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Hepatitis C virus NS3/4A protein interacts with ATM, impairs DNA repair
and enhances sensitivity to ionizing radiation
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Abstract

Hepatitis C virus (HCV) infection is frequently associated with the development of hepatocellular carcinomas and non-Hodgkin's B-cell
lymphomas. Nonstructural protein 3 (NS3) of HCV possesses serine protease, nucleoside triphosphatase, and helicase activities, while NS4A
functions as a cofactor for the NS3 serine protease. Here, we show that HCV NS3/4A interacts with the ATM (ataxia-telangiectasia mutated), a
cellular protein essential for cellular response to irradiation. The expression of NS3/4A caused cytoplasmic translocation of either endogenous
or exogenous ATM and delayed dephosphorylation of the phosphorylated ATM and γ-H2AX following ionizing irradiation. As a result, the
irradiation-induced γ-H2AX foci persisted longer in the NS3/4A-expressing cells. Furthermore, these cells showed increased comet tail
moment in single-cell electrophoresis assay, indicating increased double-strand DNA breaks. The cells harboring an HCV replicon also
exhibited cytoplasmic localization of ATM and increased sensitivity to irradiation. These results demonstrate that NS3/4A impairs the
efficiency of DNA repair by interacting with ATM and renders the cells more sensitive to DNA damage. This effect may contribute to HCV
oncogenesis.
© 2007 Elsevier Inc. All rights reserved.
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Introduction

Hepatitis C virus (HCV) infects more than 170million people
in the world (Shepard et al., 2005). The importance of HCV
infection in hepatocellular carcinomas (HCC) and non-Hodg-
kin's B-cell lymphomas has been well documented (Ferri et al.,
1994; Saito et al., 1990). HCV is a unique nonretroviral onco-
genic RNA virus and replicates in the cytoplasm of the cells. It
does not contain an obvious oncogene and does not integrate into
host genomes. The mechanism of its oncogenesis remains
largely unclear. HCV contains a 9.6-kb RNA genome that en-
codes a large polyprotein (N3000 aa), which is cleaved into 10
structural and nonstructural (NS) proteins through the action of
cellular proteases as well as the viral-encoded proteases,
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including NS2 and NS3/4A. NS3 contains serine protease acti-
vities that require a cofactor NS4A, which enhances the pro-
teolytic activity of NS3 and is required for trans-cleavage at the
NS4B/5A junction (Wolk et al., 2000). NS3 also contains a
helicase activity.

Previously, we have reported that HCV infection stimulates
the production of nitric oxide (NO) through activation of the
gene for inducible NO synthase (iNOS) by the viral core and
NS3 proteins (Machida et al., 2004). NO causes double-strand
DNA breaks (DSBs) and enhances the mutation frequency of
cellular genes, including proto-oncogenes and tumor suppressor
genes (Machida et al., 2004).More recent studies further showed
that HCV infection, through the core, E1, and NS3 proteins, also
induced production of reactive oxygen species (ROS), contrib-
uting to DSBs (Machida et al., 2006). DSBs are the most harmful
form of DNA damage because they lead to chromosomal
breakage and rearrangement. DSBs can also be caused by
exogenous agents such as ionizing radiation (IR) and by the
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introduction of errors duringDNA replication andmitosis. DSBs
are recognized by a sensor that transmits signals to a series of
downstream effector molecules to activate signaling mechan-
isms for cell cycle arrest and induction of repair or cell death if
Fig. 1. ATM is not a substrate for NS3/4A protease. (A) HEK293 cells were transfe
NS3/4A(C) (lane 2), or NS3/4A(N) (lane 3). At 48 h after transfection, cell lysates
against ATM or a NS3 MAb. (B) Lysates of naive Huh-7 (lane 1), Neo45.3 (lane 2),
(Guo et al., 2001) and pUC-Replicon (Lee et al., 2004), respectively, were immuno
cultured in the presence of the indicated amounts of Dox (Doxycycline). After 48
MAb against NS3. Recombinant NS3 protein acts as a molecular weight marker. (M
Doxycycline to media. (Bottom) trans-Cleavage competence of NS3/4A expressed
empty vector pCI, or a molecular weight positive control vector pcDNA3.1-NS5
followed by incubation for 48 h in the absence or presence of Doxycycline. NS3 a
TRNS3/4A.36 cell lysates were harvested in the absence or presence of Doxycyclin
(E) Huh-7 and Rep1.1 cells were labeled for 24 h with [35S]-protein labeling mixtu
autoradiography. Results were quantified by PhosphorImager counting as describe
the damage is irreparable. The nuclear protein kinase ataxia-
telangiectasia mutated (ATM) is regarded as the sensor and
transducer of this network (Shiloh, 2003; Shiloh and Kastan,
2001). It is mutated in ataxia-telangiectasia, a genetic disorder
cted with FLAG-ATM together with the expression vectors for empty (lane 1),
were resolved by 6% SDS–PAGE and then immunoblotted with MAb (5C2)
and Rep1.1 (lane 3) cells harboring the replicon constructs pUC-HCV1bneo45
blotted with MAbs against ATM and NS3. (C) (Top) TRNS3/4A.36 cells were
h, cell lysates were resolved by SDS–PAGE and then immunoblotted with a
iddle) NS3/4A expressed at various times after the addition of 0.5 or 1 μg/ml
in the Dox-inducible cell line. TRNS3/4A.36 cells were transfected with an

A, or NS3 substrate expression vectors pCI-NS4B-5A or pCI-NS5A-5B312,
nd NS5A were detected by Western blot with an anti-NS3 or -NS5A Ab. (D)
e for 48 h and then detected by immunoblot with MAbs against ATM and NS3.
re; cells were lysed, immunoprecipitated with ATM antibody, and analyzed by
d in Materials and methods.



