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A trans-packaging system for hepatitis C virus (HCV) subgenomic replicon RNAs was developed. HCV sub-
genomic replicon was efficiently encapsidated by the HCV structural proteins that were stably expressed
in rrans under the control of a mammalian promoter. Infectious HCV-like particles (HCV-LPs), established
a single-round infection, were produced and released into culture medium in titers of up to 10* focus

_— _ forming units/ml. Exp of NS2 protein with structural proteins (core, E1, E2, and p7) was shown
Hx'?“'"fl':‘c . to be critical for the infectivity of HCV-LPs. Anti-CD81 treatment decreased the number of infected cells,
u‘x"m s o suggesting that HCV-LPs infected cells in a CD81-dependent manner. The packaging cell line should be
Virus-like particle useful both for the production of single-round infectious HCV-LPs to elucidate the mechanisms of HCV
Nacchie bly, particle formation and infection to host cells, and for the development of HCV replicon-based

vaccines.

© 2008 Elsevier Inc. All rights reserved.

Hepatitis C virus (HCV) is a positive-strand RNA virus that be-
longs to the Hepacivirus genus in the Flaviviridae family. The HCV
genome comprises about 9600 nucleotides that encode a single
polyprotein of around 3000 amino acids |1-3], which is processed
by cellular and viral encoded proteases into at least 10 different
structural and nonstructural proteins [4-6]. The JFH-1 strain of
HCV, classified as genotype 2a strain, is the first HCV strain that
can produce HCV particles in Huh7 cells |7,8]. The synthesis of
HCV-like particles (HCV-LPs) using a recombinant baculovirus con-
taining the cDNA of HCV structural proteins has been reported [9].
HCV-LP production by mammalian expression systems using vesic-
ular stomatitis virus | 10] and semliki forest virus | 11] were also re-
ported although the amount of VLP production is not as high as
that of baculovirus system.

Subgenomic replicon system is a useful tool as gene expression
vectors and is desirable for the development of vaccines. In the
case of flaviviruses, several systems have been described for pack-
aging favivirus replicons, including Kunjin virus replicons [ 12-14],
yellow fever virus replicons [ 15], tick-borne encephalitis virus rep-
licons [16], and West Nile virus replicons [17,18]. In some cases,
these packaging systems have utilized cell lines expressing the fla-
vivirus structural proteins under the control of eukaryotic promot-
ers [16,19]. These virus-like particle (VLP)-generating systems
have been useful for packaging viral genomes encoding various for-
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eign genes [14,15,20,18], the study of virus tropism and various as-
pects of viral assembly and entry |17).

Subgenomic replicons of JFH-1 replicate efficiently in Huh7 cells
and do not require cell culture-adaptive mutations |21|. The con-
struction of a system to package HCV replicon into HCV-LPs would
not only be useful to investigate as-yet unclear steps of HCV life cy-
cles such as genome packaging and virion assembly but also offers
the possibilities of a new approach for vaccine development. In this
study, we constructed subgenomic replicon cell lines constitutively
expressing JFH-1 structural proteins under the control of elonga-
tion factor-1a (EF) promoter, and found stable expression of struc-
tural proteins and release of HCV-LPs from the cell line. A sucrose
density gradient centrifugation of the culture medium resulted in
partial purification of the HCV-LPs, Infectivity of HCV-LPs produced
by this system was confirmed by colony formation assay and
immunofluorescence analysis. Anti-CD81 antibody treatment de-
creased the infectivity of HCV-LPs, suggesting that VLPs infected
to cells in CD81-dependent fashion. This is the first report that
HCV structural proteins of HCV can trans-package its subgenomic
replicon. The system described here should be useful to elucidate
the mechanisms of HCV assembily, particle formation, and infection
to host cells.

Materials and methods

Plasmid construction. Core to p7 coding region of JFH-1 was
amplified using pJFH-1 [21| as a template and sense primer
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5'-GAGAATTCGTAGACCGTGCACCATG-3' and antisense primer 5'-
AAGAATTCTTAGGCATAAGCCTGCCGGGGCA-3', Core to NS2 coding
region of JFH-1 was amplified using pJFH-1 as a template and sense
primer 5-GAGAATTCGTAGACCGTGCACCATG-3' and antisense pri-
mer 5'-AAGAATTCTTAAAGGAGCTTCCACCCCTTGG-3'. Amplified
fragments were inserted into EcoRl site of pEF4 (Invitrogen) to gen-
erate pEFJFH/c-p7 and pEFJFHc-NS2, respectively.

Establishment of cell lines capable of packaging JFH-1 replicon RNA
into VLPs. Huh7 cells were transfected using Lipofectamine (Invit-
rogen) with either pEFJFH/c-p7 or pEFJFHc-NS2 and were cultured
with 0.2 mg/ml of zeocin (Invitrogen). Zeocin-resistant colonies
were collected 3 weeks after transfection. The cell lines, Huh/c-
p7 and Huh/c-NS2 (expressing pEFJFH/c-p7 and pEFJFHc-NS2,
respectively) were then electroporated with 1 pg of JFH-1 subge-
nomic replicon (SGR-JFH1) RNA and were cultured with
0.375 mg/ml of G418 (Nacalai Tesque). Expression of core, E2 and
NS5A was confirmed by Western blotting using anti-HCV core
and anti-HCV E2 monoclonal antibodies |22 and anti-HCV NS5A
polyclonal antibody [23]. The total RNA of culture media for each
cell line (Huh/c-p7/SGR and Huh/p-NS2[SGR) was extracted using
the QlAampViral RNA Mini spin column (Qiagen). Real-time RT-
PCR was performed using TagMan EZ RT-PCR Core Reagents (PE
Applied Biosystems), as described previously (24,25, The HCV core
antigen in the culture media was ed by i y
(Ortho HCV-Core ELISA Kit; Ortho-Clinical Diagnotics), followin,
the manufacturer's instructions, Culture medium was centrifuged
at 8000g for 30 min to remove all cellular debris, after which the
supernatant was concentrated to 1 ml by centrifugation using Ami-
con Ultracel 100k (Amicon). The concentrated medium was then
layered on top of a continuous 10-60% (wtfvol) sucrose gradient
in phosphate buffered saline (PBS) and then centrifuged at
40,000 rpm at 4T for 16 h (SW41E rotor, Beckman). Fractions
(1 ml each) were collected from the top of the tube (12 fractions
in total) and the density for each fraction was determined. The con-
centrations of replicon RNAs and core proteins of each fraction
were measured as described above.

Infectivity of HCV-LPs. To determine whether these cell lines pro-
duced infectious HCV-LPs, we performed a colony formation assay
using neomycin-resistant gene of SGR=JFH1 RNA. Naive Huh7 cells
were infected with pooled fractions of 1.12-1.20 g/ml of both cell
lines and were cultured for 3 weeks with G418 at 0.375 mg/ml.
Formed colonies were stained with crystal violet and counted.

We also performed an immunofluorescence study in order to
analyze the infectivity of the HCV-LPs. Following 3 days of incuba-
tion, the cells were fixed and immunostained for NS5A with
anti-NS5A rabbit polyclonal antibody as described previously
(Murakami et al., in press). Ffu (focus forming units) was calculated
essentially based on the method as described previously |7.26].
Virus titration was performed by seeding Huh-7 cells in 96-well
plates at 1 x 10* cells/well. Samples were serially diluted 5-fold
in complete growth medium and used to infect the seeded cells
(six wells per dilution). Nuclei were labeled with 4'6-diamidino-
2-phenylindole (DAPT).

Results

Establishment of cell lines capable of packaging IFH-1 replicon RNA
into VLPs

Stable cell lines expressing JFH-1 structural proteins were gen-
erated by transfecting with either pEFJFH/c-p7 or pEFJFHc-NS2.
Zeocin-resistant colonies were collected 3 weeks after transfection
and the expression of JFH-1 structural proteins was confirmed by
Western blotting using anti-HCV core and anti-HCV E2 monoclonal
antibodies [22] (Fig. 1A, lanes 1 and 2). The cell lines, Huh/c-p7 and
Huh/c-NS2 (expressing pEFJFH/c-p7 and pEFJFHC-NS2, respec-
tively) were then electroporated with 1 pg of SGR-JFH1 RNA. Six
G418-resistant colonies were selected 3 weeks after electropora-
tion and were termed Huh/c-p7/SGR (1-6) and Huh/c-NS2/SGR
(1-6) cells. Expression of core, E2 and NS5A of Huh/c-p7[SGR-1,
and Huh/c-N52/SGR-3 was confirmed by Western blotting
(Fig. 1A, lanes 3 and 4).

