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ABSTRACT RADS51-associated protein 1 (RAD51AP1) is a member of the multipro-
tein complexes postulated to carry out RAD51-mediated homologous recombination
and DNA repair in mammalian cells. In the present study, we showed that hepatitis
C virus (HCV) NS5A directly bound RAD51AP1 and increased the protein level of
RAD51AP1 through modulation of the ubiquitin-proteasome pathway. We also dem-
onstrated that RAD51AP1 protein levels were increased in the liver tissues of HCV-
infected patients and NS5A-transgenic mice. Importantly, NS5A impaired DNA repair
by disrupting the RAD51/RAD51AP1/UAF1 complex and rendered HCV-infected cells
more sensitive to DNA damage. Silencing of RAD51AP1 expression resulted in a de-
crease of viral propagation. We further demonstrated that RAD51AP1 was involved
in the assembly step of the HCV life cycle by protecting viral RNA. These data suggest
that HCV exploits RAD51AP1 to promote viral propagation and thus that host DNA re-
pair is compromised in HCV-infected cells. Overall, our findings provide mechanistic in-
sight into the pathogenesis of HCV infection.

IMPORTANCE Chronic infection with HCV is the leading cause of hepatocellular car-
cinoma (HCC). However, the molecular mechanisms underlying HCV-induced HCC
are not fully understood. Here we demonstrate that the HCV NS5A protein physically
interacts with RAD51AP1 and increases the RAD51AP1 protein level through modu-
lation of the ubiquitin-proteasome pathway. HCV coopts host RAD51AP1 to protect
viral RNA at an assembly step of the HCV life cycle. Note that the RAD51 protein ac-
cumulates in the cytoplasm of HCV-infected cells, and thus the RAD51/RAD51AP1/
UAF1-mediated DNA damage repair system in the nucleus is compromised in HCV-
infected cells. Our data may provide new insight into the molecular mechanisms of
HCV-induced pathogenesis.

Received 31 January 2018 Accepted 11
March 2018

Accepted manuscript posted online 21
March 2018

verwhelming lines of epidemiological evidence have indicated that chronic infec- (ST NG ZEm 1T T 50 L 5
Hwang SB. 2018. Nonstructural protein 5A

tion with hepatitis C virus (HCV) causes the development of hepatocellular carci- impairs DNA damage repair: implications for
noma (HCC). HCV infection enhances mutation frequencies of cellular genes, causing hepatitis C virus-mediated
double-stranded DNA breaks (DSBs) and thus leading to chromosomal instability and hepatocarcinogenesis. J Virol 92:€00178-18.
X . X K X . X https://doi.org/10.1128/JV1.00178-18.
mutation accumulation (1). Many viral proteins are directly involved in cellular patho-

KEYWORDS NS5A, RAD51AP1, RAD51, DNA repair, homologous recombination

Editor J-H. James Ou, University of Southern

genesis. It has been reported that HCV proteins, including core, E1, and NS3, produce California

reactive oxygen species (ROS) contributing to DSBs (2). Nonstructural protein 5A (NS5A) Copyright © 2018 American Society for
of HCV also modulates various cellular signaling pathways involved in cell transforma- Microbiology. All Rights Reserved.

tion, differentiation, and tumorigenesis. The oncogenic role of NS5A is known to be RIS GO EeRi UTow S

. . 5 yslim@hallym.ac.kr, or Soon B. Hwang,
mediated by upregulation of prosurvival genes though p53 and NF-«B pathways (3). sohwang@hallym.ackr

NS5A activates the phosphatidylinositol 3-kinase (PI3K)/Akt/mTOR pathway and per-

June 2018 Volume 92 Issue 11 e00178-18 Journal of Virology jviasm.org 1


https://doi.org/10.1128/JVI.00178-18
https://doi.org/10.1128/ASMCopyrightv2
mailto:yslim@hallym.ac.kr
mailto:sbhwang@hallym.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1128/JVI.00178-18&domain=pdf&date_stamp=2018-3-21
http://jvi.asm.org

Nguyen et al.

turbs mitogen-activated protein kinase (MAPK) signaling pathways (4, 5). In animal
models, HCV NS5A induces a range of hepatic pathologies, including extraordinary
steatosis and HCC in transgenic mice, and all nude mice expressing NS5A develop
tumors (6, 7). NS5A is an RNA-binding phosphoprotein that is essential for both viral
replication and viral particle assembly (8).

Homologous recombination repair (HRR) is an error-free pathway for the repair of
DSBs, whereas nonhomologous end joining is an error-prone repair pathway for the
broken DNA ends (9). HRR can repair a variety of DNA lesions, including DSBs,
single-strand DNA breaks, and interstrand cross-links. RAD51 recombinase plays a
central role in homologous recombination (HR) in eukaryotes. RAD51 facilitates the
formation of a heteroduplex DNA, the D-loop, which connects the joint molecules
between the damaged DNA and the undamaged repair template and mediates ho-
mologous pairing (10).

RAD51-associated protein 1 (RAD51AP1) is a vertebrate-specific protein that binds to
RAD51 and stimulates D-loop formation, thereby enhancing RAD51 recombinase ac-
tivity. Thus, RAD51AP1 seems to act downstream of the presynaptic stage of HRR (11,
12). RAD51AP1 is a structure-specific DNA binding protein that is also capable of
binding RNA (13). Moreover, RAD51AP1 acts as a bridge between USP1-associated
factor 1 (UAF1; a deubiquitinating enzyme [DUB] binding protein) and RAD51. UAF1
synergizes with RAD5TAP1 to promote assembly of the synaptic complex, a critical
nucleoprotein intermediate in HR (14). Therefore, cells expressing a UAF1-binding-
defective mutant of RAD51AP1 display reduced HR efficiency and increased chromo-
somal aberrations in response to DNA interstrand cross-linking (ICL)-inducing agents
(15). RAD51AP1 is specifically required not only for the cellular response to ICL-inducing
agents, including mitomycin and cisplatin, but also for the response to other DSB-
inducing agents, including ionizing radiation and camptothecin (CPT) (16). Indeed,
RAD51AP1 is highly expressed in aggressive lymphomas and carcinomas (12). UAF1, a
WD40 repeat-containing protein, was first identified as a stoichiometric binding partner
of ubiquitin carboxyl-terminal hydrolase 1 (USP1). UAF1 regulates both the enzyme
activity and the stability of USP1 by forming a deubiquitinating complex (17). UAF1-
USP1 is involved in FANCD2 and PCNA monoubiquitination (18). UAF1 mediates the
interaction between RAD51AP1 and USP1, and depletions of USP1 and UAF1 lead to
decreased stability of RAD51AP1. Therefore, the UAF1-USP1 complex promotes HRR via
deubiquitination of the FANCD2-RAD51AP1 interaction (15).

