23.

4.12. 1-(4,4'-Dimethoxytrityloxymethyl)-3-(hydroxymethyl)
benzene (6)

A mixture of 1(0.50 g, 3.62 mmol), DMTrCl (1.23 g, 3.62 mmol),
and DMAP (22 mg, 0.18 mmol) in pyridine {18 mL) was stirred at
room temperature for 17 h. The mixture was partitioned between
EtOAc and aqueous NaHCO, (saturated). The organic layer was
washed with brine, dried (Na;504). and concentrated. The residue
was purified by column chromatography (Si0;, 20% EtOAc in hex-
ane) to give 6 (0,82 g, 1.86 mmol) in 51% yield: "H NMR (CDCl;) &
7.52-6.82 (m, 17H), 4.70 (s, 2H), 4.18 (5. 2H), 3.80 (s, 6H); ic
NMR (CDCly) 4 158.4, 145.0, 140.8, 139.7, 136.2, 130.1, 1285,
1282, 127.8, 126.7, 126.3, 125.7, 125.6, 113.1, 864, 654, 55.2;
LRMS (EI) m/z 440 (M*); HRMS (EI) calcd for CaqH504 440.1988,
found 440.1981. Anal. Caled for CagHz5041/5H20: C, 78.27; H,
6.45. Found: C, 78.33, H, 6.59.

4.1.3. 1-[(2-Cy wyloxy)(N,N-diisopropylamino)phosphinyl
oxymethyl]-3-(4,4-di ityloxymethyl)k (8)

A mixture of 6 (035g 0.80mmol), NN-diisopropylethyl-
amine (040 mL, 4.00 mmol), and chlorof{2-cyanoethoxy)N.N-
diisopropylamino)phosphine (029 mlL, 1.0 mmol} in THF
(8 mL) was stirred at room temperature for 1 h. The mixture
was partitioned between EtOAc and aqueous NaHCO; (satu-
rated). The arganic layer was washed with brine, dried (Na;504),
and concentrated. The residue was purified by column chroma-
tography (a neutralized 5i0; 50% ErOAc in hexane) to give 8
(0.48g, 0.75mmol) in 94% yield: *'P NMR (CDCl;) & 148.8;
LRMS (FAB) m/z 641 (MH"); HRMS (FAB) caled for CagHyeN2OsP:
641.3144, found: 64103129.

4.1.4. 2,6-Bis{ hydroxymethyl)pyridine (2)

Dimethyl 2.6-pyridinedicarboxylate (2.00g 10.3 mmol) was
treated as described in the preparation of 1 to give 2 (0.40 g,
2.88 mmol) in 28%: "H NMR (CDCl3) 6 7.70 (t, 1H, ] = 8.0), 7.19 (d.
2H, J = 8.0), 4.79 (s, 4H); '*C NMR (CDCl5) 5 158.4, 1374, 119.1,
64.3; LRMS (FAB) m/z 140 (MH®); HRMS (FAB) calcd for
C3HgNO; 140.0712, found 140.0705. Anal. Caled for C;HaNO;: C,
60.42; H, 6.52; N, 10.07. Found: C, 60.28; H, 6.50; N, 9.95.

4.1.5. 2-(4.4 -Dimethoxytrityloxymethyl}-6-(hydroxymethyl)
pyridine (7)

Compound 2 (0.50 g, 3.59 mmol) was treated as described in
the preparation of 6 to give 7 (0.81g, 1.83 mmol) in 51%: 'H
NMR (CDCly) 6 7.76-6.82 (m, 16H), 4.69 (s, 2H), 4.34 (5, 2H), 3.79
(s, 6H); C NMR (CDCls) & 158.5, 158.4, 157.6, 144.8, 137.3,
135.9, 1300, 128.1, 127.9, 126.9, 1194, 118.6, 113.2, 86.7, 66.6,
63.6, 55.20; LRMS (FAB) m/z 442 (MH"); HRMS (FAB) caled for
CasHasNOy: 442.2018, found: 442.2033.

4.1.6. 1-|{2-Cyanoethyloxy){N.N-diisopropylamino)phosphinyl-
oxymethyl]-3-{4,4 -dimethoxytrityloxymethyl)pyridine (9)

Compound 7 (0.20 g, 0.45 mmol) was phosphitylated as de-
scribed in the preparation of 8 to give 9 (0.27 g, 0.42 mmol) in
93%: *'P NMR (CDCl;) 4 149.1; LRMS (FAB) m/z 642 (MH"); HRMS
(FAB) calcd for C3HasN30sP: 6423097, found: 642.3116.
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4.1.7. 1.2-Bis(hydroxymethyl )benzene (3)

Dimethyl phthalate (200g, 10.3 mmol) was treated as de-
scribed in the preparation of 1 to give 3 (1.02 g, 7.38 mmol) in
72%: 'H NMR (CDCl;) 5 7.30 (s, 4H), 4.65 (s, 4H); *C NMR (CDCl5)
#1393, 1296, 128.5, 63.9; LRMS (FAB) m/z 139 (MH"); HRMS (FAB)
caled for CgHyy0; 139,0765, found 139.0759, Anal. Calcd for
CsHyo02: C, 69.54; H, 7.30. Found: C, 69.75; H, 7.32.