To investigate whether HCV-LPs were secreted from Huh/e-p7/
SGR and Huh/c-N52/SGR cells, we analyzed the culture medium of
these cell lines 6 days postinfection. As shown in Fig. 1B, HCV rep-
licon RNA and core protein were secreted from both cell lines. Fifty
milliliters of culture medium from one Huh/c-N52/SGR-1 and Huh/
c-p7[SGR-3 cell line was concentrated, layered on top of a contin-
uous 10-60% (wt/vol) sucrose gradient in PBS and then centrifuged
at 40,000 rpm at 4 C for 16 h. Fractions were collected from the top
of the tube and the concentrations of replicon RNAs and core pro-
teins of each fraction were measured. HCV RNA and core protein
were predominantly detected in the 1.15-1.20 g/ml fractions, with
a peak fraction of 1.16 g/ml fraction (Fig. 2A). HCV-LPs were
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Fig. 1. (A)

Huh/c-p7/SGR Hul/c-NSYSGR

cell lines. Huh/c-p7/SGR (1), Huh/c-NS2/SGR (2], Huh/c-p7/SGR-1 (3). and Huh/c-NS2/SGR-3 (4) cells were analyzed using

anti-core, anti-E2, and anti-NS5A antibodies, respectively. Huh7 cells were used as a negative control. (B) Screening of G418-resistant cell lines, HCV replicon RNA and core
protein of culture media of six colonies from Huh/c-p7/SGR or Huh/c-NS2/SGR cells were measured by real-time RT-PCR and ELISA, respectively. Black bars represented the
concentration of core protein (fmol/l), dotted bars represented the concentration of replicon RNA (copies/ul).
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observed by electron microscopy and these resembled previously
reported particles (Fig. 2B)|27]. The secretion of HCV-LPs from
these cell lines was maintained at almost the same level for more
than 1 year (data not shown).

Infectivity of HCV-LPs

To determine whether these cell lines produced infectious HCV-
LPs, we performed a colony formation assay using neomycin-resis-
tant gene of SGR-JFH1 RNA. If HCV-LPs were infectious, SGR-JFH1
that was encapsidated in the particles would be introduced into in-
fected cells, thus would confer neomycin resistance to the cells, To
exclude the possibility that subgenomic replicon RNA in culture
medium was captured by inoculated cells, Huh7 cells were also
inoculated with concentrated culture medium of SGR-JFH1 cells.
As shown in Fig. 3A, Huh7 cells infected with the fraction of
Huhfc-NS2/SGR cells formed visible colonies 10-14 days after
infection. Calculated colony forming units (cfu) of the culture med-
ium of Huh/c-NS2/SGR cells were in the order of
5.54%2.92 x 10' cfu/ml similar to those of culture medium of
JFH-1-infected cells [28]. The cells inoculated with concentrated
medium of SGR-JFH1 cells formed no colonies (Fig. 3A). On the
other hand, cells infected with Huh/c-p7[SGR formed no colonies,
suggesting that NS2 protein was required for the infectivity of
HCV-LPs, Infectivity of HCV-LPs from other cell lines of Huh/c-
NS2/SGR, shown in Fig. 1, were also confirmed by colony formation
assay, whereas HCV-LPs from other cell lines of Huhfc-p7/SGR
showed no infectivity (data not shown).

In order to analyze the infectivity of the HCV-LPs, an immuno-
fluorescence study was also performed. Huh7 cells infected with
the Huh/c-N52/SGR culture medium peak fraction (Fig. 2A) were
positive for NS5A at 72 h postinfection (Fig. 3B), whereas the cells
infected with the Huhfc-p7/SGR culture medium peak fraction
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were negative for NSSA (Fig. 3B), suggesting that the expression
of N52 protein in infected cells was critical for the infectivity of
the HCV-LPs. The infectivity of the Huh/c-NS2/SGR culture medium
was calculated to be 3.4 £ 0.6 x 10° ffu/ml. The Cfu of this culture
medium was determined to be approximately 16% of [fu, likely be-
cause only a portion of introduced replicon could render neomycin
resistance to the infected cells. The cells infected with JFH-1
showed spread of infection 72 h postinfection. On the other hand,
the cells infected with the Huh/c-NS2/SGR culture medium peak
fraction showed very limited or no spread of infection (Fig. 3B).
Moreover, no NS5A-positive cells were observed when we inocu-
lated new Huh? cells with the concentrated culture medium from
Huh7 cells that were infected the Huh/c-N52/SGR culture medium
peak fraction (Fig. 3B, reinfection), suggesting that HCV-LPs pro-
duced by Huh/fc-N52/SGR cells supported only a single-round of
infection.

We also measured the infectivity of the 12 sucrose density gra-
dient fractions of the culture medium of Huh/c-NS2/SGR cells. The
density of the peak of infectivity was lower than the peak densities
of the core protein and replicon RNA (Fig. 2A), however this result
agreed with a previous observation [29].

Neutralization of HCV-1Ps infection by CD81-specific antibody

CD81 was shown to be involved in HCV entry. To determine
whether HCV-LPs formed in Huh/c-NS2/SGR cells were infected
in a CD81-dependent fashion, we incubated Huh?7 cells with the
peak fractions of Huhfc-N52/SGR and Huh/c-p7[SGR cells in the
presence of 10 ug/ml of CD81 specific monoclonal antibody or non-
specific mouse antibody and cultured in the presence of 0.375 mg/
ml of G418. After 3 weeks postinfection, colonies were fixed and
the numbers of colonies were counted. CD81-specific antibody re-
duced the number of colonies from 1323 +32.3 to 13.0£11.5 ffu/

Huh/e-NS2/SGR

Fig- 2. (A} Sucrose density gradient analysis of culture supernatants of Huh/c-p7/SGR and Huh/c-N52/SGR cells. Fifty milliliters of culture media collected from Huhjc-p7/SGR

or Huh/c-NS2/5GR cells was conc to 1 ml and frac d by ultracentrift

at 40,000 rpm for 16 h by continuous 10-60% (wt/vol) sucrase gradient in PES.

Fractions (1 mlﬂd!]mmllmed!rummelupo(thelube{ufrmnsmm-llHWwﬂmmaMmmﬂnmmbyrul-»tlme!l’-?ﬂtmdﬂ.l&\.m

infectivity of each fraction of culture supernatant of Huh/c-NS2/SGR cells (right, lower panel) was d d by i
Samples were prepared from the 1.12-1.20 g/mi fractions of culture media collected from Huh/c-N52/SGR cells. Bar: 50 nm.

of NS5A. (B) Electron microscopy analysis.
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Fig. 3. (A) G418-resistant colony formation. Naive Huh7 cells were infected with 1.12-1.20 g/mi fractions of either Huh/c-p7/SGR or Huh/c-N52/SGR cells and were cultured

for 3 weeks with G418 at 0.375 mg/ml king conc before staining with crystal violer. Experiments were performed in triplicate, and representative staining
examples are shown. (B) Immunostaining experiments, Samples were serially diluted 5-fold in complete growth medium and used to infect the seeded cells (six wells per
dilution). Huh7 cells in 96-well plates infected with the peak fraction of culture medi Three days infection, infected cells were fixed, permeabilized with 0.3% Triton X-
100 in Block Ace [Yukijirushi) and stained with anti-NS5A rabbit polyclonal antibody and Alexa488 goat anti-rabbit 1gG as described previously (Murakami et al,,

in press). NS5A protein was shown in green. Nuclei were labeled with DAP1 and were shown in biue, Re-infection shows the immunaostaining of naive Huh7 cells infected with
either culture media of JFH1-infected cells or that of Huh/c-N52/SGR cells.

ml (Fig. 4), confirming that the infection of HCV-LPs to target cells baboon as a primate model [30). Recently, replicon-based vectors
is CD81-dependent and an important role of CD81 in HCV entry. of positive-stranded RNA viruses were recognized as a desirable
choice of highly efficient and safe vaccines. Recent comparative
analyses of vaccine potential of Kunjin virus replicons delivered
as plasmid DNA, as naked RNA, and as VLPs showed a signifi-

Here we describe the development of cell lines selected to cantly better induction of immune responses to an encoded
persistently harbor noncytopathic subgenomic replicons of HCV ~ immunogen after VLP delivery than with other delivery modali-
encoding neomycin resistant gene and the HCV core to NS2 cas-  ties [31]. These studies suggested that HCV-LPs encapsidating its
sette. The HCV-LPs secreted by this cell line are not proliferative  subgenomic replicon RNA are an attractive candidate for a hep-
and exhibit morphological, biophysical and antigenic properties atitis C vaccine. We are now constructing cell lines that secrete

Discussion

similar to those of the putative HCV virions [27]. Jeong et al. HCV-LPs of genotype 1a and 1b strains with this trans-packaging
suggested that HCV-LP is a potent immunogen for the induction ~ system and analyzing the HCV-LPs infectivity. We also showed
of HCV-specific humoral and cellular immune responses by using that the expression of NS2 region is essential for infectious
A
200 .
1<00. 005
150