In the present study, we demonstrated that NS5A directly interacted with RAD51AP1
and enhanced RAD51AP1 protein stability through the ubiquitin-proteasome pathway.
NS5A also abrogated the protein interplay between RAD51AP1 and UAF1, and thereby
the RAD51/RAD51AP1/UAF1 trimeric complex was disrupted in HCV-infected cells. HCV
infection impaired DNA repair and increased hypersensitivity to DNA damaging re-
agents. Silencing of RAD51AP1 expression resulted in a decrease of viral propagation.
We further showed that RAD51AP1 is involved in the assembly step of the HCV life cycle
by protecting HCV RNA binding to NS5A. Collectively, these data show that RAD51AP1
is a novel host factor involved in both HCV propagation and HCV-mediated cellular
pathogenesis.

RESULTS

RAD51AP1 is a host factor interacting with NS5A. We previously performed
protein microarray assays and identified RAD51AP1 as an HCV NS5A interaction partner
(19). RAD51AP1 was identified as one of 90 cellular proteins. We first verified the protein
array data by performing an in vitro glutathione S-transferase (GST) pulldown assay. As
shown in Fig. TA, NS5A selectively interacted with RAD51AP1. By employing a coim-
munoprecipitation assay, we further confirmed that NS5A specifically interacted with
RAD51AP1 (Fig. 1B). Next, we investigated whether the NS5A protein interacted with
endogenous RAD51AP1. Cell lysates harvested 4 days after HCV RNA electroporation
were immunoprecipitated with either control mouse IgG or an anti-RAD51AP1 anti-
body, and bound proteins were analyzed by immunoblotting with an anti-NS5A
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FIG 1 HCV NS5A interacts with RAD51AP1. (A) HEK293T cells were transfected with Flag-tagged RAD51AP1, and
total cell lysates harvested 24 h after transfection were incubated with either GST or GST-NS5A. After pulldown by
GST beads, bound protein was detected by use of an anti-Flag antibody. (B) HEK293T cells were cotransfected with
Myc-tagged NS5A and Flag-tagged RAD51AP1. Thirty-six hours later, total cell lysates were immunoprecipitated (IP)
with an anti-Flag antibody. Bound protein was detected by use of an anti-Myc antibody. (C) Huh7.5 cells were
electroporated with 10 ng of Jc1 RNA. Cell lysates harvested 4 days after electroporation were immunoprecipitated
with either control IgG or an anti-RAD51AP1 antibody. Bound protein was immunoblotted with an anti-NS5A
antibody. (D) Huh7.5 cells were infected with Jc1 for 4 h. At 48 h postinfection, cells were fixed in 4%
paraformaldehyde, and immunofluorescence staining was performed to detect endogenous RAD51AP1 (red), NS5A
(green), and nuclei (blue). Dual staining showed colocalization of endogenous RAD51AP1 and NS5A in the
cytoplasm as yellow fluorescence in the merged image. Colocalization of RAD51AP1 and NS5A in the cytoplasm
was quantified by using the Manders overlap coefficient. More than 10 cells were applied to ImageJ for
quantification of the overlap coefficient, and error bars indicate the standard deviations of the means. (E) Schematic
illustration of both wild-type and mutant forms of the NS5A expression plasmid. (F) RAD51AP1 interacts with
domain | of NS5A. HEK293T cells were cotransfected with Flag-tagged RAD51AP1 and Myc-tagged NS5A. At 36 h
posttransfection, cell lysates were immunoprecipitated with an anti-Flag antibody, and bound proteins were
immunoblotted with an anti-Myc antibody. (G) Schematic illustration of both wild-type and mutant RAD51AP1
proteins. (H) NS5A interacts with both domains | and Ill of RAD51AP1. HEK293T cells were cotransfected with
Myc-tagged NS5A and Flag-tagged RAD51AP1. At 36 h posttransfection, cell lysates were immunoprecipitated with
an anti-Flag antibody, and bound proteins were immunoblotted with an anti-Myc antibody. Arrows indicate the
position of the heavy chain, and the arrowhead denotes the light chain of IgG.
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antibody. As shown in Fig. 1C, HCV NS5A interacted with endogenous RAD51AP1.
These data also suggest that RAD5TAP1 may colocalize with NS5A in HCV-infected cells.
Indeed, RAD51AP1 was localized mainly in the nucleus but also in the cytoplasm and
partially colocalized with NS5A in the cytoplasm, as shown by yellow fluorescence in
the merged image in Fig. 1D. Collectively, these data suggest that RAD51AP1 specifi-
cally interacts with NS5A both in vitro and in vivo. To dissect the region in NS5A
responsible for RAD51AP1 binding, the interactions between RAD51AP1 and various
deletion mutants of NS5A (Fig. 1E) were determined by a transfection-based coimmu-
noprecipitation assay. As shown in Fig. 1F, RAD51AP1 interacted with domain | of NS5A.
We then determined the region in RAD51AP1 for NS5A binding. We constructed various
truncation mutants of RAD51AP1 (Fig. 1G) based on the results of a previous report (20).
We showed that NS5A interacted with domains | and lll but not with domain II,
indicating that NS5A interacted with RAD51AP1 through two binding sites (Fig. TH). In
fact, domain | of RAD51AP1 is responsible for DNA binding, and domain Il of RAD51AP1
has been shown to associate with RAD51 and enhances the RAD51-mediated D-loop
reaction to facilitate the function of RAD51AP1 in HR (20).

The RAD51AP1 protein level is increased in Jc1-infected cells. RAD51AP1 ex-
pression is upregulated in several primary human tumors, including HCC, acute myeloid
leukemia with complex karyotypic abnormalities, and aggressive mantle cell lymphoma
(16, 21, 22). We also showed that the RAD51AP1 protein level was markedly increased
in HCV-infected cells compared to that in mock-infected cells (Fig. 2A). Note that
the protein levels of both RAD51 and UAF1 remained unchanged. Interestingly, the
RAD51AP1 mRNA level was not altered during the course of HCV infection (Fig. 2B),
suggesting that RAD51AP1 might undergo posttranscriptional modification. We further
verified that the RAD51AP1 protein level (Fig. 2C), but not its mRNA level (Fig. 2D), was
elevated in Huh7 cells harboring an HCV subgenomic replicon (genotype 1b) compared
to that in interferon (IFN)-cured cells. These data indicated that the nonstructural
protein of HCV was responsible for the increased RAD51AP1 expression level in
HCV-replicating cells. Strikingly, the RAD51AP1 protein level was increased only by
NS5A, not by other HCV proteins (Fig. 2E). Here again we showed that no discernible
change in RAD51AP1T mRNA level was detected by ectopic expression of NS5A (Fig. 2F).
These data suggest that there may be a specific posttranslational regulation of
RAD51AP1 by NS5A in HCV-infected cells. We next determined the RAD51AP1 levels in
the liver tissues of NS5A-transgenic mice (6). Figure 2G shows that RAD51AP1 protein
levels were remarkably increased in the liver tissues of NS5A-transgenic mice compared
to those in the nontransgenic counterparts, whereas both RAD51 and UAF1 levels
remained unchanged. We further showed that protein levels of RAD51AP1 were
markedly increased in HCC tissues compared to those in noncancerous liver tissues
from patients with HCV infection (Fig. 2H, left panel). Note that RAD51AP1 levels, but
not RAD51 and UAF1 levels, were higher in tumor tissues than in their nontumor
counterparts, irrespective of the viral infection (Fig. 2H, right panel). These data indicate
that RAD51AP1 protein levels were elevated in all tumor tissues and thus may represent
a novel tumor marker.