4.1.8. 1-(4,4' -Dimethoxytrityloxymethyl)-2-(hydroxymethyl)
benzene (13)

Compound 3 (050 g, 3.62 mmol) was treated as described in
the preparation of 6 to give 13 (1.44 g 3.27 mmol) in 90%: 'H
NMR (CDCl;) & 7.50-6.85 (m, 17H), 4.43 (d, 2H, | = 6.0), 4.18 (s,
2H), 3.79 (s, 6H); '’C NMR (CDCl;) & 158.6, 1445, 1405, 136.4,
135.7, 1299, 129.8, 1295, 1286, 128.1, 1279, 1269, 113.4, 876,
65.2, 636, 55.2; LRMS (El) mjz 440 (M"); HRMS (EI) calcd for
CagH2404 440.1988, found 440.1991. Anal. Caled for CaoHzs041/
5H,0: C, 78.27; H, 6.45. Found: C, 78.24; H, 6.61.

4.1.9. 1-[(2-Cyanoethyloxy)(N.N-diisopropylamino)phosphinyl-
oxymethyl|-2-(4,4 -dimethoxytrityloxymethyl )benzene (14)

Compound 13 (0.35 g, 0.80 mmol) was phosphitylated as de-
scribed in the preparation of 8 to give 14 (0.50 g, 0.78 mmol) in
98%: P NMR (CDCl;) 4 148.4; LRMS (FAB) m/z 641 (MH"); HRMS
(FAB) caled for CigHagNz0sP: 641.3144, found: 641.3127.

4.2. Solid support synthesis

A mixture of 1 (0.30 g, 0.68 mmeol), succinic anhydride (0.20 g,
2.04 mmol), and DMAP (4 mg. 0.03 mmol) in pyridine (6.8 mL)
was stirred at room temperature, After 24 h, the solution was par-
titioned between CHCly and H;0, and the organic layer was washed
with Hy0 and brine. The separated organic phase was dried
(Na;S04) and concentrated to give a succinate. Aminopropyl con-
trolled pore glass (0.50 g, 0.11 mmol) was added to a solution of
the succinate and WSCI (0.11 g, 0.57 mmol) in DMF (10 mL), and
the mixture was kept for 72 h at room temperature. After the resin
was washed with pyridine, a capping solution (6 mL, 0.1 M DMAP
in pyridine:Ac;0 = 9:1, vjv) was added and the whole mixture was
kept for 24 h at room temperature. The resin was washed with
MeOH and acetone, and dried in vacuo. Amount of loaded com-
pound 1 to solid support was 108 pmol/g from calculation of re-
leased dimethoxytrityl cation by a solution of 70% HCIO4EtOH
(3:2, v/v). In a similar manner, solid supports with 2 and 3 were ob-
tained in 74 and 86 pmol/g loading amounts, respectively.

4.3. RNA synthesis

Synthesis was carried out with a DNA/RNA synthesizer by phos-
phoramidite method. Deprotection of bases and phosphates was
performed in concentrated NH,OH:EtOH (3:1, v/v) at room tem-
perature for 12 h, 2'-TBDMS groups were removed by 1.0 M tetra-
butylammonium fluoride (TBAF, Aldrich) in THF at room
temperature for 12 h. The reaction was quenched with 0.1 M TEAA
buffer (pH 7.0) and desalted on a Sep-Pak C18 cartridge. Deprotec-
ted ONs were purified by 20% PAGE containing 7 M urea to give the
highly purified ON44 (8), ON4S5 (8), ON4G (8), ON47 (12), ON48 (5),
DN49 (6), ON50(28), ON51 (28), ONS52 (29), ON53 (14), ON54(35),
ONS55 (20), ON56 (11), ON57 (4). ON58 (5), ON59 (7). ONGO (3).
ON61 (2), ONB6 (20), ONG7 (11), ON72 (14), ON73 (14), ON74
(33), ON75 (37), ON76 (21), ON77 (19). The yields are indicated
in parentheses as OD units at 260 nm starting from 1.0 pmol scale.
Extinction coefficients of the ONs were calculated from those of
mononucleotides and dinucleotides according to the nearest-
neighbor approximation method.**

4.4. MALDI-TOF/MS analysis of RNAs

Spectra were obtained with a time-of-flight mass spectrometer.
0ON44: calculated mass, 6094.6; observed mass, 6086.2. ON45: cal-
culated mass, 6403.9; observed mass, 6397.7. ON46: calculated
mass, 6294.8; observed mass, 6294.4. ON47: calculated mass,
6604.0; observed mass, 6605.6. ON48: calculated mass, 5494.9;
observed mass, 6489.2. ON49; calculated mass, 6804.1; observed
mass, 6797.1. ON50: calculated mass, 6095.6: observed mass,
6096.8. ON51: calculated mass, 6404.9; observed mass, 6405.0.
ONS52: calculated mass, 6296.6; observed mass, 6296.1. ON53: cal-
culated mass, 6605.8; observed mass, 6603.5. ON54: calculated
mass, 6497.9; observed mass, 6503.5. ONS5: calculated mass,
6807.1; observed mass, 6807.2. ON56: calculated mass, 6094.6;
observed mass, 6092.2. ONS7: calculated mass, 56403.9; observed
mass, 6399.1. ON58: calculated mass, 6294.8; observed mass,
6290.4. ON59: calculated mass, 6604.0; observed mass, 6603.7.
ON60: calculated mass, 5494.9; observed mass, 6492.7. ON61: cal-
culated mass, 6804.2; observed mass, 6806.8. ONG6: calculated
mass, 7070.4; observed mass, 7067.5. ON67: calculated mass,
6862.3; observed mass, 6856.9, ON72: calculated mass, 6739.9;
observed mass, 6731.8. ON73: calculated mass, 6802.9: observed
mass, 6794.6. ON74: calculated mass, 6740.9; observed mass,
6734.9. ON75: calculated mass, 6803.9; observed mass, 6797.9.
ON76: calculated mass, 6739.9; observed mass, 6734.2. ON77: cal-
culated mass, 6802.9; observed mass, 6794.7.