(ffu/mi)
g

(]
a-CD81 MAb 10ug/m!  Control MAb 10ug/ml = —

Fig. 4. Neutralization of HCV-LPs infection by CD81-specific antibody. Naive Huh? cells were infected with peak fraction of either Huh/c-p7/5CR or Huh/c-NS2[5GR cells in
the presence of 10 yg/ml of CD81 specific monoclonal antibody or nonspecific mouse antibody, then cultured 3 weeks with 0.375 mg/ml of G418. Colonies were stained with
crystal violet and colony numbers were counted. (A) Colony formation. Experiments were performed in triplicate, and representative staining examples are shown. (B) Clu of
culture media per 1 ml was calculated and means £ 5D was shown,
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HCV-LPs production. NS2 is dispensable for RNA replication,
since subgenomic replicons that lack the entire core to NS2 cod-
ing region replicate autonomously. The HCV NS2/3 protein is a
highly hydrophobic protease responsible for the cleavage of the
viral polypeptide between nonstructural proteins NS2 and N53.
However, many aspects of the NS2/3 protease's role in the viral
life cycle and mechanism of action remain unknown. By using
intergenotypic chimeras, Pietschmann et al. showed that N52
plays an important role in the HCV morphogenesis by interacting
with other NS proteins during the process of virion assembly
|32]. Jones et al. reported that NS2 was required for infectious
virus production and acts early in virion morphogenesis prior
to the accumulation of infectious intracellular virus and indi-
cated that the N52 protease domain may form important inter-
actions with other NS proteins during the process of virion
assembly [33]. The results presented here also showed the
importance of NS2 protein expression for the production of
infectious particles, coincided with these previous observations.
The mechanism NS2 plays in the process of virion morphogene-
sis is still unclear and remains to be determined.

In summary, we have generated a stable packaging cell line
allowing production of large amounts of HCV-LPs in which the sub-
genomic replicon was encapsidated. The packaging cell line proved
to be useful both for the production of HCV-LPs and for the encaps-
idation of HCV replicons for a single-round of infection.
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Abstract DNA fragmentation factor is a heterodimer
complex of the nuclease CAD and its specific inhibitor
ICAD, which can be activated during apoptosis to induce
DNA fragmentation. Although ICAD cxpression levels
have been quantified in a variety of human cancer cells, the
mechanism of ICAD gene regulation remains unknown.
In this study, we identified a 106-bp TATA-less region
upstream of the transcription start site as a basal promoter
of the human /CAD gene. An E-Box motif, which binds
transcription factors of the basic helix-loop-helix/leucine
zipper family, is responsible for transcriptional activity, as
demonstrated using mutated promoter-reporters. A chro-
matin immunoprecipitation assay further demonstrated that
Myc binds to an endogenous /CAD promoter. The func-
tional importance of Myc in the regulation of ICAD
transcription was also demonstrated by knock-down of
c-Myc and N-Myc gene expression, as well as their ectopic
expression. Structural analysis of the human /CAD pro-
moter and identification of factors which regulate its
activity might further our understanding of the biological
role of ICAD with respect to regulation of apoptosis and
cancer development.
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Introduction

Apoptosis or programmed cell death ensures the elimination
of unwanted cells during normal development and homeo-
stasis [1]). This process is progressively inactivated during
malignant development and loss of the capacity for apoptosis
is a hallmark of malignant cells. Chromatin condensation
and internucleasomal DNA fragmentation are typical
nuclear features and well-recognized cvents in apoptosis.
DNA fragmentation factor (DFF) is a heterodimer protein
composed of a 40-kDa caspase-activated DNase (CAD)
otherwise known as DFF40, and its cognate 45-kDa inhibitor
(inhibitor of CAD: ICAD or DFF45 [2-£]). Both human
genes map to 1p36 [9, 10]). CAD is thought to be responsible
for the majority of nuclear activity resulting in chromosomal
DNA fragmentation. When apoptosis is activated, ICAD is
cleaved by executor caspases, mainly caspase-3, into three
fragments, after which it dissociates from CAD, resulting in
CAD activation,

Thus, the DFF complex may play a role in malignant
transformation, and up- or down-regulation of ICAD/CAD
expression might correlate with cancer aggression. Expres-
sion levels of ICAD have been examined in a variety of
human cancers. For example, ICAD expression is down-
regulated during the exponential growth phase of human
colon carcinoma cells [11]. In some neuroblastomas, pref-
erential ICAD expression is observed in low-stage, but not in
their high grade [12]. Other research suggests that down-
regulation of ICAD may contribute to tumor growth and
lymph node metastasis in esophageal carcinoma [13], and
that ICAD expression might serve as a marker of aggressive
tumor behavior with an associated poor prognosis in ovarian
cancer [14]. We have previously demonstrated that the
hepatitis C virus core protein, which not only encodes the
viral nucleocapsid but has a number of properties enabling
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persistent viral infection, induces gene expression of JCAD,
thereby increasing steady-state levels of the ICAD protein
[15]. To date, the mechanism of transcriptional regulation of
the ICAD gene is not well understood. Analysis of the gene
structure of mouse JCAD showed that a 118-bp flanking
region of the /CAD gene is required for promoter activity
[16]. In this study, we identified a functional promoter of the
human ICAD gene and investigated the role of ¢-Mye and
N-Myc in regulation of the /CAD promoter.

Materials and methods
Cell cultures

Human hepatoblastoma cells (Huh-7), human oral squa-
mous carcinoma cells (HSC-2, HSC-3 and Ca22-9), mouse
neuroblastoma cells (IMR-32 and GOTO) and mouse 3T3
cells were maintained in Dulbecco’s modified Eagle's
medium (DMEM) supplemented with 10% fetal bovine
serum, 100 units/ml of penicillin, and 100 mg/ml of
streptomycin and kept at 37°C in a 5% CO; incubator.

Cloning of the 5'-upstream region of the human
ICAD gene

Human genomic DNA was isolated from Huh-7 cell lines
using the QIAamp DNA Mini kit according to the manu-
facturer's instructions (QIAGEN). A 5'-upstream region of
the ICAD gene was amplified by PCR using primers based
on the genomic DNA sequence of the human JCAD gene
(GenBank accession No, NM_004401). Primers containing
EcoR1 sites were used as follows: forward (5'-GA-
ATTCAGGCTGGTCTCAAACTACTG-3') and reverse
(5'-GAATTCGATCTCGCCAGATTCTGGTA-3).  The
PCR reaction was carried out at 94°C for 1 min, 55°C for
1.5 min, and 72°C for 2 min, for total of 35 cycles. Each
PCR product was purified and subcloned into a pGEM-T
Easy vector (Promega), followed by sequencing using an
ABI PRISM 310 automated DNA sequencer (Applied
Biosystems).

5' rapid amplification of cDNA ends (5-RACE) assay

The 5 ends of the ICAD transcript were cloned by
5'-RACE using a Gene Racer RACE-Ready ¢cDNA kit in
accordance with the manufacturer’s instructions (Invitro-
gen). Double-stranded ¢cDNA molecules prepared from
human liver poly(A)" RNAs ligated by exposure to the
adaptor were amplified in a primary PCR reaction using the
adaptor primer 1 and the ICAD gene-specific antisense
primer ICA1AS (5-GTGCTGTTCGCGGCTGTAGTT-¥',
nt —147 to —173), followed by a secondary PCR reaction
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using nested oligonucleotides, the adaptor primer 2, and the
antisense ICAD specific primer ICA2AS (5-CACGG
TGACTGGTGTCAGGGACTTATC-3', nt —228 1o —254).
PCR products were purified and cloned, followed by
nucleotide sequencing as described above.

Plasmid constructions

The 1-kb sequence containing the human /CAD promoter
was excised by digestion of the above-mentioned pGEM-T
vector with Sacl and HindIll, and then cloned into the
firefly-luciferase-expressing reporter plasmid pGL3-Basic
(Promega), resulting in pLUCI005. A series of constructs
with 5’ end-deletions of the JCAD promoter were created
by PCR amplification using the reverse primer (5-CAA
GCTTGCCTCCACAAGGTGGGACCTG-3') and the fol-
lowing forward primers: 5'-GGCTAGCCAGTACCCATTT
CTGAAGAAG-3 (nt —936 to +71), 5'-GGCTAGCCCTCA
TTTGGGTCCATTTTCC-3' (nt =622 to +71), 5'-GGCTAG
CCAGCTTTTTCAGACAGAATGG-3' (nt =272 to +71),
5'-GGCTAGCCAGCTTTTTCAGACAGAATGG-3' (mt —205
to +71), 5'-GGCTAGCCAGCTTTTTCAGACAGAATGG-3'
(nt —145 to +71), 5-GGCTAGCCAGCTTTTTCAGACA
GAATGG-3' (nt —106 to +71), 5'-GGCTAGCCTATTTA
GTTTGGTTAGTAAT-3' (nt —90 to +71), and 5'-GGCTAG
CCCAGATGGTAAATATACACAA-3 (nt —43 1o +71).
Each Sacl/Hindlll fragment was inserted into the pGL3-basic
vector to yield pLUC(—936/4+71), pLUC(—622/+71),
pLUC(=272/471), pLUC(=205/+71), pLUC(-145/4+71),
pLUC(—106/471), pLUC(—90/4-71) and pLUC(—43/+71).