NS5A stabilizes RAD51AP1 by modulating the ubiquitin-proteasome pathway.
NS5A modulates transcriptional activities of numerous host genes, including the
B-catechin, cyclin D1, cdk4, and epidermal growth factor receptor (EGFR) genes, and
regulates ubiquitination of Pim kinase and deubiquitination of OUTD7B (19, 23-25).
Moreover, a recent proteomic study suggested a possible ubiquitination of RAD51AP1
at residue K156 (26). We therefore speculated that ubiquitination of RAD51AP1 might
be regulated by NS5A. As shown in Fig. 3A, the RAD51AP1 protein underwent pro-
cessing by the proteasome pathway, and protein levels of RAD51AP1 were markedly
increased in the presence of MG132. As we postulated, ectopic expression of NS5A
resulted in a remarkable decrease in the ubiquitination level of RAD51AP1 (Fig. 3B, lane
6). We further verified that ubiquitination of endogenous RAD51AP1 was markedly
suppressed in HCV-infected cells compared to that in mock-infected cells (Fig. 3C, lane
4). Moreover, ectopic expression of NS5A increased the RAD51AP1 level (Fig. 3D, lane
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FIG 2 HCV infection increases the RAD51AP1 protein expression level through NS5A. (A) Huh7.5 cells were either mock
infected or infected with Jc1. Total cell lysates harvested at various time points were immunoblotted with the indicated
antibodies. d.p.i, days postinfection. (B) RAD51AP1 mRNA levels for the set of experiments for panel A were analyzed by
gRT-PCR. (C) Total cell lysates harvested from either IFN-cured Huh7 cells or Huh7 cells harboring an HCV subgenomic
replicon (genotype 1b) were immunoblotted with the indicated antibodies. (D) RAD51APT mRNA levels in IFN-cured cells
and HCV replicon cells were determined by qRT-PCR. (E) Huh7 cells were transiently transfected with either vector or
increasing amounts of Myc-tagged core, NS3, NS4B, NS5A, or NS5B plasmid. At 36 h posttransfection, protein levels were
immunoblotted by use of the indicated antibodies. (F) Huh7 cells were transiently transfected with either vector or
increasing amounts of Myc-tagged NS5A plasmid. RAD51AP1T mRNA levels were analyzed by qRT-PCR. Experiments
were performed in triplicate. (G) Liver tissues of either nontransgenic (n = 4) or NS5A-transgenic (n = 5) mice were
homogenized and immunoblotted with the indicated antibodies. (H) (Left) Human liver tissues isolated from either
control or various patients were homogenized and immunoblotted with the indicated antibodies. (Right) RAD51AP1
expression levels were quantified after normalization to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
level.
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FIG 3 HCV NS5A protects RAD51AP1 from ubiquitin-dependent proteasomal degradation. (A) Huh7 cells were treated with
20 uM MG132 for the indicated time points, and protein levels were determined by immunoblot analysis with the
indicated antibodies. (B) HEK293T cells were cotransfected with the indicated combinations of plasmids. At 36 h
posttransfection, total cell lysates were immunoprecipitated with an anti-Flag antibody, and bound proteins were
immunoblotted with an anti-HA antibody. Arrows indicate the position of the heavy chain. (C) Huh7 cells that were either
mock infected or infected with Jc1 for 48 h were transfected with HA-tagged ubiquitin. At 36 h posttransfection, total cell
lysates were immunoprecipitated with an anti-RAD51AP1 antibody, and bound proteins were immunoblotted with an
anti-HA antibody. (D) Huh7 cells were transfected with either vector or a Myc-tagged NS5A expression plasmid. At 36 h
posttransfection, cells were left untreated or treated with 20 uM MG132 for 6 h, and protein levels were determined by
immunoblot analysis with the indicated antibodies. (E) HEK293 cells were cotransfected with the indicated combinations
of plasmids. At 30 h posttransfection, cells were treated with 10 wg/ml of CHX for the indicated time points, and protein
levels were determined by immunoblot analysis with the indicated antibodies. (F) Huh7 cells that were either mock
infected or infected with Jc1 for 48 h were treated with 10 ug/ml of CHX for the indicated time points, and protein levels
were determined by immunoblot analysis with the indicated antibodies.

2). Similarly, the RAD51AP1 protein level was increased in the presence of MG132 (Fig.
3D, lane 3). However, ectopic expression of NS5A exerted no additive effect on the
RAD51AP1 protein level in MG132-treated cells (Fig. 3D, lane 4). All these data suggest
that NS5A stabilizes RAD51AP1 through modulation of the proteasome pathway. Since
NS5A interacted with RAD51AP1 and ubiquitination of RAD51AP1 was reduced by
NS5A, we postulated that NS5A might regulate RAD51AP1 protein stability. Figure 3E
shows that the level of RAD51AP1 was gradually decreased in cycloheximide (CHX)-
treated vector control cells, whereas the RAD51AP1 protein level remained relatively
stable in the presence of NS5A. We further confirmed that the endogenous RAD51AP1
level remained relatively stable in Jc1-infected cells compared to that in mock-infected
cells (Fig. 3F). Collectively, these data clearly show that NS5A protected RAD51AP1 from
proteasome-dependent degradation.