Fig. 2. NS3 partially colocalized with exogenous ATM in the cytoplasm. (A) HEK293 cells were transfected with plasmids pFLAG-ATM and empty vector or pCI-
NS3/4A. At 48 h posttransfection, cells were co-stained with rabbit anti-ATM polyclonal Ab (Ab3) (green fluorescence), anti-NS3 mouse MAb (red fluorescence), and
DAPI. Confocal images from this experiment were superimposed to demonstrate colocalization (yellow merge fluorescence). Arrows indicate the colocalization of
ATM and NS3. (B) One day after seeding, TRNS3/4A.36 cells were transfected with plasmid pFLAG-ATM followed by treatment with or without Doxycycline for
48 h before co-staining with same antibodies and DAPI as in panel A.
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characterized by cerebellar degeneration, immunodeficiency,
radiation sensitivity, genetic instability, and cancer predisposi-
tion (Barzilai et al., 2002), and is essential for rapid induction of
cellular responses to DSBs. ATM localizes predominantly in the
nucleus of most proliferating cells, with a trace amount residing
in the cytoplasm (Brown et al., 1997; Chen and Lee, 1996).
Nuclear localization signal of ATM is mapped near the amino
terminus (385KRKK388) and is required for the functional
activities of ATM (Young et al., 2005). In resting human cells,
ATM is present as dimers; exposure to IR induces its autopho-
sphorylation at serine 1981, dimer dissociation, and activation of
kinase (Bakkenist and Kastan, 2003). Thereafter, ATM accu-
mulates at sites of DSBs and rapidly phosphorylates histone
H2AX at serine 139 (Burma et al., 2001). In mammals, phos-
phorylation of H2AX plays a critical role in the recruitment of
damage-signaling factors to the sites of DNA damage. The
phosphorylated H2AX, called γ-H2AX, forms clusters at each
DSB site and produces foci that can be observed by
immunofluorescence within minutes of IR (Celeste et al.,
2003; Rogakou et al., 1999). γ-H2AX is dephosphorylated
and removed from chromatin by phosphatase 2A (PP2A). In
cells lacking active PP2A, γ-H2AX foci persist much longer
than in control cells, and the PP2A-deficient cells have
inefficient DNA repair and are hypersensitive to DNA damage
(Chowdhury et al., 2005). The rate of disappearance of γ-H2AX
foci is reversely correlated with cellular radiosensitivity (Taneja
et al., 2004) and reflects the ability of the cells to repair DNA
(Chowdhury et al., 2005). Failure of DNA repair leads to genetic
instability, which, in turn, may enhance the rate of cancer
development (Motoyama and Naka, 2004).

Recent studies have shown that NS3/4A could suppress the
host antiviral immune system by cleaving two cellular targets,
Toll-IL-1 receptor domain-containing adaptor inducing IFN-β
(TRIF) (Li et al., 2005a) and mitochondrial antiviral signaling
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(MAVS; also know as IPS-1, VISA, and CARDIF) (Li et al.,
2005b; Meylan et al., 2005), involved in the induction of type-I
interferons (IFNs), IFN-α, and IFN-β. In order to identify
additional potential cellular targets cleavable by NS3/4A, we
used the consensus sequence [DE]-x(2)-V-x-[CT]-[SA]-x(2)-
[YL] of the trans-cleavage site of NS3/4A (see Materials and
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methods) to search for its possible substrates in protein
databases. We found that ATM is a potential substrate of
NS3/4A. However, we found that NS3/4A could cleave neither
endogenous nor exogenous ATM. Nevertheless, NS3/4A co-
localized and interacted with ATM. In addition, NS3/4A caused
partial translocation of ATM from the nucleus to the cytoplasm
and specifically interacted with ATM. Furthermore, following
exposure to IR, cells expressing NS3/4A showed delayed
dephosphorylation of γ-H2AX and persistence of γ-H2AX
foci. In addition, these cells showed increased “comet” tail in
single-cell electrophoresis assay, indicating increased double-
strand DNA breaks. All of these observed effects were also
demonstrated in hepatocytes harboring an HCV replicon. These
results demonstrate that NS3/4A can inhibit DNA repair, thus
causing DNA damage and contributing to HCV oncogenesis.