4.5, Thermal denaturation study

Each solution containing each siRNA (3 uM) in a buffer com-
posed of 10 mM Na;HPO4/NaH;PO4 (pH 7.0) and 100 mM NaCl
was heated at 95 °C for 3 min, then cooled gradually to an appro-
priate temperature, and used for the thermal denaturation studies.
Thermal-induced transitions of each mixture were monitored at
260 nm with a spectrophotometer.

4.6. Dual-luciferase assay

Hela cells were grown at 37 *C in a humidified atmosphere of
5% CO; in air in Minimum Essential Medium (MEM) (Invitrogen)
supplemented with 10% fetal bovine serum (FBS). Twenty-four
hours before transfection, Hela cells (4 = 10%/mL) were transferred
to 96-well plates (100 uL per well). They were transfected, using
TransFast (Promega), according to instructions for transfection of
adherent cell lines. Cells in each well were transfected with a solu-
tion (35 L) of 20 ng of psiCHECK-2 vector ( Promega), the indicated
amounts of siRNAs, and 0.3 pg of TransFast in Opti-MEM 1 Re-
duced-5erum Medium (Invitrogen), and incubated at 37 *C. Trans-
fection without siRNA was used as a control, After 1h, MEM
(100 pL) containing 10% FBS and antibiotics was added to each
well, and the whole was further incubated at 37 °C. After 24 h, cell
extracts were prepared in Passive Lysis Buffer (Promega). Activities
of firefly and Renilla luciferases in cell lysates were determined
with a dual-luciferase assay system (Promega) according to a man-
ufacturer’s protocol. The results were confirmed by at least three
independent transfection experiments with two cultures each
and are expressed as the average from four experiments as
mean + SD.

4.7. Stability of ON in the PBS containing bovine serum

Each ON (600 pmol) labeled with fluorescein at 5'-end was
incubated in PBS (300 uL) containing 5% bovine serum at 37 °C.
At appropriate periods, aliguots (5 L) of the reaction mixture were
separated and added to a solution of 9M urea (15 pL). The mix-
tures were analyzed by electrophoresis on 20% polyacrylamide

3 L=y,
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gel containing 7 M urea. The labeled ON in the gel was visualized
by a Typhoon system (Amersham Biosciences).

4.8, Partial hydrolysis of ONs with snake venom
phosphodiesterase

Each ON (100 pmol) labeled with *P at the 5'-end was incu-
bated with snake venom phosphodiesterase (3 ng) in a buffer con-
taining 37.5 mM Tris-HCl (pH 7.0) and 7.5 mM MgCl; (total 40 puL)
at 37 "C. At appropriate periods, aliquots (5 pL) of the reaction mix-
ture were separated and added to a solution of 9 M urea (10 pL).
The mixtures were analyzed by electrophoresis on 20% polyacryl-
amide gel containing 7 M urea. Densities of radioactivity of the
gel were visualized by a Bio-imaging analyzer (Bas 2000, Fuji Co.,
Ltd).

4.9. Subgenomic HCV replicon cells

Subgenomic HCV replicon cells (R6FLR-N) were conditional
expression system of the HCV-non-structure region and luciferase
gene. These cells were cultured in DMEM-GlutaMAX High glucose
(GIBCO) supplemented with 10% FBS, 1 unit penicillin (GIBCD),
100 pg/ml streptomycin (GIBCO), and 500 pg/ml G418 (GIBCO),

4.10. Transfection and evaluation of virus replication

Six kinds of siRNAs were used in this investigation. The siCon-
trol Non-Targeting siRNA (product No, D-001210-03-05; Dharma-
con Inc.) was used as a negative control. The siRNA31 was used as a
positive control.”® The subgenomic HCV replicon cells (R6FLR-N)
were transfected with the siRNAs by reverse transfection. The cells
were plated in 96-well plate (Falcon) at a density of 4 x 107 cells|
well. Each siRNA (100aM ~ 1 nM) was transfected to the cells
using Lipofectamine RNAIMAX (Invitrogen) and Opti-MEM (GIB-
CO-BRL). The cells were incubated for 72 h after being transfected
with siRNAs. HCV replication was evaluated by luminescence in a
Mithras LB940 (Berthold Technologies, Wildbad, Germany) using
Bright-Glo Luciferase Assay System (Promega) according to the
manufacturer’s protocol.