NS5A abrogates protein interaction between RAD51AP1 and UAF1. RAD51AP1
serves as a bridging factor that recruits UAF1 to RAD51. Moreover, RAD51AP1-UAF1
interaction is important for RAD51-mediated D-loop formation in the DNA strand
invasion step of HRR (14). We first assessed the effect of NS5A on RAD51AP1-UAF1
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interaction. For this purpose, HEK293T cells were cotransfected with Flag-tagged
RAD51AP1, V5-tagged UAF1, and Myc-tagged NS5A. At 48 h posttransfection, cell
lysates were immunoprecipitated with an anti-Flag antibody, and coprecipitated pro-
teins were detected by immunoblotting with either an anti-V5 antibody or an anti-Myc
antibody. As shown in Fig. 4A, both UAF1 and NS5A were coprecipitated with
RAD51AP1. Note that the RAD51AP1-UAF1 association was prominently decreased in
the presence of NS5A (lane 6). We verified that NS5A impaired RAD51AP1-UAF1 dimer
formation in a dose-dependent manner (Fig. 4B). We showed that NS4B was unable to
disrupt the RAD51AP1-UAF1 association (Fig. 4C), indicating that NS5A specifically
inhibited dimer formation of RAD51AP1-UAF1. The dimeric complex of RAD51AP1 and
UAF1 is critically important for HRR in response to DNA ICL-inducing agents. We
therefore asked whether the RAD51AP1-UAF1 complex was sensitive to DNA damaging
agents by using cisplatin, doxorubicin (DOX), and camptothecin (CPT). The effects of
the chemicals on DNA damage and HRR were assessed by immunofluorescence assay
with RAD51 nuclear foci. It is well known that HRR activity is monitored by RAD51 and
that the steady-state level of RAD51 in the nucleus is a hallmark of the cellular response
to DNA damage (27). RAD51 was redistributed to the nucleus by all of our DNA
damaging agents (data not shown). With the functional doses of these exogenous DNA
damaging agents, we showed that neither CPT (Fig. 4D, top panel) nor DOX (Fig. 4D,
middle panel) displayed an effect on dimeric formation of RAD51AP1-UAF1. On the
other hand, cisplatin increased the level of the RAD51AP1-UAF1 complex (Fig. 4D,
bottom panel). We showed that protein levels of RAD51AP1, UAF1, and RAD51 re-
mained unchanged in response to these DNA damaging agents in Huh7 cells (data not
shown). Therefore, we analyzed the effect of cisplatin on RAD51AP1-UAF1 interaction
in the context of HCV replication. We first investigated the effect of NS5A on
RAD51AP1-UAF1 complex formation. As shown in Fig. 4E, the RAD51AP1-UAF1 complex
level was increased by cisplatin (lane 8). Importantly, NS5A attenuated the effect of
cisplatin on RAD51AP1-UAF1 association (Fig. 4E, lane 10). We further confirmed that
cisplatin-mediated RAD51AP1-UAF1 complex formation was disrupted in HCV-infected
cells (Fig. 4F, lane 10). Taken together, these data suggest that NS5A may disturb
RAD51AP1-UAF1 binding to disrupt DNA repair in HCV-infected cells.

HCV disturbs the trimeric complex of RAD51, RAD51AP1, and UAF1 and accu-
mulates RAD51 in the cytoplasm. Given that NS5A interfered with protein interaction
between RAD51AP1 and UAF1, it is also possible that NS5A might disrupt UAF1 binding
with RAD51, since UAF1 interacts with RAD51 via RAD51AP1 (14). To investigate this
possibility, HEK293T cells were cotransfected with V5-tagged UAF1, Flag-tagged RAD51,
and Xpress-tagged RAD51AP1 in the absence or presence of Myc-tagged NS5A. As
shown in Fig. 5A, the RAD51/RAD51AP1/UAF1 complex was disrupted by NS5A in a
dose-dependent manner. We further demonstrated that this trimeric complex forma-
tion was not disrupted by NS4B (Fig. 5B), indicating that NS5A specifically inhibited
trimeric complex formation. We further verified that the increase of RAD51/RAD51AP1/
UAF1 complex formation by cisplatin was disrupted by both ectopic expression of NS5A
(Fig. 5C) and infection with Jc1 (Fig. 5D). We finally confirmed that the endogenous
formation of the RAD51/RAD51AP1/UAF1 complex was markedly decreased in Jci1-
infected cells compared to that in mock-infected cells (Fig. 5E). Next, we investigated
the subcellular localization of the RAD51, RAD51AP1, and UAF1 proteins in both mock-
and Jcl-infected cells. As expected, the RAD51AP1 protein level was increased in
JcT-infected cells compared to that in mock-infected cells (Fig. 5F), whereas protein
levels of both UAF1 and RAD51 were not altered by HCV infection. Note that the
cytoplasmic RAD51 level was increased in JcT-infected cells compared to that in
mock-infected cells. There were no alterations in the subcellular localization of
RAD51AP1 and UAF1. Using immunofluorescence analysis, we demonstrated that
RAD51AP1, UAF1, and RAD51 were localized mainly in the nucleus, with partial
localization in the cytoplasm, in mock-infected cells (Fig. 5G). Importantly, the majority
of RAD51 accumulated in the cytoplasm in HCV-infected cells (Fig. 5G). Since the
RAD51/RAD51AP1/UAF1 complex as well as the nuclear subcellular localization of
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FIG 4 HCV NS5A disrupts the dimeric complex of RAD51AP1 and UAF1. (A) HEK293T cells were cotransfected with the
indicated combinations of plasmids. At 36 h posttransfection, cell lysates were immunoprecipitated with an anti-Flag antibody,
and bound proteins were immunoblotted with anti-V5 and anti-Myc antibodies. (B) HEK293T cells were cotransfected with
Flag-tagged RAD51AP1 and V5-tagged UAF1 and with increasing amounts of Myc-tagged NS5A. At 36 h posttransfection, cell
lysates were immunoprecipitated with an anti-Flag antibody, and bound proteins were immunoblotted with anti-V5 and
anti-Myc antibodies. Immunoprecipitation efficiency was verified by immunoblot analysis using an anti-Flag antibody. (C)
HEK293T cells were cotransfected with Flag-tagged RAD51AP1 and V5-tagged UAF1 and with increasing amounts of
Myc-tagged NS4B. At 36 h posttransfection, cell lysates were immunoprecipitated with an anti-Flag antibody, and bound
proteins were immunoblotted with anti-V5 and anti-Myc antibodies. (D) HEK293T cells were cotransfected with Flag-tagged
RAD51AP1 and V5-tagged UAF1. At 24 h posttransfection, cells were either left untreated (vehicle) or treated with the indicated
DNA damaging agents. Sixteen hours after treatment, total cell lysates were immunoprecipitated with an anti-Flag antibody,
and bound proteins were immunoblotted with an anti-V5 antibody. (E) HEK293T cells were cotransfected with V5-tagged UAF1
and Flag-tagged RAD51AP1 in the absence or presence of a Myc-tagged NS5A expression plasmid. At 24 h posttransfection,
cells were left untreated or treated with 25 uM cisplatin. Sixteen hours after treatment, cell lysates were immunoprecipitated
with an anti-Flag antibody, and bound proteins were immunoblotted with anti-V5 and anti-Myc antibodies. (F) Huh7 cells were
cotransfected with V5-tagged UAF1 and Flag-tagged RAD51AP1. At 24 h posttransfection, cells were either mock infected or
infected with Jc1 for 4 h, followed by treatment with either vehicle or 25 uM cisplatin for 16 h. Cell lysates were
immunoprecipitated with an anti-Flag antibody, and bound proteins were immunoblotted with anti-V5 and anti-NS5A
antibodies. Arrows indicate the position of the heavy chain, and arrowheads denote the light chain of IgG.
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FIG 5 HCV disturbs the trimeric complex of RAD51, RAD51AP1, and UAF1 via NS5A and accumulates RAD51 in the cytoplasm.
(A) HEK293T cells were cotransfected with V5-tagged UAF1 and either vector, Flag-tagged RAD51, Xpress-tagged RAD51AP1,
or increasing amounts of Myc-tagged NS5A. At 36 h posttransfection, total cell lysates were immunoprecipitated with an
anti-Flag antibody, and bound proteins were immunoblotted with the indicated antibodies. (B) HEK293T cells were cotrans-
fected with V5-tagged UAF1 and either vector, Flag-tagged RAD51, Xpress-tagged RAD51AP1, or increasing amounts of
Myc-tagged NS4B. At 36 h posttransfection, cell lysates were immunoprecipitated with an anti-Flag antibody, and bound
proteins were immunoblotted with the indicated antibodies. (C) Huh7 cells were cotransfected with the indicated combina-
tions of plasmids. At 24 h posttransfection, cells were treated with 25 uM cisplatin. At 16 h posttreatment, cell lysates were
immunoprecipitated with an anti-Flag antibody, and bound proteins were immunoblotted with the indicated antibodies. (D)
Huh7 cells were cotransfected with the indicated combinations of plasmids. At 24 h posttransfection, cells were either mock
infected or infected with Jc1 for 4 h, followed by treatment with 25 uM cisplatin. At 16 h posttreatment, cell lysates were
immunoprecipitated with an anti-Flag antibody, and bound proteins were immunoblotted with the indicated antibodies. (E)
Huh7.5 cells were either mock infected or infected with Jc1. Cell lysates harvested at 6 days postinfection were immunopre-
cipitated with an anti-UAF1 antibody. Bound proteins were immunoblotted with anti-RAD51 and anti-RAD51AP1 antibodies.
(F) HCV induces cytoplasmic distribution of RAD51 protein. Huh7.5 cells were either mock infected or infected with Jc1. At 6
days postinfection, both cytosolic and nuclear fractions were immunoblotted with the indicated antibodies. (G) Huh7.5 cells were
either mock infected or infected with Jc1. If more than 90% of cells were infected with Jc1 (upper panel), immunofluorescence
staining was performed. Arrows indicate the position of the heavy chain, and the arrowhead denotes the light chain of IgG.