Results

ATM contains potential sequences but is not the proteolytic
target of NS3/4A

To identify the potential cellular targets of HCV NS3/4A
protease, we first analyzed the reported cleavage sites of NS3/
4A, NS4A/4B, NS4B/5A, and NS5A/NS5B of HCVand applied
ClustalW (Thompson et al., 1994) and ScanProsite (Gattiker
et al., 2002) to search for the presence of potential proteolytic
targets of NS3/4A among the cellular proteins. Candidate se-
lection was based on the results from bioinformatic analysis.
ATM was one of the cellular proteins identified; the potential
cleavage site was predicted at amino acid (aa) residues 713 to
722 (sequence ETLVRCSRLL; the conserved residues of trans-
cleavage sites are underlined). To determine whether ATM is a
proteolytic target of NS3/4A, we co-transfected the expression
plasmids encoding FLAG-ATM and NS3/4A into HEK293. We
then performed immunoblotting for the detection of cleavage
products. No cleavage products of ATM were identified in these
experiments (Fig. 1A). The similar result was obtained in the
cells harboring an HCV subgenomic replicon (Fig. 1B). In
addition, we established a tetracycline-regulated cell line,
TRNS3/4A.36, expressing NS3/4A complex in the presence of
Doxycycline. Fig. 1C shows that NS3 protein expression was
induced upon Doxycycline addition and reached a steady-state
level at 0.5 to 1 μg/ml or higher concentration of Doxycycline
(Fig. 1C, top). NS3 protein expression reached the maximal
level after 48 h of treatment (Fig. 1C, middle). Furthermore,
when NS4B/5A or NS5A/5B312 was transfected into TRNS3/
4A.36 cells, in the presence of Doxycycline, NS5Awas released
from the precursor (Fig. 1C, bottom), indicating that NS3 is
capable of trans-cleavage. We therefore used this TRNS3/4A.36
inducible cell line to test whether endogenous ATM could be
cleaved by NS3/4A. No cleavage products were identified
Fig. 3. NS3 partially colocalized with endogenous ATM in the cytoplasm. (A) HeLa
posttransfection, cells were co-stained with anti-ATM rabbit polyclonal Ab (Ab3), an
were treated with 1 μg/ml of Doxycycline or untreated for 48 h before co-staining wit
NS3/4A-transfected U-2 OS, and Doxycycline-treated TRNS3/4A.36 cells were fract
by immunoblot analysis. Blots were also probed with an Ab against the large sub
fractionation controls.
(Fig. 1D). Even when different anti-ATM antibodies, Ab3 and
2C1, which recognize aa 819–844 and aa 2577–3056 of ATM,
respectively, were used, no cleavage products of ATM were
identified (data not shown). Next, we further performed
metabolic labeling of proteins and then immunoprecipitation
by using anti-ATMAb (2C1) in both Huh-7 naive cells and HCV
replicon cells. We found that the amounts of ATM protein were
similar, and no cleavage products of ATMwere identified in both
Huh-7 and HCV replicon cells (Fig. 1E, lanes 1 and 2). We also
included a control IP using normal mouse IgG, which did not
precipitate 35S-ATM (Fig. 1E, lanes 3 and 4). Taken together,
ATM is not a proteolytic target of NS3/4A even though it
contains the NS3 consensus cleavage sequences.

HCV NS3/4A induced ATM cytoplasmic localization and
partially colocalized with ATM in the cytoplasm

Although we found that ATM was not cleaved by NS3/4A,
the presence of the predicted cleavage consensus of NS3/4A in
the ATM sequence raised a possibility that ATM may interact
with NS3/4A. Therefore, we studied the potential of NS3/4A to
alter ATM subcellular localization. pFLAG-ATM was cotrans-
fected together with plasmid pCINS3/4A or an empty vector
into HEK293 or TRNS3/4A.36 cells in the absence or presence
of Doxycycline. We found that most of the FLAG-ATM pro-
teins were localized within the nucleus in the absence of NS3/
4A in either HEK293 or TRNS3/4A.36 cells (Figs. 2A, left, B,
left), consistent with the previous reports (Brown et al., 1997;
Chen and Lee, 1996). In contrast, in the presence of NS3/4A,
FLAG-ATM was localized predominantly in the cytoplasm and
partially colocalized with NS3 (Figs. 2A, right, B, right). These
results strongly suggest that NS3/4A may induce ATM cyto-
plasmic translocation. In order to reduce error, self-deception,
and bias in the observation of ATM localization, we performed a
double-blind test in transfected HEK293 cells. The location of
FLAG-ATM was determined in 100 HEK293 cells. The results
showed that, in the presence and absence of NS3/4A, the
percentage of cells with cytoplasmic ATM was 54% and 6%,
respectively. These results provide strong evidence that NS3/4A
protein induces translocation of ectopically expressed FLAG-
ATM to the cytoplasm.

Next we investigated whether the NS3/4A was also able to
induce translocation of endogenous ATM into the cytoplasm. It
has been reported that ATM was most abundant in HeLa and U-
2 OS cell lines (Gately et al., 1998). Therefore, we transfected
pCI-NS3/4A or an empty vector into HeLa cells. We found that
most of the endogenous ATM protein was localized within the
nucleus in the absence of NS3/4A (Fig. 3A, left), whereas in the
presence of NS3/4A, the endogenous ATMwas localized also in
the cytoplasm, where it was partially colocalized with NS3/4A
(shown by yellow in Fig. 3A, right). In TRNS3/4A.36 cells,
cells were transfected with an empty plasmid or plasmid pCI-NS3/4A. At 48 h
ti-NS3 mouse MAb, and DAPI. (B) One day after seeding, TRNS3/4A.36 cells
h anti-ATMMAb (5C2) and DAPI. (C) ATM- and NS3/4A-transfected HEK293,
ionated to yield nuclear and cytoplasmic fractions. ATM and NS3 were detected
unit of RNA polymerase II or an anti-actin Ab, respectively, as loading and
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whose parental cell is U-2 OS, most of the endogenous ATM
was nuclear in the absence of Doxycycline (Fig. 3B, left),
whereas, in the presence of Doxycycline, endogenous ATMwas
also detected in the cytoplasm (Fig. 3B, right). This observation
was reproducible in repeated experiments (data not shown).
Taken together, these results show that the HCV NS3/4A can
promote ATM translocation into the cytoplasm and is partially
colocalized with ATM.

To further confirm that NS3/4A induces cytoplasmic trans-
location of ATM,we performed biochemical fractionation of cell
lysates into cytoplasmic and nuclear fractions and determined
the relative distribution of ATM in these fractions. As shown in
Fig. 3C, in the absence of NS3/4A, ATM was found predo-
minantly in the nuclei, with small amounts residing in the cyto-
plasm. In the presence of NS3/4A, ATM was relatively more
abundant in the cytoplasmic than the nuclear fractions. These
data indicate that ATM is partially translocated into the cyto-
plasm in the presence of NS3/4A.