Transfection and reporter assay

Huh-7 cells were seeded at 5 x 10" cells/well in 24-well
plates and maintained at 37°C in a 5% COy95%
atmosphere. DNA transfection of cells with each ICAD-
promoter-luciferase construct (1 pg) with an internal con-
trol vector pRL-TK (0.1 pg) (Promega) was performed
with Trans IT LT-1 (Mirus) during 6-h of incubation. Cells
were then rinsed with phosphate-buffered saline (PBS)
48 h after transfection, and luciferase activity was mea-
sured in the cell lysate using dual luciferase assay reagents
(Promega) [17]. Firefly luciferase activity was standardized
according to Renilla luciferase activity.

Chromatin immunoprecipitation

Chromatin immunoprecipitation assays were performed using
the ChIP assay kit (Upstate). Briefly, cells in 100-mm dishes
were grown to 70% confluency over 48 h. The chromatin from
formaldehyde-fixed cells was sonicated and immunoprecipi-
tated using mouse monoclonal anti-c-Myc or anti-N-Myc
antibodies (Santa Cruz). The chromatin immunoprecipitate
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was analysed by PCR with the following primer pairs: F1
(5-CGAGCTCGGTATACATGCGTGTGCATCG-3') and
Rl (§'-CAAGCTTGCCTCCACAAGGTGGGACCTG-3')
for amplifying the region from nt —272 to —71 containing
potential Myc-binding sites; and F2 (5'-GAGATCAAAAC
TGCAGTGAG-3') and R2 (5-CACTGTTGGAGATTGTT
CAG-3') for amplifying the region from nt —789 to —451 that
does not contain Myc-binding sites.

Western blotting

Cells were washed with PBS and lysed in SDS sample buffer.
Cell lysate samples were separated by 10% SDS-polyacryl-
amide gel electrophoresis and electrotransferred to a
polyvinylidene  difluoride  membrane  (Immobilion;
Millipore). After blocking in nonfat milk solution (Blocking
One; Nakaraitesk), the membranes were probed with mono-
clonal antibody against the ICAD protein (Santa Cruz),
c-Myc (Sigma), or N-Myc (Santa Cruz), as the primary
antibody for 1 h. After being washed, the membranes were
incubated with horseradish peroxidase-conjugated anti-
mouse immunoglobulin as the secondary antibody, followed
by visualization with SuperSignal West Pico Chemilumi-
nescent Substrate (Pierce Biotechnology).

siRNA experiments

siRNAs for human c-Mye, N-Myc and the negative control
were purchased from B-Bridge International. Each siRNA
consisted of three different target sequences as follows:
5-GAGGAGACAUGGUGAACCA-¥ 5-GAGAAUGUCA
AGAGGCGAA-3, and 5-GAGAAUGUCAAGAGGCGAA
-3 for c-Myc siRNA; 5'-CGGAGAUGCUGCUUGAGAA-3',
5 -CGGAGUUGGUAAAGAAUGA-¥, and 5'-CAGCAGU
UGCUAAAGAAAA-3 for N-Myc siRNA; and 5-ATCC
GCGCGATAGTACGTA-3, 5-TTACGCGTAGCGTAAT
ACG-3, and §-TATTCGCGCGTATAGCGGT-3' for the
negative control. Huh-7 cells were transfected with 100 prmol/ml
siRNA using FuGENEG (Roche) in Opti-MEM 1 (Invitro-
gen), after which the medium was replaced by standard
DMEM after 6 h of transfection.

RNA preparation and real-time quantitative RT-PCR

Total RNA was extracted using Trizol reagent (Invitrogen)
according to the manufacturer's protocol. First-strand
cDNAs were synthesized using the SuperScriptlll First-
Strand Synthesis kit (Invitrogen) and then used as templates
for real-time PCR. Quantitative PCR was performed using
the ABI Prism 7700 sequence detection system using
Tag-Man Gene Expression assays (Applied Biosystems). The
standard curve was created using senally diluted total RNA
obtained from Huh-7 cultures and f-actin was chosen as the

internal standard to control for variability in amplification.
Amplification was performed at 95°C for 10 min, followed
by 40 cycles of amplification at 95°C for 15 s and 60°C for
60 s.

Results and discussion

Localization of transcription start sites of the human
ICAD gene

Precise localization of transcription start sites of the /JCAD gene
was examined in human hepatoma Huh-7 cells by 5-RACE
analysis. A fragment of approximately 100 bp was obtained
(Fig. 1a) and cloned, after which sequencing analysis of sev-
eral cDNA clones identified two of 5 termini (Fig. 1b), These
were located 71 and 68 nucleotides upstream from the trans-
lation start codon of the JCAD gene. From a database search of
the DBTSS [ 18], we found that these are two of multiple sites
for putative transcription initiation for the human ICAD gene.
Although transcription may be initiated at both sites, the upper
site was designated position +1 in this study.

Characterization of the JCAD gene promoter

To examine potential regulatory sequences involved in
ICAD gene expression, a 1 kb 5'-upstream region of the
ICAD gene was sequenced and analyzed. The overall GC
content of the 1-kb genomic DNA fragment was 46%,
while GC content among the 200 bp proximal to the ATG
start codon was approximately 62%. A search of tran-
scription consensus motifs using the TRANSFAC database
[19] demonstrated that none of the major eukaryotic pro-
moter elements, TATA-, CCAAT-, or GC box, were
located within 200 bp upstream of the transcription start
site, although a TATA-like element was found more than
400 bp upstream from the start sites, indicating that the
human ICAD gene has a TATA-less promoter. No CpG
island, which is frequently observed in the TATA-less
promoter, was found by screening with the CpG island
searcher (http://cpgislands.usc.edu/). Absence of a TATA-
like sequence upstream of the transcription start site has
also been reported for the mouse ICAD gene, suggesting
that TATA-less promoters might be a common feature in
transcriptional regulation of the JCAD gene.

Asshown inFig. 1b, the 1-kb sequence contains potential
binding sites for several transcription factors. The ability of
the 5'-upstream region of the /CAD gene to function as a
promoter was assessed by its capacity to drive the expression
of a luciferase reporter gene. A series of constructs in which
genomic DNA fragments were fused to a promoterless firefly
luciferase gene of the pGL3-basic vector were generated
with the 3' end always terminating +71 bp from the
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Fig. 1 (a) Mapping of the
transcription stan sites by §'
RACE analysis, Following
nested PCR reaction, a PCR
product of 100-bp was detected
by 1.5% agarose gel
electrophoresis (lane 2). Lane 1:
no template control; lane M:
100-bp DNA ladder marker.
(b) The 5" flanking region of the
human JCAD gene. The
nucleotide sequence is
numbered from the major
transcription site, which is
indicated by an arrow. Putative
binding sites for transcription
factors analyzed by the
TRANSFAC database and
search program were shown
with underlines

MGGCT GGTCTCAMAC TACTOACCIC AGATCATCTG
SsRY CRE-BPICRER
TCCGOCTORG L‘(.'N:L‘%&?_ TOCTGACATT ACAOGGOTOA GCOCACCGCCC CORBOGCCTT
-

TGOCCACGIT_TITATBAACA AAATATGRCG TGGOARGATT GCTIGAGCCC AGGAGATCRA
CaxA SAY AMLT-a GATA2

AACTGCAGTG AGOCATCATC GUOGUCACTGC ACTCOCAGCCT GGGAGACAGA GOGAARCGCT -

GTmeAM_ﬁEMMG AMCAAGGAN GGAAAGTGTC ch'ma

v 1

g;aﬁém:‘g_mcuwf GOCCTCTTTT AMIAGAGOAA CTTTTTOATC

ATTTTTAIIA CTATICTTTT ARTCTTAGAL GITIATITTT CAGGAGGAAA ABAMCAAACT
HaMFH-1

TTTCCATAGT AGCAGTATTA AAACABAGAT GAATATGTTG TCARGAGGCA TCIGAACAAT
SAY Soe-5HSF2

CICCARCAGT GCOGAGTCGC ATTTCCCCTT TOCTCTCOGA TOCATTTGAG ACTTTAATGC

TTACTATATT TATITAMGCG TTTTGTTCTG AGACCCC) ABTTTGCA CAGTTGAMGE -
G SAY O

HFH-2 1
L‘wﬂ“ ATGGOTGGAN ACATGCGGET GTCTGTATTA O TCTCATATGC -
2 m&a}s
GMTAQBBW&HMM TTCAATACAG TATACATGOG TGTGCATORET CATGCARRAT -

Brn-2

BAGTCTCTAT TOGCCTTATA TTTAAACGDS COMATGCAGC TCOCTAAMMGT TAM&B%C =
TCCTAGOCTG MWWM GOGGCTTTAN ACCCAGAGAC TACAGTTTCC -

GGCATGCTTC GADGOCA; TTAGCG GCAACTAGAR CTACATTTCC CGGOGTGOCC -
-1 HEF

-901

B4l

781

-661

601

=541

~4B81

=421

TGGTCTCACG JUTOATTTOC TOCGGAACGA ACTACATCTC COOGCAGGCT GOGGANIGGG -
Myc/USF

=1 Ec;u.mm AGGACCGCOG CTCCGGCCTC COGORACTTC TCGAAGGTGS GCAGGTCCCA -60

transcription start site. The 5’ ends began at bases —936,
—662, —272, —205, —145, —106, —90, and —43 (Fig. 2).
Promoter activity was assessed by measuring luciferase
activity in transiently transfected Huh-7 cells. Luciferase
activity was normalized to Renilla luciferase activity. As
shown in Fig. 2 on the right, the region extending from —936
to +71 had promoter activity since luciferase activity of the
reporter gene was 45-fold that of the empty vector. A 5
deletion of the promoter sequence to —662(pLuc(—662/
+71)) enhanced promoter activity, and successive removal
of nucleotides from —272 to — 106 also enhanced promoter
activity, suggesting the possibility of negative regulatory
elements within the —936/—622 and —272/—106 regions.