June 2018 Volume 92 Issue 11 e00178-18

Journal of Virology

jviasm.org 9


http://jvi.asm.org

Nguyen et al.

RADS51 is critical for the HRR, these data suggest that DNA damage repair may be
defective in HCV-infected cells.

HCV NS5A enhances sensitivity to DNA damaging agents and impairs DNA
repair. HCV infection caused subcellular relocalization of RAD51, and HCV NS5A
disrupted the RAD51/RAD51AP1/UAF1 complex. We therefore investigated whether
DNA damage repair was impaired by HCV infection. Histone H2AX phosphorylation on
Ser-139 (yH2AX) is a sensitive marker of DSBs and can be analyzed semiquantitatively
by immunofluorescence microscopy (28). The rate of disappearance of yH2AX foci
reflects the DNA repair ability in the cells (29). Therefore, we analyzed the extent of
yH2AX foci in mock- and HCV-infected cells in the absence or presence of cisplatin,
DOX, and CPT. The number of cells harboring either >5 or >10 foci was counted in
each experiment. Consistent with a previous report (30), few yH2AX foci were detected
for both mock- and Jc1-infected cells in the absence of DNA damaging agents (data not
shown). The percentage of cells harboring >5 yH2AX foci among chemically treated
cells was elevated from ~60% for mock-infected cells to ~80% for HCV-infected cells
(Fig. 6A). It is noteworthy that the percentage of cells harboring >10 yH2AX foci was
significantly higher for HCV-infected cells than for mock-infected cells. Twenty-four
hours after chemical treatments, the rate of loss of foci for HCV-infected cells was
considerably lower than that for mock-infected cells (Fig. 6A). These data support
previous reports that HCV impairs DNA repair activity (31, 32). Next, we investigated the
possible involvement of NS5A in yH2AX focus formation. Two clones of both stably
vector-expressing cells (vector-stable cells) and stably NS5A-expressing cells (NS5A-
stable cells) were analyzed. We showed that the percentage of cells harboring >5 to
>10 yH2AX foci among chemically treated cells was significantly increased for NS5A-
stable cells compared to that for vector-stable cells (Fig. 6B). Next, we determined the
cellular sensitivity to DNA damaging agents for both mock-infected and Jc1-infected
cells. We demonstrated that both mock- and Jcl-infected cells showed increased
sensitivity to escalating doses of cisplatin, DOX, and CPT (Fig. 6C). Most importantly,
NS5A-stable cells exhibited lower cell survival (Fig. 6D), indicating that the repair of
DSBs and DNA cross-links was compromised in HCV-infected cells. Collectively, these
data indicate that NS5A impairs DNA damage repair by interrupting RAD51/RAD51AP1/
UAF1 complex formation and rendering HCV-infected cells more sensitive to DNA
damage.

RAD51AP1 is required for HCV propagation. We next investigated the functional
involvement of RAD51AP1 in the HCV life cycle. Silencing of RAD51AP1 had little effect
on the intracellular HCV RNA level (Fig. 7A) or HCV protein level (Fig. 7B). However,
extracellular HCV RNA levels were significantly reduced in RAD51AP1-silenced cells (Fig.
7C). To further investigate the role of RAD51AP1 in HCV propagation, naive Huh7.5 cells
were infected with Jc1 harvested from culture supernatant of the first infection, and
then both RNA and protein levels of HCV were analyzed. As shown in Fig. 7D, viral
infectivity in the second infection was significantly decreased by knockdown of
RAD51AP1. To determine intracellular HCV infectivity, Jc1-infected cells were disrupted
by repeated cycles of freezing and thawing, and then naive Huh7.5 cells were infected
with Jc1 in cellular lysates. As shown in Fig. 7F, intracellular infectivity was significantly
decreased by knockdown of RAD51AP1. Consistently, extracellular infectivity was sig-
nificantly decreased by knockdown of RAD51AP1 (Fig. 7G). However, the proportions of
intracellular and extracellular infectivities relative to the total were not altered in
RAD51AP1-silenced cells (Fig. 7H). These data indicate that RAD51AP1 might be
involved in virus assembly. We further demonstrated that treatment with the same
concentrations of small interfering RNAs (siRNAs) displayed no cytotoxicity (Fig. 7E). To
rule out the off-target effect of a RAD51AP1 siRNA, we generated a siRNA-resistant
RAD51AP1 mutant. As shown in Fig. 7I, exogenous expression of the siRNA-resistant
RAD51AP1 mutant, but not that of wild-type RAD51AP1, restored the HCV protein
expression level (bottom panel, lane 3). Conversely, overexpression of RAD51AP1
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FIG 6 HCV exerts persistence of yH2AX foci in response to DNA damaging agents and impairs DNA damage repair
activity. (A) The percentages of cells harboring more than 5 or 10 yH2AX foci/cell in mock- and Jc1-infected cells
were determined. (B) The percentages of cells harboring more than 5 or 10 yH2AX foci/cell in vector-stable or two
different NS5A-stable cells were determined. (C) Huh7.5 cells were either mock infected or infected with Jc1 and
then treated with the indicated doses of DNA damaging agents for 24 h. Cell survival was measured by WST assay.
(D) Vector-stable or NS5A-stable cells were treated with the indicated doses of DNA damaging agents. At 24 h
posttreatment, cell survival was measured by WST assay. Experiments were performed in triplicate. The asterisks
indicate significant differences (*, P < 0.05; **, P < 0.01; and ***, P < 0.001).

resulted in a significant increase in the HCV protein levels in cells with secondary
infection (Fig. 7J).