HCV NS3/4A physically interacts with ATM

Since immunostaining of NS3 and ATM showed their
colocalization in the cytoplasm, we investigated whether HCV
NS3 could form a complex with ATM. Total lysates from either
NS3/4A-transfected HeLa or NS3/4A-ATM-cotransfected
HEK293T were precipitated with anti-HA beads and then ana-
lyzed by immunoblotting using Abs against either ATM or NS3.
The results showed that ATM specifically coprecipitated with
HCV NS3 protein (Figs. 4A, B). When the cytoplasmic extracts
from Doxycycline-treated TRNS3/4A.36 cells were precipitated
with anti-ATM (2C1), a small amount of the endogenous ATM
was also coprecipitated with NS3 (Fig. 4C). Control immuno-
precipitations using transfected HeLa cells expressing the non-
tagged NS3/4A did not precipitate ATMwhen anti-HAwas used
for immune precipitation (Fig. 4A, lane 5), indicating the
specificity of the observed HCV NS3–ATM interaction. Taken
together, these findings indicate that HCV NS3 protein forms a
complex with ATM.

HCV NS3/4A delays the dephosphorylation of
phospho-Ser1981-ATM and phospho-Ser139-H2AX (γ-H2AX)
and the rate of loss of γ-H2AX foci after ionizing radiation

ATM activation involves its autophosphorylation on
Ser1981, and this autophosphorylated species produces ioniz-
ing-radiation-induced foci that colocalize with the phosphory-
Fig. 4. HCV NS3 interacts with ATM. (A) HeLa cells were transfected with
NS3/4A, HA-NS3/4A, or empty vector and then immunoprecipitated with the
anti-HA bead. The immunoprecipitates and 1/70 of the total cell lysates were
blotted against anti-ATM and anti-NS3 MAbs. (B) HEK293T cells were
transfected with FLAG-ATM together with HA-NS3/4A or empty vector and
then immunoprecipitated with anti-HA bead. The immunoprecipitates and 1/40
of the total cell lysates used were blotted against anti-ATM and anti-NS3 MAbs.
(C) TRNS3/4A.36 cells were either untreated or treated for 48 h with
Doxycycline. Cytoplasmic lysates were subjected to immunoprecipitation (IP)
using ATM antibody (2C1). Immunoprecipitates were blotted with anti-ATM
(5C2) and anti-NS3 MAbs, using 1/7 of the input cell lysates.
lated form of histone H2AX, γ-H2AX (Bakkenist and Kastan,
2003; Burma et al., 2001). In addition, nuclear ATM is required
for its functional activities, including kinase activity and DNA
repair (Young et al., 2005). The data shown above indicate that
HCV NS3/4A promotes ATM translocation into the cytoplasm
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and colocalizes and interacts with ATM. Therefore, we inves-
tigated whether the functional activities of ATM is affected by
NS3/4A. The extents of phosphorylation of ATM and histone
H2AX were analyzed in TRNS3/4A cells at various time points
following ionizing radiation (IR). The extents of their phos-
phorylation were similar in the presence or absence of NS3
during the first 30 min following IR. However, dephosphory-
lation of pS1981-ATM and γ-H2AX at 2 h, 4 h, and 24 h post-IR
was delayed in the presence of NS3/4A (Fig. 5A). Because
protein phosphatase 2A (PP2A) is involved in the dephosphor-
ylation of ATM (Goodarzi et al., 2004) and γ-H2AX
(Chowdhury et al., 2005), we further examined the protein
levels of PP2A(C) after IR. Surprisingly, the protein level of
PP2Awas not markedly affected by NS3/4Awithin 24 h post IR
in either unirradiated or irradiated cells (Fig. 5A).

Next we determined whether the formation of γ-H2AX foci
was also affected by NS3/4A. The inducible TRNS3/4A.36 cells
were irradiated with 2 or 5 Gy IR in the absence or presence of
Doxycycline and then processed for image analysis. In the
absence of IR, very few γ-H2AX foci (b5 foci/cell) were present
in the nuclei in either Doxycycline-untreated or -treated cells
(Figs. 5B, C). This finding was consistent with the previous
report (Buscemi et al., 2004) that the basal number of foci per cells
is 2.8±0.9. The number of foci per cell increased to over 40 at
15 min after 2 or 5 Gy IR. Thereafter, the number decreased in
Doxycycline-untreated cells; by 24 h post IR, the number of foci
was similar to that in the unirradiated cells (Figs. 5B, C). By
comparison, in Doxycycline-treated cells, the number of foci per
cells showed a significantly slower rate of decline (Figs. 5B, C).
These results are consistent with the results seenwith immunoblot
analysis (Fig. 5A). As a control, Doxycycline treatment alone
without irradiation did not induce γ-H2AX foci in the nucleus
(data not shown).

DNA damage-induced γ-H2AX foci represent sites of DNA
DSBs and can be used to detect DSBs semiquantitatively by
immunofluorescence microscopy (Rothkamm and Lobrich,
2003). Therefore, the total numbers of foci present in 200 cells
were counted in each experiment. Significantly, in the pre-
sence of NS3/4A, the percentages of cells with N5 foci/cell after
24 h and 48 h with 2 Gy IR were 18% and 17%, respectively,
whereas in the absence of NS3/4A, they were 5% and 4%,
respectively (data not shown). The numbers at 5 Gy were 41%
and 37% in the presence of NS3/4A vs. 14% and 13% in the
absence of NS3/4A (data not shown). Since the rate of loss of
the foci correlates with the rate of DSBs repair, this finding
supports the idea that DSBs are not efficiently repaired if cells
express HCV NS3/4A protein.

NS3/4A-expressing cells are defective in DNA repair and are
hypersensitive to ionizing radiation

To corroborate the immunofluorescence data, we used the
neutral comet assay to determine whether NS3/4A expression
affected DNA repair. TRNS3/4A cells were treated with
Doxycycline and irradiated (10 Gy). After 1 h with IR, comet
tail formation was observed clearly, and the tail appearance was
similar in both Doxycycline-treated and -untreated cells. How-
ever, the tail was no longer observed in the control population by
24 h, whereas tails were still visible in NS3/4A-expressing cells
(Fig. 6A). The comet tail moments of Doxycycline-treated cells
were also significantly more abundant than that of untreated
cells, particularly after 24 h following IR (Fig. 6B). Based on the
comet moments, which quantify the extent of DNA damage, we
estimate 4- to 5-fold more unrepaired DNA damage in NS3/4A-
expressing cells than control cells at 24 h (Fig. 6B). These results
are comparable with those seen in γ-H2AX foci formation
(Figs. 5B, C). Taken together, this finding provides further
evidence that HCV NS3/4A impairs the efficiency of DNA
repair and induces hypersensitivity to DNA damage.