When the sequence from —106 to —90 was removed
(pLuc(—~90/+71)), promoter activity fell to parallel that of
the pGL3 basic vector. This suggests the presence of a crit-
ical element in the region extending from — 106 to —90, thus,
we have identified the region 106 bp upstream of the tran-
scription start site as the basal promoter of the human JCAD
gene.

Myc and USF enhance JCAD promoter activity
As indicated in Fig. |b, a computer-based sequence analysis

revealed that the 106 bp region contains potential binding sites
for GATA-1, deltaE, Myc, and various upstream stimulatory

pGL3basic el
pLuc(-936/+71) "o } {iic]
pLuc(-662/+71) - 622 = } {1ic] ey
pluc(-272/+71)  -272 {1uc]
pLuC(-205/+71) 2205 memm——{ TUC]
pluc(-145/+71) -145 F—
pluc(-106/+71) <106 m——lTUC | 1
plLuc(-90/+71) <90 s LUC ]
pLuc(-43/+71) .43 _i_L_mJ

o ° RLU (%)

Fig. 2 Human /CAD promoter drives reporter gene expression in
transiently transfected Huh-7 cells. Deletion constructs of the
upstream region of the /CAD gene linked to the firefly luciferase
reporter gene (LUC) are illustrated in the left. Huh-7 cells were
cotransfected with a firefly luciferase reporter and a Renilla luciferase
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internal control (pRL-TK), The relative luciferase activity (RLU) was
obtained by normalizing the firefly luciferase activity to the Renilla
luciferase activity, and is expressed as a percentage of RLU of
pluc(—936/471). The average values are shown with standard
deviation (SD) (n = 4 per construct)
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factors (USF). Within this region, there is a canonical E-box
sequence (5'-CACGTG-3') located between —103 and —98.
E box motifs are known to bind to transcription factors of the
basic helix-loop-helix/leucine zipper (bHLH LZ) family,
including Myc and USF [20-23]. We examined the potential
role of E-box-binding proteins, Myc and USF, in potentiating
ICAD gene transcription. Myc is bound to a partner protein
Max via a bHLH LZ domain and the Myc-Max heterodimer
activates transcription by binding to an E-box sequence
[24, 25). Max is present in greater amounts than Myc since the
Myc transcript and protein have shorter half-lives compared to
Max [26, 27). Therefore, it is highly likely that Myc is the
limiting, regulated component of the heterodimer. To examine
the potential role of E box binding proteins, Huh-7 cells were
co-transfected with luciferase reporter plasmids and expres-
sion vectors for c-Myc, N-Myc, USF1, and USF2 (Fig. 3a),
Luciferase activity of the —145/471 promoter construct
increased 2- to 5-fold, and 1.5- to 2-fold, when co-expressed
with Myc or USF, respectively. The effect of c-Myc and
N-Myc on activity of the —90/4-71 construct was less than for
the —145/471 construct, USF expression did not enhance
activity of the —90/+-71 construct.

To further investigate involvement of the E box
sequence in JCAD promoter activity, a reporter construct
with an E box mutation (CCCGCG) was constructed and
luciferase activity was examined in transfected cells
(Fig. 3b). The E box mutation resulted in marked down-
regulation of reporter gene expression and the reporter
activity expressed from the E-box mutant was little
increased when co-expressed with Myc, suggesting a
functionally important role of the —106/—90 region E box
motif with regard to basal transcriptional activation of the
ICAD promoter. These data indicates that E-box-binding
proteins, especially Mye, actively participate in positive
regulation of the human JCAD promoter.

Myc binds to the JCAD promoter in vivo

To obtain direct evidence of an interaction between Myc and
the ICAD promoter in vivo, we next examined binding of
¢-Myc and N-Myc to the 5'-upstream region of the /ICAD gene
within the context of native chromatin in living cells by
chromatin immunoprecipitation. An alignment of the
sequence around putative Myc binding site of human /CAD
promoter and the comesponding part of mouse ICAD
sequence demonstrated conservation of Myc binding
sequence in human and mouse (Fig. 4a) [16]. Proteins were
cross-linked to genomic DNA isolated not only from human
(Huh-7) but mouse (IMR-32 and GOTO) cells, followed by
immunoprecipitation with normal rabbit IgG or polyclonal
antibodies to either c-Myc or N-Myc. IMR-32 and GOTO are
neuroblastoma cells with N-Mye gene amplification [28]. The
precipitated DNA was then subjected to PCR utilizing
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Fig. 3 (a) ICAD promoter activity afier transient expression of
c-Mye, N-Myc, USF1 and USF2. Huh-7 cells were cotransfected with
either expression vector for ¢-Myc, N-Mye, USF1 or USF2 driven by
the CMV promoter and pLuc(—145/471), pLuc(—90/471) or pGL3
basic. Each firefly luciferase reporier plasmid (n = 4) was cotrans-
fected in cells with pRL-TK for normalization of the reporter activity.
RLU is expressed as a percentage of that of pLuc(—145/+71) in the

of lasmids for Myc and USF. (b) Effect of
substitution rnuw.ion in the E-box clement on the JCAD promoter
activity. Cells were cotransfected with pLuc(—106/£71) or an E-box-
mutant, pLuc(—106/4+71)mt and either expression vector for c-Mye
or N-Myc. pRL-TK was also used for normalization of the activity.
RLU is expressed as a percentage of that of pLuc(—106/£71) without
over-expression of Myc

primers designed to amplify a 343-bp fragment (—272/+-71)
or a 338 bp fragment (—789/—451) of the ICAD 5’ flanking
region. As shown in Fig. 4b, the 343-bp DNA fragment was
observed in the immunoprecipitate from Huh-7 cells fol-
lowing exposure lo anti-c-Myc or anti-N-Myc, while
amplification of the /CAD promoter fragment was not
detected in the negative control immunoprecipitate. Under
similar experimental conditions, we did not detect binding of
c-Myc and N-Myc to the —789/—451 region, which is not
thought to contain a Myc-binding site. Similar results were
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a
human =101 CGCCACACOTGATTAGCGGCAAUTAGAACT -72
mouge GRACGCCCGTGATTAGCCGCCACTAGAACT
MycUSF  GATA-1 HSF
B n-272/+71 nt- 789/ - 451
Input  c-Myc IgG Input  c-Myc IgG
Huh<7  Input N-Myc IgG Input  N-Myc IgG
m-272/+71 nt-789 /- 451
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Fig. 4 (a) An alig of the sequence d putative Myc
binding site of human ICAD p and the ponding part of
mouse [CAD sequence. (b) Binding of Myc proteins in the
endogenous ICAD promoter. Crosslinked chromatins isolated from
Huh-7, IMR-32 and GOTO cells were immunoprecipitated with
indicated antibodies (c-Mye, N-Myc) or an equivalent amount of
mouse 1gG. Recovered DNAs were purified and PCR-amplified with
primers for nt —272/4+71 region or for nt —789/—451 rcgmn Inpul
represents 1% of chromatin sample applied for i yprec

Ly ¥

A siRNA

kDa mock N c-Myc

obtained from IMR-32 and GOTO cells, which were immu-
noprecipitated with anti-N-Mye antibody. These results
demonstrate that Myc forms a complex with the human ICAD
promoter in cells, presumably through binding to the E-box
sequence.