Since both RAD51AP1 and NS5A bind RNA, we asked whether RAD51AP1 may
modulate RNA binding to NS5A in HCV-infected cells. We showed that HCV RNA levels
binding to NS5A were significantly decreased in RAD51AP1 knockdown cells (Fig. 7K,
upper panel). The NS5A protein level was not altered in RAD51AP1-silenced cells,
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FIG 7 RAD51AP1 is required for the assembly step of the HCV life cycle. (A to D) Huh7.5 cells infected with Jc1 were
transfected with the indicated siRNAs. At 48 h posttransfection, intracellular RNA levels (A), protein levels (B), and
extracellular HCV RNA levels (C) were analyzed by qRT-PCR. (D) Naive Huh7.5 cells were infected with HCV-containing
culture supernatant harvested from the cells for panel A, and viral infectivity was determined by measuring intracellular
HCV RNA (left) and protein (right) levels. (E) Huh7.5 cells were transfected with the indicated siRNAs. At 96 h posttrans-
fection, cell viability was determined by WST assay. (F) Huh7.5 cells infected with Jc1 were transfected with the indicated
siRNAs. At 48 h posttransfection, cells were lysed by repetitive cycles of freezing and thawing. Intracellular infectivity was
determined by limiting-dilution assay (TCIDy,). (G) Huh7.5 cells infected with Jc1 were transfected with the indicated
siRNAs. At 48 h posttransfection, supernatants were collected and extracellular infectivity was determined by limiting-
dilution assay (TCID,). (H) Percentages of intracellular and extracellular infectivity relative to the total were determined.
(I) (Top) Huh7.5 cells infected with Jc1 were transfected with the indicated siRNAs. At 24 h post-siRNA transfection, cells
were further transfected with either wild-type or siRNA-resistant RAD51AP1 plasmid. At 48 h post-plasmid transfection, cell
lysates were immunoblotted using the indicated antibodies. (Bottom) Naive Huh7.5 cells were infected with HCV-
containing culture supernatant harvested from the cells described for the top panel. At 48 h postinfection, protein
expression was analyzed by immunoblot analysis using the indicated antibodies. (J) (Top) Huh7.5 cells infected with Jc1
were transfected with either empty vector or Flag-tagged RAD51AP1 plasmid. At 2 days postinfection, cell lysates were
subjected to immunoblot analysis using the indicated antibodies. (Bottom) Naive Huh7.5 cells were infected with
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Jc1-containing culture supernatant harvested from the cells described for the top panel. At 48 h
postinfection, protein expression was analyzed by immunoblot analysis using the indicated antibodies.
(K) Huh7.5 cells were infected with Jc1. At 72 h postinfection, cells were transfected with either
negative-control or RAD51AP1 siRNA. At 48 h posttransfection, total cell lysates were immunoprecipi-
tated with either NS5A antibody (top panels) or NS3 antibody (bottom panels). Bound HCV RNAs were
analyzed by qRT-PCR. (L) Huh7.5 cells infected with Jc1 were further transfected with the indicated
siRNAs. At 48 h posttransfection, the cells were lysed by three repeated cycles of freezing and thawing
and subjected to RNase protection assay. As a positive control, samples were treated with proteinase K
(PK) prior to RNase treatment to remove protecting capsids. (Top) Input RNA amounts of both HCV and
RAD51AP1 before RNase protection assay were quantified by qRT-PCR. (Bottom) The amounts of residual
HCV RNA were analyzed by gRT-PCR. Experiments were performed in triplicate. The asterisks indicate
significant differences (*, P < 0.05; **, P < 0.01; ***, P < 0.001; and ns, not significant).

suggesting that RAD51AP1 might mediate HCV RNA-NS5A interaction. HCV NS3 is also
an RNA binding protein. However, we showed that the amount of HCV RNA coprecipi-
tated with NS3 was not significantly reduced in RAD51AP1 knockdown cells (Fig. 7K,
bottom panel). To further investigate whether RAD51AP1 was involved in RNA protec-
tion, Huh7.5 cells infected with Jc1 were transfected with either negative-control or
RAD51AP1-specific siRNAs. Total cell lysates harvested 48 h after transfection were
either treated with RNase alone or treated with proteinase K prior to RNase treatment,
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and residual RNAs were quantified by quantitative reverse transcription-PCR (QRT-PCR).
As shown in Fig. 7L, the majority of HCV RNAs were protected from RNase digestion in
negative-control-siRNA-treated cells. Meanwhile, the majority of RNAs were degraded
in the presence of RNase if samples were pretreated with proteinase K. Strikingly, no
HCV RNAs were detected in RAD51AP1-silenced cells, regardless of RNase treatment.
These results suggest that the viral genome may be protected by RAD51AP1 to
promote viral assembly.

To corroborate the functional involvement of RAD51AP1 in late stages of HCV
propagation, we investigated the possible role of RAD51AP1 in the early and replication
steps of the HCV life cycle. We verified that RAD5TAP1 was not involved in entry (Fig.
8A), internal ribosome entry site (IRES)-mediated translation (Fig. 8B), or replication (Fig.
8C and D) steps of the HCV life cycle. Collectively, these data suggest that HCV exploits
host RAD51AP1 for its own propagation.

DISCUSSION

By employing protein array screening, we previously identified ~90 cellular proteins
as NS5A interaction partners. Among these, we delineated the roles of RAD51AP1 in
HCV-infected cells. We confirmed that NS5A physically interacted with RAD51AP1 and
stabilized RAD51AP1 by interrupting the ubiquitin-proteasome pathway. It was previ-
ously reported that RAD51AP1 interacts with USP1 through UAF1 and that the stability
of RAD51AP1 is promoted by the USP1-UAF1 complex (15). However, the mechanisms
for how NS5A competes with UAF1 and stabilizes RAD51AP1 need further study.

HCV infection directly causes DSBs by many mechanisms. HCV can stimulate the
production of NO via core and NS3 and can induce ROS through core, E1, and NS3 (33).
HCV core protein inhibits the formation of the DNA damage sensor protein complex
Mre11-Rad50-NBS1 as well as ATM activation. Core also inhibits nonhomologous end
joining and oxidatively damaged DNA repair (32). NS3/4A translocates ATM from the
nucleus to the cytoplasm and delays the dephosphorylation of yH2AX, leading to the
persistence of yH2AX foci (33). We also demonstrated that HCV impaired the HRR by
disrupting the formation of the RAD51/RAD51AP1/UAF1 complex and translocating
RAD51 to the cytoplasm (Fig. 5). This is why yH2AX foci persisted in HCV-infected cells
and HCV-infected cells exhibited high sensitivity to DNA damaging agents. It was
previously reported that yH2AX is elevated in cells expressing either HCV NS2 or
NS3/4A (33, 34). In the present study, we showed that NS5A delayed dephosphorylation
of yH2AX and impaired DNA damage repair. It is noteworthy that yH2AX foci were
increased 8% in NS5A-stable cells compared to those in vector-stable cells, even in the
absence of DNA damaging agents. Upon chemical treatment, NS5A not only increased
the number of yH2AX foci but also increased the size and intensity of the foci. These
data indicated that NS5A induced DSBs in hepatocytes.