HCV replicon cells have cytoplasmic ATM and are defective in
DNA damage repair

To demonstrate that the findings reported above are relevant
to HCV replication, we repeated most of the experiments in a
Huh-7 cell line, Rep 1.1, harboring an HCV subgenomic
replicon (Lee et al., 2004). The subgenomic RNA encodes most
of HCV NS proteins, including NS3/4A protease. However, the
amount of ATM was too low in Huh-7 cells to be detected by
immunofluorescence staining. Therefore, exogenous pFLAG-
ATM was introduced into the replicon cells. While FLAG-ATM
was localized in the nucleus of Huh-7 cells (Fig. 7), it was
detected in both the nucleus and the cytoplasm, where it was
partially colocalized with NS3/4A, in HCV replicon cells
(shown by yellow in Fig. 7, right). This observation was
reproducible in repeated experiments (data not shown).

We next examined the radiosensitivity of the HCV replicon
cells. Huh-7 and Rep 1.1 cells were irradiated with 5 Gy IR. In
the absence of IR, very few γ-H2AX foci (b5 foci/cell) were
present in either Huh-7 or Rep 1.1 cells. The number of foci per
cell increased to over 40 at 15 min after IR. Thereafter, the
number decreased in Huh-7 cells; at 24 h post IR, the number of
foci was similar to that in the unirradiated cells (Figs. 8A, B).
By comparison, in HCV replicon cells, the number of foci per
cells showed a significantly slower rate of decline (Fig. 8). As a
control, the G418 treatment alone without irradiation did not
induce γ-H2AX foci (data not shown). We also determined the
percentages of cells with increased γ-H2AX foci after
irradiation. In HCV replicon cells, the percentages of cells
with N5 and N10 foci/cell after 4 h with 5 Gy IR were 97% and
84%, respectively, whereas in Huh-7 cells, they were 78% and
60% (Fig. 8C). The numbers at 24 h were 33% and 24% in HCV
replicon cells vs. 17% and 3%, respectively, in Huh-7 cells
(Fig. 8C, bottom). These results are similar to the results of
irradiated TRNS3/4A.36 cells (Figs. 5B, C). We conclude that
NS3-induced defects in DNA damage repair are relevant to
HCV replication.

Discussion

Bioinformatic analysis suggested that ATM is a potential
target of the proteolytic activity of HCV NS3 protein. However,
although ATM contains a conserved cleavage site of NS3/4A
protease at P1 (718Cys), P1′ (719Ser), and P6 (713Glu) residues,
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ATM was not cleaved in cells expressing NS3/4A. Previous
studies have shown that the cleavage targets of NS3/4A, TRIF,
and MAVS lack a perfect cleavage site and yet are cleaved (Li
et al., 2005a,b; Meylan et al., 2005). In contrast, RIG-I has a
consensus NS3 cleavage sequence and yet is not cleaved (Foy
et al., 2005; Meylan et al., 2005). Nevertheless, our results



Fig. 6. HCV NS3/4A impairs the efficiency of DNA damage repair. (A) TRNS3/
4A cells were treated or untreated with Doxycycline. After 48 h, cells were
analyzed by neutral comet assay at the indicated time points following IR (10
Gy). (B) The comet tail moment of 50 cells (mean±SD) of Doxycycline-treated
NS3/4A-expressing cells relative to those in untreated cells is shown after
exposure to IR. Color coding is as follows: white bars, untreated cells; black
bars, Doxycycline-treated cells.
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showed that, similar to RIG-I, the ATM pathway is targeted by
NS3/4A, thereby allowing HCV to impair the DNA repair in
cells.

In proliferating cells, ATM localizes predominantly in the
nucleus, with a small amount being present in the cytoplasm. By
contrast, in human and mouse Purkinje cells, ATM is localized
mainly in the cytoplasm, and its absence leads to abnormalities
of cytoplasmic organelles (Barlow et al., 2000; Oka and
Takashima, 1998). In proliferating cells, the biological function
of ATM in the cytoplasm is still unknown (Brown et al., 1997;
Chen and Lee, 1996; Lim et al., 1998; Watters et al., 1999), but
its nuclear localization is required for its functional activities,
including kinase activity and DNA repair (Young et al., 2005).
Fig. 5. NS3/4A delayed the dephosphorylation of pS1981-ATM and γ-H2AX and sh
TRNS3/4A cells were untreated (control) or treated with Doxycycline. At 48 h late
antibodies against phosphorylated ATM (Ser1981) (upper panel) or phosphorylated
panel), total H2AX (fourth panel), PP2A(C) (sixth panel), NS3 (lower panel), and his
longer time (inset). (B) (C) γ-H2AX foci in irradiated cells. Untreated or Doxycycline
5 Gy IR (B) or 2 Gy IR (C). Cells were stained with anti-γ-H2AX and DAPI.
When NS3 was expressed alone, it was diffusely distributed in
both the cytoplasm and the nucleus; in contrast, when NS3 was
co-expressed with NS4A, the majority of the NS3 protein was
localized in the cytoplasm (Muramatsu et al., 1997; Wolk et al.,
2000). The present study demonstrated that the cytoplasmic
NS3 partially colocalized with ATM. Biochemical studies also
showed that there was a physical interaction between NS3 and
ATM. Furthermore, these interactions were demonstrated in
hepatocytes harboring an HCV replicon. How the cytoplasmic
NS3/4A can interact with the nuclear ATM is an interesting
question. There are two possible mechanisms: first, NS3
interacts either directly or indirectly with newly synthesized
ATM in the cytoplasm and inhibits the nuclear translocation of
ATM by blocking the nuclear localization signal. Second, some
NS3 may be localized in the nuclei even in the presence of
NS4A (Deng et al., 2006; Muramatsu et al., 1997) and interact
with nuclear ATM: the NS3–ATM complexes are then tran-
sported to the cytoplasm by an unknown mechanism. The latter
interpretation may explain why only a minor fraction of ATM in
the cytoplasm interacted with NS3 (Figs. 3C and 4). We have
further observed that the protease activity is not required for the
NS3–ATM interaction (data not shown).