Myc-dependent expression of the ICAD protein

The above data suggests that the JCAD promoter is regulated
by endogenous Myc proteins. This assumption is supported
by the loss-of-function studies shown in Fig. 5a. We
employed siRNA (small interference RNA) transfection to
knock-down the expression of c-Mye or N-Myc in cells, after
which we analyzed the effect of reduced Myc expression on
steady state levels of the ICAD protein by Western blotting.
Treatment with siRNA specific for either c-Myc or N-Myc
markedly reduced ICAD expression without affecting the
expression of f-actin. In contrast, control siRNA did not
reduce ICAD levels. We further investigated the effect of
over-expression of Myc on ICAD protein levels (Fig. 5b).
Transfection of Huh-7 and mouse 3T3 cells with a ¢c-Myc
or N-Myc expression vector enhanced ICAD protein
levels with an effect that was less pronounced than in the

siRNA

kba mock N N-Myc

it ——— 7.7 T, T [— ICAD
V8| e e I N-Myc
[ |ﬂ-acﬂn ] —— | -actin
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Fig. 5 Myc-dependent expression of human ICAD. (a) Suppression
of Myc expression decreases expression of ICAD protein. Huh-7 cells
were transiently transfected with Myc siRNA (¢c-Mye, N-Myc) or the
control siRNA (cont). Three days later, the cells were harvested and
subjected to Western bloting. (b) Ectopic expression of Myc
increases expression of ICAD protein. Cells (Huh-7 and mouse
3T3) were transfected with the expression vector for c-Myc or

-i-.')_ Springer

N-Mye, and after 3 days the cells were harvested for Wesiern
blotting. (¢) Comparison of the mRNA expression of c-Myc and ICAD
in Huh-7 cells and human oral squamous carcinoma cells (Ca22-9,
HSC-2, and HSC-3). Levels of mRNA expression of ICAD and
c-Myc were measured by quantitative real-time RT-PCR based on
Taq Man chemistry, Results, relative to fl-actin mRNA, are depicted
as averages with SD (n = 3)
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loss-of-function studies, but reproducible nonetheless. These
results suggest an important role of Myc proteins in positive
regulation of ICAD expression.

Finally, we examined if there might be a correlation
between ICAD and Myc expression levels in cancer cell lines.
The mRNA expression of ICAD and ¢-Myc in human oral
squamous cell carcinomas (Ca22-9, HSC-2, and HSC-3), in
which ICAD expression has not been investigated to date, as
well as in Huh-7 cells during their late exponential phase of
growth, was analyzed by quantitative RT-PCR (Fig. 5¢).
ICAD mRNA was readily detected in all cancer cells but the
expression level was not consistent, A relatively high level of
expression was observed in Ca22-9 and HSC-3 cells, while
HSC-2 cells demonstrated the lowest. Interestingly,
expression pattern of c-Myc mRNA in these cell lines
showed a tendency similar to that of ICAD, suggesting an
important role of Myc in ICAD expression in human cancers.
A large scale analysis for investigating correlation between
ICAD and Myc expression in a variety of cancer tissues
obtained from patients is ongoing.

Several studies have shown up- or down-regulation of
ICAD in a variety of human cancers [11-14, 29, 30].
Although transcriptional deregulation is presumably
involved in this aberrant expression of ICAD, liule is
known about the transcriptional regulation of ICAD in
human cells. This work was done to characterize the human
ICAD promoter and to examine transcription factors which
may be involved in its regulation. We experimentally
determined putative transcription start sites by employing
the 5-RACE method, and identified a promoter region
required for basal /CAD gene expression using promoter-
reporter constructs with progressive deletions. A combined
study of site-directed mutagenesis of a reporter construct
and chromatin immunoprecipitation revealed the impor-
tance of an E box Myc-binding motif located at position
—103 to —98 from the transcription start sites, as well as an
in vivo interaction between c-Myc and N-Myc and the
proximal /CAD promoter. Furthermore, we demonstrated
the functional importance of Myc proteins with regard to
transcriptional regulation of the ICAD gene from studies
examining ectopic expression of c-Myc and N-Myc, as well
as with RNAi technology. We showed that expression
levels of ICAD and Myc correlate in some tumors.

c-Myc and N-Myc are transcription factors of the
bHLH LZ family that bind to the E box sequence within
promoters to control proliferation, cell differentiation, and
apoptosis [25, 31, 32). ¢-myc and N-myc genes are
deregulated in a number of human cancers and influence
proliferation and growth. A link between Myc and cancer
is well established both in vivo and in vitro, and onco-
genic activation of Myc has been observed to promote
the development of a number of clinically significant
cancers [25, 33]. However, the molecular and cellular

mechanisms of Myc-mediated transformation are not fully
understood. Although a variety of Myc target genes were
identified and recruitment of Myc to the target promoters
such as prothymosin and telomerase were shown [34],
there has been no direct evidence on involvement of Myc
in regulation of ICAD expression. It is known that c-Myc
activation usually occurs during the later stages of car-
cinoma in humans. Conversely, in premalignant cells,
c-Myc is a robust stimulator of apoptosis and pro-
grammed cell death [32]. One area of investigation into
cancer cell death mechanisms centers on the mechanism
by which c-Myc stimulates or suppresses apoptosis. For
instance, Myc has been reported to potentiate apoptosis
through both p53-dependent and -independent mecha-
nisms [35, 36]. Myc controls the balance between pro-
and anti-apoptotic factors at the level of the mitochondria,
thereby regulating cytochrome C release and activation of
downstream caspases [37, 38]. Involvement of Myc in
up-regulation of ICAD expression as demonstrated in this
study might present a novel mechanism of Myc-depen-
dent inhibition of apoptosis. It is possible that elevated
levels of ICAD in cells inhibit activation of endonuclear
activity, thereby increasing the threshold for apoptosis
signaling.

Kawane et al. have reported on the structure and ana-
lyzed the promoter of a murine /CAD gene, by which they
demonstrated that a 118-bp flanking region of the ICAD
gene is required for its transcription [16]. The mouse
sequence shares approximately 82% homology with a
comresponding upstream region of the human ICAD gene.
The mouse JCAD promoter has a number of potential
binding sites for transcription factors, such as Ikaros, c-Rel,
Myc, and Gfi-1 [16]. Conservation of the Myc-binding
motif among human and murine promoters suggesis a
functional significance of Myc in transcriptional regulation
of ICAD expression.

In conclusion, this is the first report to identify a
functional promoter of the human ICAD gene, and to
demonstrate that Myc proteins are able to positively
regulate ICAD gene expression. Extensive apoptosis
research to date has shown that tumor aggression depends
on various defects in apoptosis signaling [39]. Further
investigation into the molecular events linking Myc
expression with [CAD gene regulation may provide
insight into Myc’s role in cell proliferation, transforma-
tion and apoptosis.
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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-JFHI (genotype 2a) and the release of core protein into the culture supernatants 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 ohserved 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-cysicine, 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 | (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 cflicacy against genotype Ih 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 « (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 retrovirgl 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 1o 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, Noacctyl-cysteine (NAC), ascorbic seid (vitamin C), and -
buthionine sulfoximine (HS0) were purchased from Sigma (St Lowis, MO),
Arscnic pentonide { APO) (As;Oy, arsenate) was purchascd from Wake (Osaka,
Inpan). Both ATO and APO were dissolved in | N NaOH at 0.1 M a= » stock
solution. An inducible nitric oxide synthase (INOS) inhibitor, 1300W, was pur-
chased from Calbiochem (Merck Bioscicnces, Darmstadt, Germany).

Cell culture, 293FT cells were cultured in Dulbecco’s modilied Fagle s me-
dium {Invitrogen, Carlbhad, CA, USA) supplemented with 10% fetal bovine
scrum. The Tollowing four Hul-7-derived cell lines or their parental Hull-7 colls
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were cultured in Dulk ‘s modified Eagle's medium with 105 fefal bovine
serum as described previously (25) O cells, harhoriog a replicative genome-
lengih HOV-0 RNA (O strmin of genotype 1h) (25); OR6 eells, harboring the
genome-length HOV-0 RNA with luciferase as » reporter (25); 8O colls, har-
horing the subgenomic replicon RNA of HOV-0 (31); and RSc cured cells,
which cell culture-generated HOV-JFHI (JFHI strain of genotype 2a) (58) could
infect and effectively replicate in (2, 3). The O, OR6, and sO cells were main-
wined in the presence of G418 (300 pgimi Geneticing Invitrogen).