4.11. Cell viability

In order to evaluate cytotoxic effects of the siRNAs, cell viabili-
ties were measured by metabolic conversion of 2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl }-5-(2 4-disulfophenyl )-2H-tetrazo-
lium, monosodium salt {WST-8) using a Cell Counting Kit-8 (Dojin-
do, Kumamoto, Japan) according to the manufactuer’s protocol.
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Arsenic trioxide (ATO), a therapeutic reagent used for the treatment of acute promyelocytic leukemia, has
recently been reported to increase human immunodeficiency virus type 1 infectivity. However, in this study, we
have demonstrated that replication of genome-length hepatitis C virus (HCV) RNA (O strain of genotype 1b)
was notably inhibited by ATO at submicromolar concentrations without cell toxicity. RNA replication of
HCV-JFHI1 (genotype 2a) and the release of core protein into the culture snpernatants were also inhibited by
ATO after the HCV infection. To clarify the mechanism of the anti-HCV activity of ATO, we examined whether
or not PML is associated with this anti-HCV activity, since PML is known to be a target of ATO. Interestingly,
we observed the cytoplasmic translocation of PML after treatment with ATO. However, ATO still inhibited the
HCV RNA replication even in the PML knockdown cells, suggesting that PML is dispensable for the anti-HCV
activity of ATO, In contrast, we found that N-acetyl-cysteine, an antioxidant and glutathione precursor,
completely and partially eliminated the anti-HCV activity of ATO after 24 h and 72 h of treatment, respectively.
In this context, it is worth noting that we found an elevation of intracellular superoxide anion radical, but not
hydrogen peroxide, and the depletion of intracellular glutathione in the ATO-treated cells. Taken together,
these findings suggest that ATO inhibits the HCV RNA replication through modulation of the glutathione

redox system and oxidative stress.

Hepatitis C virus (HCV) is the causative agent of chronic
hepatitis, which progresses to liver cirrhosis and hepatocellular
carcinoma. HCV is an enveloped virus with a positive single-
stranded 9.6-kb RNA genome, which encodes a large polypro-
tein precursor of approximately 3,000 amino acid residues.
This polyprotein is cleaved by a combination of the host and
viral proteases into at least 10 proteins in the following order:
core, envelope 1 (E1), E2, p7, nonstructural 2 (NS2), NS3,
NS4A, NS4B, NS5A, and NS5B (30).

Alpha interferon has been used as an effective anti-HCV
reagent in clinical therapy for patients with chronic hepatitis C.
The current combination treatment with pegylated alpha in-
terferon and ribavirin, a nucleoside analogue, has been shown
1o improve the sustained virological response rate to more than
50% (15), However, the adverse effects of the combination
therapy and the limited efficacy against genotype 1b warrant
the development of new anti-HCV reagents,

Arsenic trioxide (ATO) (As,O,, arsenite) has been used as
a therapeutic reagent in acute promyelocytic leukemia, which
bears an oncogenic PML-retinoic acid receptor alpha fusion
protein resulting from chromosomal translocation (51, 52, 68,
70). The ATO treatment induces complete remission through
degradation of the aberrant PML-retinoic acid receptor a (70).
The PML tumor suppressor protein is required for formation
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of the PML nuclear body (PML-NB), also known as nuclear
dot 10 or the PML oncogenic domain, which is often disrupted
by infection with DNA viruses, such as herpes simplex virus
type 1, human cytomegalovirus, and Epstein-Barr virus (17).
The treatment with ATO results in degradation of the PML
protein and disruption of the PML-NB (70). Therefore, ATO
has been become a useful probe for investigating the functions
of the PML-NB, including cell growth, apoptosis, stress re-
sponse, and viral infection, Indeed, ATO has been shown to
increase retroviral infectivity, such as human immunodefi-
ciency virus type 1 (HIV-1) and murine leukemia virus infec-
tivity, but the mechanisms of this change are not well under-
stood (5, 6, 32, 44, 47, 50, 57). In contrast, ATO was recently
reported to inhibit the replication of HCV subgenomic repli-
con RNA (24). However, it also remains unclear how ATO
inhibits the HCV RNA replication. In this study, using ge-
nome-length HCV RNA replication systems, we investigated
the molecular mechanism(s) of the anti-HCV activity of ATO,
and we provide evidence that ATO inhibits HCV RNA repli-
cation through modulation of the glutathione redox system and
oxidative stress.

MATERIALS AND METHODS

Reagents. ATO, N-acetyl-cysteine (NAC), ascorbic acid (vitamin C), and 1-
buthionine sulfoximine (BSO) were purchased from Sigma (St. Loois, MO).
Arsenic pentoxide (APQ) (As,Os, arsenate) was purchased from Wako (Osaka,
Japan), Both ATO and APQ were dissolved in 1 N NaOH at 0.1 M as a stock
solution. An inducible nitric oxide synthase (INOS) inhibitor, 1400W, was pur-
chased from Calbiochem (Merck Biosciences, Darmstadt, Germany).

Cell culinre. 293FT cells were cultured in Dulbecco’s modified Eagle’s me-
dium (Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine
serum. The following four HuH-7-derived cell lines or their parental HuH-7 cells
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were cultured in Dulbecco’s modified Eagle's medium with 109 fetal bovine
serum as described previously (25): O cells, harboring a replicative genome-
length HCV-0 RNA (O strain of genotype 1b) (25); OR6 cells, harboring the
genome-length HCV-O RNA with luciferase as a reporter (25); sO cells, har-
boring the subgenomic replicon RNA of HCV-O (31); and RSc cured cells,
which cell culture-generated HCV-JFHI (JFHI strain of genotype 2a) (58) could
infect and effectively replicate in (2, 3). The 0, ORS, and sO cells were main-
wined in the presence of G418 (300 pg/ml Geneticin; Invitrogen).