As a result of ATM retention in the cytoplasm, the amount of
ATM protein in the nuclei of cells expressing NS3/4A was
substantially lower than that in the normal cells (Fig. 3C).
Nevertheless, the NS3/4A-expressing cells still exhibit a normal
response to DNA damage after exposure to IR (Fig. 5). These
results are in agreement with the previous finding (Young et al.,
2005) that only a small amount of nuclear ATM is sufficient to
mount a normal response to DNA damage. Therefore, the
amount of phosphorylated ATM is not a rate-limiting factor in
the cellular DNA damage response (Gately et al., 1998). In
contrast, NS3/4A-expressing cells and HCV replicon cells
showed delayed dephosphorylation of γ-H2AX and the
persistence of γ-H2AX foci and, correspondingly, impaired
DNA repair activity (Figs. 5 and 8). We suggest that NS3/4A
induces deficiency of DSB repair by interfering with the
signaling cascade of ATM and H2AX dephosphorylation.
However, the amount of PP2A, which has been reported to
dephosphorylate ATM and γ-H2AX (Chowdhury et al., 2005;
Goodarzi et al., 2004), was not altered in the NS3/4A-expressing
cells (Fig. 5A). Further studies defining the effect of NS3/4A on
other DSB repair proteins at γ-H2AX foci may help to delineate
the mechanism of suppression of DNA repair by NS3/4A.

As shown in Figs. 6A and B, even in unirradiated-NS3/4A-
expressing cells, the comet tail moment in the single-cell
electrophoresis assay was slightly longer than that in control
cells without NS3/4A. These data indicate that NS3/4A may
induce some DSBs in unirradiated cells, consistent with our
previous reports (Machida et al., 2004, 2006) that NS3/4A
owed persistence of γ-H2AX foci in response to irradiation. (A) The inducible
r, cells were analyzed at the indicated time points following IR (10 Gy) using
H2AX (Ser139) (γ-H2AX) (third panel). Also shown are total ATM (second

tone, used as a loading control (fifth panel). Membrane was exposed to film for a
-treated TRNS3/4A.36 cells were analyzed at the indicated time points following



Fig. 7. NS3 partially colocalized with exogenous ATM and induced its cytoplasmic translocation in an HCV replicon cell line (Rep 1.1). Huh-7 and Rep 1.1 cells were
transfected with plasmid pFLAG-ATM. At 48 h posttransfection, cells were co-stained with anti-ATM rabbit polyclonal Ab (Ab3) (green fluorescence), anti-NS3
mouse MAb (red fluorescence), and DAPI. Arrows indicate the colocalization of ATM and NS3.
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stimulates the production of NO (Machida et al., 2004) and ROS
(Machida et al., 2006) and thereby causes DSBs. However, we
did not observe significant increase of γ-H2AX foci formation
(N5 foci/cell) in unirradiated-NS3/4A-expressing cells (Figs.
5B, C). One possible interpretation is that the extent of DSB
induced by NS3/4A is not sufficient to induce full activation of
ATM. Very likely, the comet tail moment assay and ligation-
mediated PCR for detecting DSBs are more sensitive than the
quantification of γ-H2AX foci.

The effects of NS3/4A on DNA repair activity were
demonstrated not only in the cells expressing NS3/4A alone,
but also in the hepatocytes expressing an HCV replicon.
Recently, we further used an infectious HCV (SB virus strain)
(Sung et al., 2003) to infect a B-cell lymphocyte cell line and
showed that the cells experimentally infected with HCV also
showed impaired DNA damage repair activities (data not
shown). These results showed that the impairment of DNA
Fig. 8. HCV replicon cells showed persistence of γ-H2AX foci in response to irrad
examined at the indicated time points following IR (5 Gy). Cells were stained with a
(C) The percentages of cells with N5 or N10 foci/cell at 15 min, 4 h, and 24 h follo
damage repair by NS3 is relevant to HCV pathogenesis. This
effect will make HCV-infected cells more prone to mutations. In
addition, NS3 induces DSBs and activation of STAT3 (Machida
et al., 2006), the combination of which may contribute to cell
transformation and oncogenesis (Bowman et al., 2000; Frank,
1999). Therefore, the combined effects of NS3/4A and other
viral factors (such as core and E1 protein) may synergistically
increase the probability of malignant transformation of HCV-
infected cells.

Materials and methods

Search for candidates for NS3/4A cleavage by bioinformatic
analysis

The non-redundant data set and the sequences of the various
HCV polyprotein precursors were extracted from HCV database
iation and impaired DNA damage repair activity. Huh-7 or Rep 1.1 cells were
nti-γ-H2AX and DAPI and are shown at 945× (A) and 441× (B) magnification.
wing 5 Gy IR.
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(Kuiken et al., 2005). The various cleavage sites (NS3/NS4A,
NS4A/NS4B, NS4B/NS5A, and NS5A/NS5B) within the HCV
polyprotein targeted by the NS3 serine protease were extracted
between P10 and P10′ from filtered sequences. Those sequences
were subjected to ClustalW (Thompson et al., 1994) to perform
sequence alignment and then to visualize in Weblogo (Crooks
et al., 2004). From the results of Weblogo and previous
experiment (Narayanan et al., 2002), we generated several
different combinations of pattern to search for human proteins
that may be cleaved by NS3/4A, in ScanProsite (Gattiker et al.,
2002). Protein expression in the human liver was further used as
a criterion to filter the scanning results. Finally, a candidate
protein ATM was identified by the pattern of Prosite [DE]-x(2)-
V-x-[CT]-[SA]-x(2)-[YL].