RNA interference. Oligonucleotides with the following sense and untisense
sequences were used for the cloning of shon hairpin RNA (shRNA)-encoding
sequences targeted to PML (56) in a lentiviral vector: $-GATCCOCCAGATGC
AGCTGTATCCAAGTTCAAGAGACTTGGATACAGCTGCATCTTTTTTG
GAAA-Y (sense) and S -AGCTTTTCCAAAAAAGATGCAGCTGTATCCAA
(JT(TC‘I'I'GMC'JTGGRT&CAG('TBCAT( TGGG-3"  (antisensc).  These

les were led and subcloned into the Bglll-Hind111 site, down-

MECHANISM OF THE ANTI-HCV ACTIVITY OF ARSENIC TRIOXIDE 2339

subjected to the Renilla luciferase (RL) assay according 10 the manufacturer’s
instructions ( Promega, Madison, WI). A Lomat LBYSOT luminometer (Berthold,
Racl Wildhad, Germany) was used 1o deveet RL activity

FL assuy. Plasmids were transfected into O cells £2 < 10* cellsiwell in 24-well
plates) using FuGeneh and cultured for 24 h The cells were treated with or
without | uM ATO for 24 h, and then firefly luciferase (FL) assays were per-
formed nccording to the manufacturer's instructions (Promega),

Immunofiuorescence aud confocal lnlc:m«pk anulysis. Cells were fixed m
3.6% 1 Idehyde in p hate-buffered saline (PBS), permeabilized in 0.1%
NP-40 i PBS at room tcmpcmnn: and incubuted with anti-PML antibody
(PMO01; MBL) ut & 1:300 dilution in PBS containing 3% bovine serum albumin
A 37°C for 30 min. They were then stained with fluorescein isothincyanate-
conjugated anti-rabbit antibody (Jackson ImmunoResearch. West Grove, PA) st
a 1:300 dilution i PBS containing hovine serum albumin st 37°C for 30 min,
followed by g with 4 .6-dinmidino-2-phenylindole (DAPI) at room tem-

stream from an RNA polymerase 111 promoter of pSUPER (8), 1o g
pSUPER-PMLL. To construct pLV-PMLi, the Baml1-Sail frngmmm of
pSUPER-PMLI were s\lh:lu‘ncd mto the BamH- SnII site af pRDI"?Z, an I-II:\:"A

F for 15 min. F g g in PBS, the cells were mounted
on slides using 2 mounting medium of Y% glyeerin-10% PBS with 0,01%

pephenylencdiamine added to reduce fading. Samples were viewed under a

1-derd d self-i nvaral veolor ¢ .
marker allowing for the sciccl.lnn of transduced ﬂ:l]n (T) pLV-C‘hk2| was de-
seribed previously (3).

Lentiviral  vector  producti The vesicular  stomatitis  virus  (VSV)
Gpseudotyped HIV-1-bascd vector system I'us heen dm‘bed previously (42).
The lentiviral m.-lor ;mﬂdu were prod i of the

J PCMV-AREYT (1. 71) and the VSV G
:nuclopc-cxpﬂ:mns wnumd pMDG2 ax well ns pRDIZ'J‘ into 293FT cells with
FuGenen (Roche Di M G ¥,

focal laser-scanning microscope (LSMSI0; Zeiss, Jena, Germany),

M of i Alular 0, and H,0, pl'lldltuﬂtl. The intracellulas
supcnmdz anion radieal (O,7) levels were d with an oxiduti iti
probe, dilvdrocthidium (DHE) (Invitrogen Molecular Probes), that

is highly sclective for detection of O,” among reactive oxypen specics (ROS)
DHE is cell permeative and reacts with Qs 1o form cthidium, which in wrn
intercalates in DNA, therchy exhibiting a red fuorescence Thc lmmwclhﬂur
hydrogen peroxide (H04) levels were |

red with I nsi-
tive Muorescent probe dye, tcarboxy-2°, 7 -dichlorodibydrofluorescein dincetate

HOCV infection np-rimmla. The suy wits collected from cell cult
gencrated HCV-JFHI (58)-infected RSc cells (2, 3) at 8 days postinfection and

(earhoxy-H;DCFDA) (lnvitrogen Molecular Probes), Carboxy-H.DCFDA was
i Nularly deacetylnted with und further oxidized with peroxidase 1o

stared at =30°C after filiering through i 0.45-um filier (Kurabo, Csaka, Japun)
until use. For infection experiments with HCV-JFHI virus, RSe cells (1 x 10*
cellsiwell) were plated onto si-well plates and cultured for 24 h. We then
mfected the cells with 50 ul lent to n multiplicity of inf of 0.05 1o
0:1) of inoculum. The culture supernatants were collected at 97 h postinfection,
and the levels of the core protein were determined by creyme-linked immu-
nosorbent assiy (Mitsubishi Kagaku Bio-Clinical Laboratories, Tokya, Japan)
Total RNA was isolated from the infected cellulnr lysates using an RNensy
minikit (Qingen, Hilden, Germany) for quantitative reverse transcription-PCR
(RT-PCR) analysis of intracellular HOV RNA. The level of intracellular HCV
RNA in the RSc cells was > 10" copies/pg total RNA 1 4 days postinfection,

] itative RT-PCR tysis, The i RT-PCR analysis for HCV
RNA was perfurmed hy real-time LightCycler PCR (Roche) as described pre-
viously (25). We used the following forward and reverse primer scis for the
real-time LightCyeler PCR: PML, 3. GAGGAGTTCCAGTTTCTGCG-3 (for-
wiird), $“GCGCCTGGCAGATOGGGCAC-3' (reverse); fB-actin, §'-TGACGG
GGTCACCCACACTG-3 (forward), 5-AAGCTGTAGCCGCGCTCGGT-3
(reverse); HOV-0, S-AGAGCCATAGTGGTCTGCGG-3' (forward), $-CTT
TCGCGACCCAACACTAC3 (reverse); and HOVAIFHIL, 55 -AGAGCUAT
AGTGOTCTGCOG-3 (forward), 5 -CTTTCOCAACCCAACGUTAC-3' (re-
werse )

Western blot analysis. Cells were lysed in buffer containing S0 mM Tris-HCI
(pH 8.0), 150 mM NaCl, 4 mM EDTA, 1% Nonider P-30, 0.1% mdmm dodeeyl
sulfate, | mM dithiotlireitol, and | mM pheaylmethyisulfonyl
tants from I.hcsc Iysates were subjected (o wdzum dodecyl sulfato- pulvm:ryllmldc

el ! using anti-PML (A301-
168A-1; Bt.lhyl Labotatories, Montgomery, TX), anti-Chk2 (DCS-273; Medical
& Biological Laboratorics, MBL, Nagoyn, Japan), anti-HCV core (CP-9 and
CP-10: Institute of Immunology, Tokyo, Japan), anti-HCV NSSA (no, 8926; a
generous gift from A Takami The R h Foundation for Microbal
Disenses of Osaka University, Japan), unti-signal fucer and nctivator of
transcription 3 (anti-STATI) (BD Bioscience, San Jose, CA), anti-phospho-
STATI (Tyr705) (Cell Signaling Technology, Danvers, MA) anti-paly{ ADP-
ribose) polymernise 1 (anti-PARP-1) (C-2-1); Culhiochem), or anti-fi-actin anti-
hody (Sigma)

MTT nssay. HuH-7 or O cells (5 % 10* collswell) were plared onto 96-well
plates and cultured for 24 h. The cells were treated with ATO, APO, or NaOH
fior 24, 48, o7 72 h and then subjected to the colorimetric 3-{4,5-dimethylthinol-

2:y1)-2.5-diphenyl lium ¢ de (MTT) assay according to the manufac-
turer's |m.'llu:Iin|:= (eell proliferation kit I; Roche). The ahsorbance wis woad
using a microplate reader (model 2550; Bio-Rad Laboratories, Hercules, CA)
550 nm with a reference wivelength of 6% nm.

RL nssay. OR6 cells (1.5 107 cellsvwell) were plated onto 24-well plates und
cultured for 24 h. The eells were trented with cach reagent for 72 h and then

1 e fndl

the Muarescent 2. 7-dichlomdibydrofiuorescein (DCF). The ATO- ar BSO-
treated O cells were washed with PBS and incubmted with § uM DHE and 20 uM
carbuxy-HDCFDA {n PBS at 37°C for 30 min, Cells were then washed twice
with PBS. The DHE or DUF fluorescence intensily was measured using a FACS-
Calibur flow cytometer. For cach sample, 10,000 events were coliected. The 0,
or H:0, levels are indicated as mean Muorcscence intensities, which were de-
termined with the CellQuest software (BD Bioscience).

Detection of | [t 1 Mular gi levels were an-
alyzed using CellTracker (imn (S-chil hyiit in di [CMEFDAL
Maolecular Probes, lnuilnmcn) CMFDA s a mrrnhnn: -permentive dye used 1o
determine intracellular hi levels. Cytopl s the
nonfluorescent CMI ‘DJ\ o the fluorescent ‘—chlommﬂhyﬂluon,s\'cln (CMF),
which can then react with glutathione. The excitation peak is ot 492 nm, and the
fluorescence emission peak is at 517 mm. O cells treated with | pM ATO fur 72h
were washed with PBS und incubated with 3 uM CMFDA at 37°C for 30 min,
The CUMF (i Cnsily wis 1 using @ FACSCalibur flow cy-
tometer. For ench sample, 10,000 events were collected. The glutathione levels
are given as the relative mean fluorescence mtensitics, which were derermined
with CellQuest software.