RNA interference. Oligonucleotides with the following sense and antisense
sequences were used for the cloning of short hairpin RNA (shRNA)-encoding
sequences targeted to PML (56) in a lentiviral vector: 5°-GATCCCCAGATGC
AGCTGTATCCAAGTTCAAGAGACTTGGATACAGCTGCATCTTTITTG
GAAA-Y (sense) and 5-AGCTTTTCCAAAAAAGATGCAGCTGTATCCAA
GT CTCTTGMCTTGGATACAGCT‘GC&TCTGGG 3" (antisense). These

were led and 1 into the Bgll1-HindI1I site, down-
stmlm from an RNA polymerase 111 promoter of pSUPER (8), to generate
PSUPER-PMLL. To construct pLV-PMLi, the BamHI-Sall fragmenis of
pSUPER-PMLI were subcloned into the BamHI S.II site dpRDlE‘l an HIV-
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subjected 1o the Renilla lucifs (RL) assay g to the i ‘s
instructions (Promega, Madison, WI). A Lumat LB?SIJTIumnmnmcr (Berthold,
Bad Wildbad, Germany) was used to detect RL activity.

FL assay, Plasmids were transfected into O cells (2 > 10" cellswell in 24-well
plates) using FuGene6 and cultured for 24 h. The cells were treated with or
without 1 uM ATO for 24 h, and then firefly luciferase (FL) assays were per-
formed ing 1o the facturer : uumctm (Promega).

I.mulum and confocal ysis. Cells were fixed in
3.6% formaldehyde in plmphllt-bulcmd nlme (?BS). permeabilized in 0.1%
NP-40 in FBS at room T d with anti-PML antibody
(PMD01; MBL) at a 1:300 dilution in PBS containing 3% bovine serum albumin
&t 37°C for 30 min. They were then stained with Auorescein isothiocyanate-
conjugated anti-rabbit antibody (Jack I R ch, West Grove, PA) at
a lmd.ﬂrnlmn in I“BSmmlmmghmmem albumin at 37°C for 30 min,
followed by g with 4’ 6-diamidino-2-phenylindole (DAPT) at room tem.
perature for 15 min. Following extensive washing in PBS. the cells were mounted
on slides using & mounting medium of 90% glycerin-10% PBS with 0.01%
p-pbenﬁ:wﬂ:mlm-ddcdmwdnwhdm;hmﬂﬁmmwudmdﬂl

1-derived self-inactivating | iral vector g 4 | pe (LSMS10; Zeiss, Jem, Germmy)

marker allowing for the selection of c:lls t?}, pLV-Chkzu was de- Measurement of imm 0, and H,0, pr The i

scribed prrviuuuly (3). superaxide anion radical (0,7 ) levels were measured with an oxidation-sensitive
Lentiviral The itis virus (VSV) fluorescent probe, dihyd (DHE) (Invitrogen Mol Probes), that

G- ;nnudulyped HIV- l-lnled vector ly:u:m hu been rlm:nbed previously (42).
The | vector p were | sfection of the
scound-gmcmlon packqing uunurua pCMV-AR891 (1, 71) and the VSV G
plasmid pMDGZ as well as pRDm: into 293FT cells with

FquneiS {'R.od'le Di ics, M. G
mmmmmmmwwﬂmoﬂ&umwﬂmm

is highly selective for detection of 0, among reactive oxygen species (ROS).

DHE s cell permeathe and reacts wilh 0, 1o form ethidium, which k| Iurll

intercalates in DNA, thereby exhibiting a red fi The i

hydrogen peroxide (H,0,) levels were d with h idati i

tive Auorescent probe dye, G-carbosy-2',7'-dichlorodihydrofi in di

[uxbu:y H;DCFDA) (Invitrogen Molecular Probes). Carboxy-H;DCFDA was
lated with and further oxidized with peroxidase to

generated HCV-JFH1 (58)-infected RSc cells (2, 3) at 5 days postinfection and
stored ot =80°C after filtering through a 0.45-um filter (Kurabo, Osaka, Japan)
until use, For infection experiments with HCV-JFH1 virus, RSc cells (1 x 10°
cells/well) were plated onto six-well plates and cultured for 24 h. We then
infected the cells with 50 ! (equivalent to a multiplicity of infection of 0.05 to
0.1) of inoculum. The culture supernatants were collected at 97 h postinfection,
and the levels of the core protein were determined by enzyme-linked immu-
nosorbent assay (Mitsubishi Kagaku Bio-Clinical Laboratories, Tokyo, Japan).
Total RNA was isolated from the infected cellular lysates using an RNeasy
minikit (Ciagen, Hilden, Germany) for quantitative reverse transcription-PCR
{RT-PCR) analysis of intracellular HCV RNA. The level of intracellular HCV

the f 2°.7"dichlorodihydrofl (DCF). The ATO- or BSO-
treated O cells were washed with PBS and incubated with 5 uM DHE and 20 pM
carboxy-H;DCFDA in PBS at 1'."C[orm:mn. Cclhw:tc!h:awuhadmoe
with PBS. The DHE or DCF fi i was d using a FACS-
Calibur flow cytometer. For each sample, 10,000 events were collected. The O,
or Hy0; levels are indicated as mean fluorescence inensities, which were de-
lermhed withtheCeHOuell sofmm (BD Bioscience).
[} of i I lular gl levels were an-
llymdmCellTndeml‘ hil hyifl i [CMFDA];
Molecular Probes, 1 ). CMFDA is a membrane-permeative dye used to