Cells and media

Huh-7, HeLa, HEK293, and HEK293T were cultured in
Dulbecco's Modified Eagle's Medium containing 10% fetal
bovine serum (FBS). Two clones of Huh-7/replicon cells,
Neo45.3 and Rep 1.1, harboring an HCV subgenomic replicon
RNA, were derived from the HCV-N (Guo et al., 2001) and
-Con1 strains (Lee et al., 2004), respectively. They were grown
in the same medium containing 0.5 mg/ml of G418.
Tetracycline (tet)-regulated osteosarcoma U-2 OS cell line
TRNS3/4A.36 was generated as previously described (Machida
et al., 2006). To induce NS3/4A expression, the cells were
treated with 1 μg/ml Doxycycline (BD Biosciences Clontech)
and incubated for 48 h.

Plasmids

The plasmids expressing the various HCV proteins were
constructed by inserting HCV NS3/4A, NS4B/5A, and 5A/
5B312 cDNA of genotype 1b into pCI (Promega) downstream
of both the cytomegalovirus (CMV) immediate-early (IE)
enhancer/promoter region and a chimeric intron that is
composed of the donor site from the first intron of the
human β-globin gene and the branch and acceptor site from
the intron of an immunoglobulin gene. Plasmids pCI-NS3/4A
(N) and pCI-NS3/4A(C) contain the NS3/4A cDNA insert of
the HCV-N and -Con1 strains, respectively. Plasmids pCI-
NS4B-5A and pCI-NS5A-5B312 express the full-length
NS4B-5A and NS5A plus the amino-terminal 312 aa of
NS5B, respectively, to serve as substrates for NS3 trans-
cleavage assays. Plasmid pcDNA3.1-NS5A has been described
previously (Tu et al., 1999). To generate the hemagglutinin
(HA)-tagged NS3/4A construct (pCI-neo-HA-NS3/4A), the
XhoI (fill-in of 3′-recessed ends)–XbaI fragment containing the
NS3/4A cDNA insert of pCI-NS3/4A(C) was cloned into
EcoRV and XbaI sites of the pHA-AT vector such that the N-
terminal HA epitope was fused in frame with NS3/4A. The
pHA-AT vector was constructed by using annealed oligonu-
cleotides 5′-gctagcctcgagaattcttaattaaaccatgtacccatacgatgttcca
gattacgctccgatatctacccatacgatgttccagattacgctctctagagtcgac-
ccgggcggccgc-3′(the NheI and NotI sites are underlined, the
engineered translation initiation codon and amber stop codon
are double-underlined, the HA-tagged sequence is in italics,
and the EcoRV site for cloning is bold-underlined), which was
cloned into NheI and NotI sites of pCI-neo (Promega). The
S139A mutant of NS3/4A was generated by using the jumping
PCR method (Higuchi et al., 1988). The protocol was as
follows: cDNA fragments comprising nt 3621 to 3850 and nt
3831 to 4414 of the HCV-con1 strain were amplified by PCR
from pCI-neo-HA-NS3/4A by using the primer pairs sense 5′-
aagggcccaatcacccaaat-3′ and antisense 5′-gcagtggaccgcccgca-
gagcccttcaagt-3′ (the mutated site is double underlined), as
well as sense 5′-acttgaagggctctgcgggcggtccactgc-3′ (the mu-
tated site is double underlined) and antisense 5′-gcacggtgacc-
gatcccgga-3′. The amplification products were reamplified by
using the primer pair sense 5′-aagggcccaatcacccaaat-3′ (the
ApaI site is underlined) and antisense 5′-gcacggtgacc-
gatcccgga-3′ (the BstEII site is underlined). Amplification
products were cloned into the ApaI–BstEII sites of pCI-neo-
HA-NS3/4A. To obtain better expression, the resulting
plasmids, pCI-neo-HA-NS3/4A and pCI-neo-HA-S139A
NS3/4A, were digested with XhoI and XbaI and then cloned
into XhoI and XbaI sites of the pCI vector to generate pCI-
HA-NS3/4A and pCI-HA-S139A NS3/4A, respectively. Plas-
mid pcDNA3-FLAG-ATM was kindly provided by Dr.
Michael B. Kastan (St. Jude Children's Research Hospital)
(Lim et al., 1998). All plasmids were verified by DNA
sequencing.

Antibodies

The NS3-specific mouse monoclonal antibodies (MAbs)
used in immunofluorescence staining were purchased from
Vector Laboratories (Burlingame, CA, USA), while mouse
anti-NS3 monoclonal antibody used for immunoblotting was
from Novocastra Laboratories (Newcastle, UK). The mouse
MAb against NS5A was purchased from Biodesign. The
mouse MAb against RNA polymerase II was purchased from
Covance. The rabbit polyclonal Ab (Ab-3) against ATM used
for immunofluorescence staining was from Calbiochem,
whereas the mouse ATM-specific MAbs 5C2 and 2C1 used
for immunoblotting and immunofluorescence staining and
immunoprecipitations, respectively, were from Genetex. Anti-
pSer1981-ATM was obtained from Rockland Immunochem-
icals. Anti-H2AX and anti-PP2A were acquired from Upstate
Cell Signaling Solutions. The rabbit polyclonal Ab against γ-
H2AX used for immunofluorescence staining was from
Trevigen Inc., whereas mouse MAb against γ-H2AX used
for immunoblotting was from Upstate Cell Signaling Solu-
tions. Anti-actin and anti-histone antibodies were purchased
from Chemicon. Anti-rabbit and anti-mouse secondary anti-
bodies were purchased from Invitrogen Molecular Probes.