RESULTS

ATO inhibits HCV RNA replication. First, we quantitatively
examined the effect of ATO on the HCV RNA replication in
HuH-T-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-0O 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-0O RNA replication was 0,19
uM (Fig. IA). 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
ECs, of 0.48 uM at 72 h alter the treatment (Fig, 1C), We next
examined the effect of ATO on HCV reproduction by HCV-
JFH1 infection (58). The results revealed that ATO signifi-
cantly inhibited the intracellular RNA replication of HCV-
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FI1G. 1. Inhibition of HCV RNA replication by ATO. (A) The level of genome-length HCV RNA in O cells alter the treatment with ATO was
momr.ortd by real-time L:g]u(.‘yc]cr PCR. Experiments were done in lnplu:all: and, bars represent the mean percentage of HCV RNA. Error bars
i t dard deviations. (B) HCV core and NS5A protein expression levels in O cells after treatment with ATO. The results of Wesiern blot
analysis of cellular lysates with anti-HCV core, anti-HCV NS5A, or anti-B-actin antibody in O cells at 72 b 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-JFHI 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 imdependent experiments
conducted as described for panel A arce shown. (E) The levels of the core protein in the culture supernatants treated as described for panel D were
determined by enzyme-linked immunosorbent assay. Experiments were done in triplicate, and bars represent the mean core protein levels.

JFHI, with an ECs, of 0,27 pM, 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 1o exist
in two oxidation states, As(II1) 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 OR6 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 ECs, 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
to 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
apoptosis 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 alfect

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-
cration (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 bhe an important substrate for activated
caspase 3, in O cells treated with | 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
exumined the subcellular localization of PML in O cells treated
with cither 1 pM ATO or 1 pM 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 translocaled
into discrete cytoplasmic bodies in the O cells treated with 1
1M 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 Hela
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FI1G. 2. Effect of APO on HCV replication. (A) Schematic repre-
sentation of genome-length HCV RNA encoding the RL gene as o
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, K1609E 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
resulis shown are means from three independent experiments. Error
bars indicate standard deviations. (C) Effect of APO on genome-length
HOCV RNA replication. At 72 h after treatment of ORG 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
AFO. The results of Western blot analysis of cellular lysates with
anli-HCV core or anti-B-actin antibody in O cclls at 72 h after treat-
ment with either 1 pM ATO or 1 uM 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 pM ATO or 1 pM 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 L. but not shorter PML isoforms such
as PML VI and which has been praven 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 1argeted 1o all PML isoforms (56), we used the VSV
G-pscudotyped 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 | pM ATO (Fig. 4E) or |
M 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 clfectively 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 elfective 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 | 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 [), 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-xB), activator protein | (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-xB signaling pathway through a direct inter-
action with TKKPB at a high concentration (more than 10 pM)
(29), neither 1 pM ATO nor 1 uM APO affected the endog-
enous NF-kB transcriptional activity in the present study (Fig.
SA 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-kB 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
INK activity at a dose below 30 uM (45). In fact, 50 pM ATO
but not 50 uM APO strongly stimulates AP-1 activity by in-
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FIG. 3. Effect of ATO on cell growth and viability. (A and B) MTT assay of O cell lysates at the indicated times afier treatmeni with ATO ai
various concentrations. NaOH (10 wM) was used as the solvent for ATO. The results shown are means from three independent experiments. Error
Irars indicate standard deviations. (C and 2) MTT assay of O cell lysates at the indicated times after treatment with APO at various concentrations.
(E and F) MTT assay of HuH-7 cell lysates at the indicated times after treatment with ATO at various concentrations, (G) Growth curve and

viability of O cells after treatment with either 10 uM NaOH (Con) or

I uM ATO (As). (H) Western blot analysis of cellular lysates with

anti-PARP-1 or anti-B-actin antibody in O cells at the indicated times after treatment with 1 pM ATO.

hibiting a JNK phosphaase (10). Consistently, we found that
both | pM ATO and | pM APO had a marginal effect on the
AP-1 signaling pathway (Fig. 5C and D), suggesting that the
AP-1 pathway is also not involved in the anti-HCV activity of
ATO. Regarding the STAT3 signaling pathway, ATO has been
reported to inhibit the phosphorylation of the STAT3 tyrosine
at 705, leading to inactivation of the JAK-STAT signaling
pathway (12, 62). In contrast, it has been reported that HCV
constitutively phosphorylates and activates STAT3 (49, 59, 67).
In this context, we observed constitutive tyrosine phosphory-
lation of STAT3 in untreated O cells (Fig. SE). Furthermore,
the marginal effect of 1 pM ATO on STAT3 phosphorylation

and interleukin-6-mediated STAT3 activation was also ob-
served (Fig. SE and F). Taken together, these results at least
suggest that the NF-xB, AP-1, and STAT3 pathways may not
be associated with the anti-HCV activity of ATO at submicro-
molar concentrations,

The anti-HCV activity of ATO is associated with the gluta-
thione redox system and oxidative stress. Finally, we focused
on the involvement of the glutathione redox system and oxi-
dative stress in the anti-HCV activity of ATO. For this, we
analyzed the HCV replication level after combination treat-
ment with ATO and antioxidants such as NAC and vitamin C
using the OR6 assay system, When ORG6 cells were treated with
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FIG. 4. PML and Chk2 are not required for the anti-HCV activity of ATO. (A) Subcellular localization of PML in O cells at 72 h after
treatment with 10 wM NaOH (=), | pM ATO, or | pM APO. PML was deteeted by indireet immunofluorescence analysis with anti-PML antibody
(PMD01). DAPI staining of the nuclear DNA is also shown. (B) Induction of PML degradation by ATO hut not by APO. The results of Western
Blot analysis of cellular lysates of O cells at 72 h after treatment with 10 uM NaOH (=), | pM ATO, or 1 gM APO with anli-PML (A301-168A-1)
or anti-B-actin antibody are shown. (C) Stable knockdown of PML by shRNA-producing lentiviral vector in O cells. PML was detected by indirect
immunolluorescence analysis with anti-PML antibody (PMUDT) in O cells expressing shRNA targeted o PML (PMLi) as well us m O cells
transduced with a control lentiviral vector (Con). (D) Western blot analysis of cellulur lysates with anti-PML (A301-168A-1) or anti-B-actin
antibody in PML knockdown O cells (PMLi) as well as in control O cells (Con), (E and F) The level of genome-length HOV-0O RNA was monitored
by real-time LightCycler PCR in PML knockdown O cells (PMLi) as well as in control O cells (Con) after treatment with 10 pM NaOH (=), |
UM ATO (+) (E), or | pM APO (+) (F) for 72 h. Results from three independent experiments conducted as described in the legend to Fig. 1A
are shown, (G) Inhibition of Chk2 expression by shRNA-producing lentiviral vector. The results of Western blot analysis of cellular lysates with
anti-Chk2 or anti-B-actin antibody in O cells expressing shRNA targeted to Chk2 (Chk2i) as well as in O cells transduced with a control lentiviral
vector (Con) are shown, (H and 1) The level of genome-length HCV-0 RNA was monitored by real-time LightCycler PCR in Chk2 knockdown
O cells (Chk2i) as well as in control O cells (Con) after treatment with 10 pM NaOH (=), 1 pM ATO (+) (H), or 1 pM APO (+) (1) for 72 h
Results from three independent experiments conducted as described in the legend 1o Fig. 1A are shown.

either 100 pM vitamin C or 10 mM NAC alone for 24 hor 72 h,
the HCV replication was slightly enhanced (Fig. 6A and B),

probes, DHE for detection of intracellular O, and DCF for
detection of intracellular H,O, We found that 1 pM ATO

indicating that the antioxidant can activate HCV replication.
Although the anti-HCV activity in the OR6 cells treated with
1 pM ATO and in combination with 100 uM vitamin C for 24 h
was weakly reduced, 10 mM NAC completely and partially
eliminated the anti-HCV activity of ATO after 24 h (Fig. 6A)
and 72 h (Fig. 6B) of treatment, respectively, suggesting that
oxidative stress and the glutathione redox system are associ-
ated with the anti-HCV activity of ATO. In contrast, the iNOS
inhibitor 1400W did not suppress the HCV RNA replication or
eliminate the anti-HCV activity of ATO, suggesting that NO is
not involved in the anti-HCV activity of ATO (Fig. 6C). To
further examine the involvement of oxidative stress in the
anti-HCV activity of ATO, we examined ROS production in
ATO-treated cclls using two oxidative-sensitive fluorescent

could generate a significant level of intracellular O, but not
intracellular H.O,, while 2 pM BSO, an inhibitor of glutathi-
one synthesis (14, 20, 33), could induce both O, and H,0,
(Fig. 6D 10 H). Importantly, NAC diminished the ATO-de-
pendent O, induction (Fig. 6F). Since glutathione is a major
antioxidant in cells and can clear away superoxide anion free
radical, we also analyzed the changes of the intracellular glu-
tathione level in ATO-treated O cells using CMF fluorescence,
which can react with glutathione., As a result, we observed
significant glutathione depletion in the cells treated with at
least | kM ATO (Fig. 6I). To further confirm the involvement
ol glutathione in the anti-HCV activity of ATO, we examined
the effect of cotreatment with ATO and BSO. When the OR6
cells were treated with | wM BSO alone, the HCV replication
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