RNA in the RSc cells was > 10" copies/ug total RNA a1 4 days postinf,

Quantitative RT-PCR Analysis. The quantitative RT-PCR analysis for HCV
RNA was performed by real-time LightCycler PCR (Roche) as described pre-
viously (25). We used the following forward and reverse primer sets for the
real-time LightCycler PCR: PML, 8 -GAGGAGTTCCAGTTTCTGCG-3 (for-
ward ), 5'-GCGCCTGGCAGATGGGGCAC-Y (reverse); B-actin, S-TGACGG
GGTCACCCACACTG-3' (forward), 5-AAGCTUTAGCCGCGCTCGGT-3
(reverse); HOV-0O, 5" AGAGCCATAGTGGTCTGCGG-2" (forward), §'-CTT
TCGOGACCCAACACTAC-3' (reverse); and HCV-JFH1, 5°-5-AGAGUCAT
AGTGGTCTGCGG-3" (forward), 5'-CTTTOGCAACCCAACGCTAC-3" (re-
verse).

Western blot analysis. Cells were lysed in buffer containing 50 mM Tris-HCl
(pH 8.0), 150 mM Na(l, 4 mM EDTA, 1% Nonidet P-40, 0.1% sodium dodecyl
sulfate, | mM dithiothreitol, and 1| mM phenyl lfonyl fluoride. S
tants from these lysates were mbjncud lomdu.lm dodeqfl su]bze-polmyhmlde
gel clectrophoresis, followed by i bl ysis using anti-PML (A301-
168A-1; Bethyl Laboratories, Montgomery, TX), anti-Chk2 (D(CS-273; Medical
& Biological Laboratories, MBL., Nagoya, Japan), anti-HCV core (CP-9 and
CP-11; Institute of Immunology, Tokyo, Japan), anti-HCV NSSA (no. 8926; a
generous gift from A Takami The R ch Foundation for Microbial
Diseases of Osaka University, Japan), anti-signal transducer and activator of
transcription 3 (anti-STAT3) (BD Bioscience, San Jose, CA), anti-phospho-
STAT3 (Tyr705) (Cell Signaling Technology, Danvers, MA) anti-poly(ADP-
ribose) polymerase 1 (anti-PARP-1) (C-2-10; Calbiochem), or anti-B-actin anti-
body (Sigma).

MTT assay. HuH-7 or O cells (5 x 10" cells’well) were plated onto 96-well
plates and cultured for 24 h. The cells were treated with ATO, APO, or NaOH
for 24, 48, or 72 h and then subjected to the colorimetric 3-{4,5-dimethylthiazol-
2-y1)-2.5-diphenyl lium bromide (MTT) assay according to the manufac-
turer’s instructions (cell proliferation kit 1; Roche). The absorbance was read
using a microplate reader (mode! 2550; Bio-Rad Laboratories, Hercules, CA) at
550 nm with a reference wavelength of 690 nm.

RL assay, OR6 cells (1.5 » 10° cellswell) were plated onto 24-well plates and
cultured for 24 h. The cells were treated with each reagent for 72 h and then

! me intracellular glutathione levels. Cytopl converts the
nonfluorescent CMFDA 1o the fi ent S-chl hylfl ({CMF),
which can then react with glutathione, The excitation peak is at 492 nm, and the
fluorescence emission peak is at 517 nm. O cells treated with 1 uM ATO for 72 h
were washed with PBS‘M imbuedwhhsmmma at 37°C for 30 min.
The CMF fi y was | using 8 FACSCalibur flow cy-
tometer. For each sample, lﬂ.{.'m events were collected. The glutathione levels
are given as the relative mean Al ities, which were determined
with CellQuest software.