Immunoblot

Proteins were resolved by electrophoresis in sodium dodecyl
sulfate–polyacrylamide gels (SDS–PAGE) and electrophoretical-
ly transferred onto polyvinylidene difluoride membranes
(Hybound-P; Amersham Bioscience). The membranes were
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incubated with primary antibodies and then reacted with
peroxidase-conjugated secondary antibodies. Immunoreactivity
was visualized by an enhanced chemiluminescence detection
system (Amersham Bioscience) or a SuperSignal West Femto
detection system (Pierce).

Immunofluorescence staining

Cells cultured on glass chamber slides (Lab-Tek II) were
washed twice with PBS, fixed with 4% paraformaldehyde for
20 min, and then permeabilized in cold acetone for 3 min.
Primary antibodies were diluted in 5% bovine serum albumin
(BSA) and incubated with cells for 1 h at 37 °C. After three
washes in PBS, fluorescein- and/or rhodamine-conjugated
secondary antibodies were added to cells for 1 h at 37 °C.
Nuclear staining by 4′,6′-diamidino-2-phenylindole dihydro-
chloride (DAPI) (Sigma-Aldrich) was performed by mixing
DAPI (0.5 μg/ml) with the secondary antibody. After staining,
slides were washed in PBS and mounted in ProLong Antifade
(Invitrogen Molecular Probes). Photographs of the cells were
taken with a confocal microscope (Zeiss Confocal Laser
Scanning Microscope LSM 510). Image analysis was
performed using the standard system operating software
provided with the microscope. To allow direct comparisons,
all of the images were captured using the same parameters. In
double-blind test, the number (%) of cells with either
intranuclear or cytoplasmic ATM proteins was counted by
using the confocal microscopic images obtained using a ×63
objective lens. The foci of phosphorylated H2AX were
similarly determined. A total of 200 cells were counted in
each experiment. Foci number at N5 foci/cell was considered
as significant.

Subcellular fractionation

Cytoplasmic and nuclear fractions were prepared from asyn-
chronously growing cells using an NE-PER Nuclear-cytoplas-
mic kit (Pierce) according to the manufacturer's instructions.
The purity of each fraction was analyzed by immunoblotting
using antibodies against RNA polymerase II and actin.
Cytoplasmic and nuclear fractions containing 60 μg and
20 μg of protein, respectively, were resolved by SDS–PAGE
and transferred to polyvinylidene difluoride membranes
(Hybond-P; Amersham Bioscience) for immunoblotting.

Coimmunoprecipitations

TRNS3/4A.36 cell line was grown in the presence or
absence of Doxycycline. Cytoplasmic extracts were prepared
for each sample according to the NE-PER protocol (Pierce).
Ten micrograms of ant-ATM antibody (2C1, Genetex) was
incubated with cytoplasmic lysates overnight at 4 °C. Five
microliters of Protein-A magnetic beads (NEB) was then
added and the mixture incubated for an additional 1 h at 4 °C
to capture the ATM–antibody complex. For detection of the
interactions between the endogenous or exogenous ATM
proteins with anti-HA-NS3/4A beads, total lysates were
prepared according to Profound Mammalian HA-Tag IP/Co-
IP kit (Pierce). The immunoprecipitated proteins were run on a
6% SDS–polyacrylamide gel, and immunoblot analysis was
performed for ATM protein and NS3 protein by using
secondary anti-ATM (5C2, Genetex) and -NS3 (Novocastra)
antibodies, respectively.

Metabolic labeling and immunoprecipitation

Cell monolayers were metabolically labeled by starving them
in methionine- and cysteine-free medium (Life Technologies,
Rockville, MD) for 1 h and thereafter labeling with 50 μCi/ml of
both [35S]methionine and [35S]cysteine (Perkin-Elmer, NEN
Life Science Products, Boston, MA) for 24 h. Cells were
harvested and washed twice with PBS. Immunoprecipitation
was performed as described above. The immunoprecipitated
proteins were separated by electrophoresis on a 6% SDS–
polyacrylamide gel and quantified using a Fuji PhosphorImager
(FLA-5000; Fuji Photo Film Co., Tokyo, Japan).

Neutral single-cell electrophoresis (comet) assay

Neutral comet assay was performed using the CometAssay
kit (Trevigen Inc.). Briefly, TRNS3/4A.36 cells were cultured
in the presence or absence of Doxycyline for 48 h and then
exposed to γ-ray (10 Gy). The treated cells were resuspended
in ice cold PBS at 1×105/ml. A 50-μl aliquot of this
suspension was mixed with 0.5 ml of prewarmed 1% low-
melting-point agarose, and 75 μl was pipetted immediately
onto a CometSlide. The slides were placed in refrigerator for
10 min and then immersed in prechilled lysis solution at 4 °C
for 30 min. After washing with Tris–borate EDTA buffer,
slides were then subjected to electrophoresis for 20 min at 1 V/
cm. After electrophoresis, slides were air-dried and stained
with SYBR Green dye. Nuclei were visualized under a
fluorescence microscope (Carl Zeiss Axiovert 200). The
images of nuclei were captured using a charge-coupled device
camera (CoolSANP-HQ) and analyzed with the Kinetic
Imaging Software Komet 5.5. For each sample, 50 randomly
chosen cells were scored for tail moment. Relative tail
moments in Doxycycline-treated cells were compared with
these in untreated cells.

Statistical analysis

Statistical comparisons between groups were made using a
two-sample Kolmogorov–Smirnov (KS) test. The difference
was considered to be statistically significant when p was
b0.05.
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