Consistent with a previous report (15), RAD51AP1-UAF1 interaction was not altered
by CPT and DOX. However, cisplatin promoted RAD51AP1-UAF1 interaction. We rea-
soned that these three chemicals have their own inherent functional mechanisms. CPT
inhibits DNA topoisomerase |, causing positive supercoils in advance of replication forks
and replication-associated DSBs (35); DOX inhibits DNA topoisomerase |, leading to
DSBs (36); and cisplatin induces intrastrand and interstrand cross-links in DNA (37).
Likewise, the protein level of RAD51AP1 remains stable in response to a variety of DNA
damaging agents, including DOX, mitomycin C, UV light, and gamma irradiation,
whereas the protein level of RAD5TAP1T increases upon exposure to hydroxyurea (16).
Moreover, RAD51AP1 is localized mainly in the nucleus in Ramos and Granta-519 cells,
whereas both RAD51AP1 and RAD51 are localized to the nucleus and the cytoplasm in
Huh7 cells (16).

The role of USP1 in the RAD51/RAD51AP1/UAF1-dependent synaptic complex has
been controversial. Although RAD51AP1 interacts with USP1, USP1 plays no role in the
D-loop reaction (14). Meanwhile, Cukras et al. reported that USP1 is involved in D-loop
formation via RAD51 and RAD51AP1 (15). In the present study, we were unable to
dissect the function of USP1 in HCV-infected cells. Nevertheless, we demonstrated the
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FIG 8 RAD51AP1 is not required for the entry, translation, and replication steps of the HCV life cycle. (A) Huh7 cells
were transfected with either vector or increasing amounts of Flag-tagged RAD51AP1 plasmids. At 48 h posttrans-
fection, cells were infected with HCV pseudoparticles (HCVpp) derived from either genotype 1a (H77) or genotype
2a (JFH1). At 48 h postinfection, viral entry was determined by measuring luciferase activity. (B) (Top) Schematic
diagram of the pRL-HL plasmid. (Bottom) Huh7 cells were transfected with the indicated siRNAs. At 48 h
posttransfection, cells were cotransfected with the pRL-HL dual-reporter plasmid and the pCH110 B-galactosidase
plasmid. At 48 h posttransfection, relative luciferase activities were determined. BGH-pA, bovine growth hormone
polyadenylation signal sequence. (C and D) Huh7 cells harboring an HCV subgenomic replicon derived from
genotype 1b (C) or Huh6 cells harboring an HCV subgenomic replicon derived from genotype 2a (D) were
transfected with the indicated siRNAs. At 72 h post-siRNA transfection, RNA (top panels) and protein (bottom
panels) levels were analyzed by qRT-PCR and immunoblot assay, respectively. Experiments were performed in
triplicate. The asterisks indicate significant differences (*, P < 0.05; **, P < 0.01; ***, P < 0.001).

critical role of RAD51/RAD51AP1/UAF1 interaction in HRR of HCV-infected cells. Further
studies are needed to determine if USP1 is involved in RAD51/RAD51AP1/UAF1-
mediated HRR in HCV-infected cells.

NS5A is a multifunctional protein that functions as a key regulator of HCV RNA
replication and viral assembly. HCV RNA replication occurs at endoplasmic reticulum
(ER)-derived modified membranes. NS5A binds to viral RNA and colocalizes with the
HCV core protein in close proximity to lipid droplets (LDs) on the virion assembly site.
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FIG 9 Proposed model for defective DNA repair mechanism in HCV-infected cells. In normal cells, UAF1 forms a complex with
RAD51AP1 and cooperates with RAD51 to promote the assembly of the synaptic complex, a critical nucleoprotein intermediate
in HR repair. RAD51/RAD51AP1/UAF1 is indispensable for genome maintenance and against the DNA damage caused by
exogenous agents. In HCV-infected cells, NS5A interacts with RAD51AP1, and thus RAD51AP1-UAF1 interaction is inhibited.
This in turn disturbs the trimeric complex of RAD51, RAD51AP1, and UAF1 and leads to the accumulation of RAD51 in the
cytoplasm. Consequently, DNA repair is compromised in HCV-infected cells. Defective DNA repair results in an increased
mutation frequency and a consequent high incidence of HCC. IR, ionizing radiation.

Therefore, NS5A may function as a transport vehicle that brings newly synthesized viral
RNA from replication sites to LDs for encapsidation. Domain | of NS5A appears to play
an important role in both active RNA replication and mobilization of replication
complexes toward LDs for assembly. Note that RAD51AP1 interacted with NS5A
through domain | and orchestrated NS5A-HCV RNA interaction. Since viral RNAs are
highly susceptible to RNase attack, HCV coopts host RAD51AP1 to protect viral RNA
from RNase degradation. We showed that HCV RNA levels were significantly decreased
in RAD51AP1-silenced cells, suggesting that RAD51AP1 may be required for the early
step in the assembly of infectious HCV particles. All these data indicate that HCV
exploits host RAD51AP1 to facilitate viral propagation and thus that HRR activity is
compromised in HCV-infected cells (Fig. 9). Collectively, our data provide unprece-
dented insights into the molecular mechanisms of HCV-induced hepatocarcinogenesis.

MATERIALS AND METHODS

Cell culture. All cell lines were grown in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal bovine serum and 1% penicillin-streptomycin in 5% CO, at 37°C. Huh7 cells harboring a
subgenomic replicon derived from genotype 1b or Huh6 cells harboring a subgenomic replicon derived
from genotype 2a were grown as reported previously (38).

Chemicals. Cisplatin was purchased from EMD Millipore. Both camptothecin and doxorubicin were
purchased from Sigma-Aldrich.

RNA interference. siRNAs targeting RAD51AP1 (RAD51AP1 1 [sense, 5'-GCA GTG TAG CCA GTG ATT
A-3’; and antisense, 5'-TAA TCA CTG GCT ACA CTG C-3'] and RAD51AP1 2 [sense, 5'-TGA ACA ATC TCC
GGA AAG A-3'; and antisense, 5'-TCT TTC CGG AGA TTG TTC A-3']), siRNA targeting ApoE (sense, 5'-CTC
TCA AGT GGT TAC CTG T-3'; and antisense, 5'-ACA GGT AAC CAC TTG AGA G-3'), and a universal
negative-control siRNA were purchased from Bioneer. siRNA transfection was performed using the
Lipofectamine RNAiMax reagent (Invitrogen, Carlsbad, CA) according to the manufacturer’s instructions.
A positive, HCV-specific siRNA targeted the 5’ nontranslated region (NTR) of Jc1.