RESULTS

ATO inhibits HCV RNA replication. First, we quantitatively
examined the effect of ATO on the HCV RNA replication in
HuH-7-derived O cells harboring a replicative genome-length
HCV-0 RNA (25). We found that submicromolar concentra-
tions of ATO markedly inhibited genome-length HCV-O RNA
replication in the O cells at 72 h after administration (Fig. 1A).
The 50% effective concentration (ECy,) of ATO required for
inhibition of genome-length HCV-O RNA replication was (.19
pM (Fig. 1A). Consistent with this finding, the expression
levels of the HCV core and NSSA proteins were also signifi-
cantly decreased in the cell lysates of O cells treated with ATO
for 72 h (Fig. 1B). In addition, ATO markedly inhibited the
replication of the subgenomic replicon RNA (31), with an
EC,, of 0.48 uM at 72 h after the treatment (Fig. 1C). We next
examined the effect of ATO on HCV reproduction by HCV-
JFHI infection (58). The results revealed that ATO signifi-
cantly inhibited the intracellular RNA replication of HCV-
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FIG. 1. Inhibition of HCV RNA replication by ATO. (A) The level of genome-length HCV RNA in O cells after the treatment with ATO was
monitored by real-time LightCycler PCR. Experiments were done in triplicate and, bars represent the mean percentage of HCY RNA. Error bars
indicate standard deviations. (B) HCV core and NS5A protein expression levels in O cells after treatment with ATO. The results of Western blot
analysis of cellular lysates with anti-HCV core, anti-HCV NSSA, or anti-B-actin antibody in O cells at 72 h after treatment with ATO at the
indicated concentration are shown, (C) The level of subgenomic replicon RNA was monitored by real-time LightCycler PCR. Results from three
independent experiments conducted as described for panel A are shown. (D) The level of intracellular genome-length HCV-JFH1 RNA was
monitored by real-time LightCycler PCR. RSc cells were pretreated with the indicated concentration of ATO for 13 h, followed by inoculation of
the HCV-JFH1 virus, and then the infected cells were further incubated with ATO for 97 h. Results from three independent experiments
conducted as described for panel A are shown. (E) The levels of the core protein in the culture supernatants treated as described for panel D were
determined by linked i worbent assay. Experi were done in triplicate, and bars represent the mean core protein levels.

JFH1, with an EC,; of 0.27 uM, as well as the release of core
protein into the culture supernatants in HuH-7-derived RSc
cells at 97 h after inoculation of the HCV-JFH1 virus (Fig. 1D
and E). Thus, we have demonstrated for the first time that
ATO can inhibit the reproduction of HCV and particularly
HCV RNA replication.

Effect of APO on HCV replication. Arsenic is known o exist
in two oxidation states, As(III) in ATO and As(V) in APO. As
ATO in the lower valence state has been reported to be more
toxic than APO (48), we compared their anti-HCV activities
using an ORG6 assay system, which was recently developed as a
luciferase reporter assay system for monitoring genome-length
HCV RNA replication in HuH-7-derived OR6 cells (Fig. 2A)
(25). The results showed that APO could not strongly suppress
HCV replication at submicromolar concentrations, while ATO
strongly inhibited it, with an EC,,, of 0.33 pM (Fig. 2B and C),
indicating that ATO has unique anti-HCV activity. In this
context, it is relevant that the expression level of HCV core
protein was also remarkably decreased in the cell lysates of O
cells treated with ATO, but not those treated with APO, for
72 h (Fig. 2D). Thus, APO seems to be a useful negative probe
1o clarify the mechanism of the anti-HCV activity of ATO.

ATO does not affect cell growth at submicromolar concen-
trations. ATO has been reported to induce apoptosis (11, 14,
20, 21, 26-28, 33, 48, 66). Therefore, such an ATO-induced
apoplosis may be involved in the anti-HCV activity. To test this
possibility, we examined the effect of ATO or APO at various
concentrations on cell proliferation by colorimetric MTT as-
say. In this context, we demonstrated that ATO did not affect

the cell proliferation of O cells or the parental HCV-negative
HuH-7 cells at submicromolar concentrations (Fig. 3A and E).
In contrast, 4 or 8 uM ATO significantly inhibited cell prolif-
eration (Fig. 3B and F). Similarly, APO did not affect the cell
proliferation at less than 2 pM (Fig. 3C and D). Consistent
with the above results, ATO-treated O cells exhibited normal
growth rates and cell viabilities, at least at 1 pM for 72 h (Fig.
3G). Furthermore, we did not observe the cleavage of PARP-1,
which is known to be an important substrate for activated
caspase 3, in O cells treated with 1 pM ATO at least until 72 h
(Fig. 3H), indicating that 1 uM ATO did not induce apoptosis
in O cells. Thus, we concluded that the anti-HCV activity was
independent of ATO-induced apoptosis or cell toxicity, at least
at submicromolar concentrations.

PML and Chk2 are dispensable for the anti-HCV activity of
ATO. Since PML is known to be a target of ATO (70), we first
examined the subcellular localization of PML in O cells treated
with either 1 pM ATO or 1 puM APO for 72 h by means of an
anti-PML antibody (PM001; MBL) that can recognize most of
the PML splicing variants and is useful for immunofluores-
cence analysis. The results showed that PML was localized
predominantly in punctate nuclear speckles termed PML-NBs
in control O cells (Fig. 4A). Interestingly, we noticed that some
nuclear PML, but not all, disappeared and was translocated
into discrete cytoplasmic bodies in the O cells treated with 1
pM ATO (Fig. 4A). We also observed cytoplasmic transloca-
tion of PML in the O cells treated with 1 pM APO for 72 h
(Fig. 4A). Furthermore, we observed a similar cytoplasmic
translocation of PML in the HCV-negative 293FT or HelLa
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FIG. 2. Effect of APO on HCV replication. (A) Schematic repre-
sentation of genome-length HCV RNA encoding the RL gene as a
reporter (ORN/C-5B/KE RNA) replicated in OR6 cells. The RL is
expressed as a fusion protein with neomycin phosphotransferase
(Neo®), The position of an adaptive mutation, KI609E in NS3, is
indicated by an open triangle. (B) Effect of ATO on genome-length
HCV RNA replication. At 72 h after treatment of OR6 cells with ATO
at the indicated concentrations, the replication level of HCV RNA was
monitored by the RL assay. The relative RL activity is shown. The
results shown are means from three independent experiments. Error
bars indicate standard deviations. (C) Effect of APO on genome-length
HCV RNA replication. At 72 h after treatment of OR6 cells with APO
at the indicated concentrations, the replication level of HCV RNA was
monitored by the RL assay as described for panel B, (D) HCV core
protein expression level in O cells after treatment with either ATO or
APO. The results of Western blot analysis of cellular lysates with
anti-HCV core or anti-B-actin antibody in O cells at 72 h after treat-
ment with either 1 pM ATO or 1 pM APO are shown,

cells after the treatment with ATO (data not shown). Thus, we
concluded that the cytoplasmic translocation of PML after the
treatment with ATO was not associated with anti-HCV activ-
ity. Next, Western blot analysis to compare PML expression in
the lysates of O cells treated with 1 uM ATO or 1 uM APO for
72 h was performed using another anti-PML antibody, A301-
168A-1 (a gift from Bethyl Laboratories), which can recognize
the longest isoform, PML 1, but not shorter PML isoforms such
as PML VI and which has been proven useful for Western blot
analysis. Consistent with the previous finding that ATO pro-
motes PML degradation (70), the expression level of the PML
I protein was lower in the ATO-treated O cells than in the
APO-treated O cells (Fig. 4B), suggesting that PML degrada-
tion by ATO is associated with anti-HCV activity. To further
examine whether PML is directly involved in the anti-HCV
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activity of ATO, we used lentiviral vector-mediated RNA in-
terference to stably knock down PML in the O cells. To express
an shRNA targeted to all PML isoforms (56), we used the VSV
G-pseudotyped HIV-1-based vector system (1, 42, 71). We
used the puromycin-resistant pooled cells at 10 days after the
lentiviral transduction in this experiment. Immunofluorescence
and Western blot analysis demonstrated a very effective knock-
down of PML in the O cells (Fig. 4C and D). We quantitatively
examined the level of HCV RNA in the PML knockdown O
cells treated with or without either 1 pM ATO (Fig. 4E) or 1
pM APO (Fig. 4F) for 72 h. The results showed that the
replication level of genome-length HCV-O RNA in the un-
treated PML knockdown cells was similar to that in control
cells (Fig. 4E), suggesting that PML is dispensable in HCV
RNA replication. Importantly, ATO effectively inhibited the
HCV RNA replication in both the PML knockdown cells and
control cells compared with that of the APO-treated cells (Fig.
4E and F). Thus, we concluded that PML was dispensable for
the anti-HCV activity of ATO. Since the Chk2 checkpoint
kinase has recently been implicated in ATO-induced apoplosis
and in association with PML (27, 63, 64, 66), we examined the
anti-HCV activity in the ATO-treated Chk2 knockdown O
cells (3). As we previously described, Western blot analysis
demonstrated very effective knockdown of Chk2 in O cells
(Fig. 4G). Accordingly, we examined the level of HCV RNA in
Chk2 knockdown cells treated with or without either 1 pM
ATO (Fig. 4H) or 1 pM APO (Fig. 41) for 72 h. Consistent
with our recent finding that Chk2 is required for HCV RNA
replication, the replication of genome-length HCV RNA in the
untreated Chk2 knockdown cells was remarkably suppressed
(Fig. 4H). However, ATO strongly inhibited the HCV RNA
replication in the Chk2 knockdown cells compared with that in
the APO-treated Chk2 knockdown cells (Fig. 4H and I), sug-
gesting that Chk2 is not implicated in the anti-HCV activity
of ATO.

Effect of ATO on the stress-signaling pathways. To date, the
focus has been on PML and PML-retinoic acid receptor o as
major targets of ATO (70). On the other hand, arsenic has
been reported to modulate other cell-signaling pathways, es-
pecially stress-responsive transcription factors, such as nuclear
factor kB (NF-kB), activator protein 1 (AP-1), and STAT3 (12,
37, 38, 62). Therefore, we examined the involvement of several
stress-responsive pathways in the anti-HCV activity of ATO by
luciferase-based reporter assays or Western blot analysis using
an antibody which specifically recognizes STAT3 phosphory-
lated at tyrosine 705. Although it has been reported that ATO
inhibited the NF-kB signaling pathway through a direct inter-
action with IKKB at a high concentration (more than 10 pM)
(29), neither 1 pM ATO nor 1 pM APO affected the endog-
enous NF-xB transcriptional activity in the present study (Fig.
5A and B). Conversely, ATO at least slightly stimulated mito-
gen-activated protein kinase kinase kinase (MEKK)-mediated
NF-kB activation (Fig. SA and B). Since NF-«B activation has
been shown to stimulate HCV replication (60), the NF-xB
pathway would seem not to be essential for the anti-HCV
activity of ATO. Next, regarding the AP-1 signaling pathway,
both ATO and APO are known to activate c-Jun N-terminal
kinase (JNK) (45). Importantly, there was no stimulation of
JNK activity at a dose below 30 pM (45). In fact, 50 pM ATO
but not 50 pM APO strongly stimulates AP-1 activity by in-

6002 ‘6 Aeruge uo Asieaun BwedeyO e B0 wse 1Al woy papeojumoq