Quantification of RNA. Quantitative real-time PCR (qRT-PCR) experiments were carried out by using
an iQ5 multicolor real-time PCR detection system (Bio-Rad Laboratories, Hercules, CA) as reported
previously (19).
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GST pulldown assay. The glutathione S-transferase (GST)-NS5A fusion protein was expressed in
Escherichia coli BL21 and purified with glutathione-Sepharose 4B beads (Amersham Biosciences) accord-
ing to the manufacturer’s instructions. HEK293T cells were transfected with the Flag-tagged RAD51AP1
plasmid. At 24 h posttransfection, cells were harvested in lysis buffer. The cell lysate was centrifuged at
13,500 rpm for 15 min, and the protein concentration was determined by the Bradford assay (Bio-Rad).
For the in vitro binding assay, Flag-tagged RAD51AP1 was incubated with either GST or the GST-NS5A
fusion protein for 2 h at 4°C in cell lysis buffer. The samples were washed four times in lysis buffer, and
bound protein was detected by immunoblot assay.

WST assay. Cells seeded into 12-well plates were transfected with either 20 nM negative-control
siRNA or RAD51AP1-specific siRNAs. Cell viability was determined by using 30 ul of water-soluble
tetrazolium salt (WST) in each well, with the plate incubated for 1 h at 37°C. After plate shaking for 1 min,
the aqueous layer in each well was transferred to a 96-well plate, and the absorbance at 450 nm was
measured as reported previously (19).

Protein stability assay. Huh7.5 cells were transiently transfected with the indicated plasmids. At 24
h posttransfection, cells were treated with 10 pg/ml cycloheximide (Sigma-Aldrich) for the indicated
times. The resulting cell lysates were immunoblotted with the indicated antibodies to monitor protein
turnover.

RNase digestion assay. Cells were scraped into 200 ul proteinase K buffer (50 mM Tris-HCl, pH 8.0,
10 mM CaCl,, T mM dithiothreitol [DTT]) and subjected to five cycles of freezing and thawing. Crude cell
lysates were either (i) left untreated, (ii) treated with RNase A (50 wg/ml) for 4 h at room temperature,
or (i) pretreated with proteinase K (5 ug/ml) for 1 h on ice. The reaction was stopped by the addition
of 10 mM phenylmethylsulfonyl fluoride (PMSF) and protease inhibitor cocktail prior to RNase A
digestion. Subsequently, total RNAs were extracted using RiboEx (GeneAll) according to the manufac-
turer's instructions, and HCV RNAs were quantified by qRT-PCR.

YH2AX focus formation assay. Either mock- or Jc1-infected cells were fixed in 4% paraformalde-
hyde in phosphate-buffered saline (PBS) for 15 min and then permeabilized with 0.1% Triton X-100 in PBS
for 10 min at 37°C. After three washes with PBS, fixed cells were blocked with 1% bovine serum albumin
(BSA) in PBS for 1 h at room temperature. The cells were then stained with an anti-phospho-histone-
H2AX antibody (Trevigen Inc.) overnight at 4°C. After three washes with PBS, cells were incubated with
fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit IgG for 1 h at room temperature. Cells were
counterstained with 4',6-diamidino-2-phenylindole (DAPI) to label nuclei. After three washes with PBS,
cells were analyzed using a Zeiss LSM 700 laser confocal microscopy system (Carl Zeiss, Inc., Thornwood,
NY). The number of phosphorylated H2AX foci in 200 cells for each sample was counted manually.

Patient and mouse tissues. Human liver tissue specimens were obtained from the Liver Cancer
Specimen Bank at Yonsei University in Seoul, South Korea. All patients participating in this study gave
informed consent before surgery, and the use of human tissue for this research was authorized by the
Institutional Review Board of the College of Medicine at Yonsei University (39). Transgenic mice were
generated as we previously reported (6). Mice were maintained in accordance with the guidelines of
the Institutional Animal Care and Use Committee, Korea Research Institute of Bioscience and Biotech-
nology (KRIBB) (Daejeon, South Korea). Briefly, liver tissues were homogenized in RIPA buffer (50 mM
Tris-HCl [pH 7.5], 1% NP-40, 150 mM NaCl, 1 mM EDTA, 1 mM NaF, 1 mM Na,VO,, and 1 mM PMSF) by
use of a homogenizer. The homogenates were centrifuged at 13,000 X g for 10 min at 4°C. The
supernatant was collected, and equal amounts of protein were subjected to SDS-PAGE followed by
immunoblot analysis using the indicated antibodies.

Plasmids and DNA transfection. Total RNAs were isolated from Huh7 cells by using RiboEx
(GeneAll), and full-length RAD51AP1 was amplified from cDNA synthesized by use of a cDNA synthesis
kit (Toyobo) according to the manufacturer’s instructions. PCR products were inserted into the corre-
sponding enzyme sites of the plasmid pCMV10-3X Flag (Sigma-Aldrich). RAD51AP1 was subcloned into
either the plasmid pEF6/V5-HisB (Invitrogen) or pcDNA 4-HisA (Invitrogen). pEF6B Myc-tagged wild-type
and mutant NS5A constructs were described previously (38). All DNA transfections were performed by
using polyethyleneimine reagent (Sigma-Aldrich) as we described previously (38).

Immunoprecipitation. HEK293T cells were cotransfected with Flag-tagged RAD51AP1 and Myc-
tagged NS5A plasmids. Total amounts of DNA were adjusted by adding an empty vector. At 48 h
posttransfection, cell lysates were centrifuged at 13,500 rpm for 15 min. The supernatant was incubated
with the indicated antibody at 4°C overnight. The samples were further incubated with 30 ul of protein
A beads (Sigma-Aldrich) for 1 h. The beads were washed five times in washing buffer, and then bound
protein was detected by immunoblot assay as we described previously (38).

Immunofluorescence assay. Huh7.5 cells grown on cover slides were fixed in 4% paraformaldehyde
in PBS for 15 min and then permeabilized with 0.1% Triton X-100 in PBS for 10 min at 37°C. After three
washes with PBS, fixed cells were blocked with 1% BSA in PBS for 1 h at room temperature. The cells were
then incubated with the indicated antibody and rabbit anti-NS5A overnight at 4°C. After three washes
with PBS, cells were incubated with either fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse
1gG or tetramethylrhodamine isothiocyanate (TRITC)-conjugated donkey anti-rabbit IgG for 1 h at room
temperature. Cells were counterstained with DAPI to label nuclei. After three washes with PBS, cells were
analyzed using a Zeiss LSM 700 laser confocal microscopy system (Carl Zeiss, Inc., Thornwood, NY).

TCID,, assay. A 50% tissue culture infective dose (TCID,,) assay was performed to determine the
infectious titer of cell culture-produced HCV. Briefly, 6.4 X 103 Huh7.5 cells/well were seeded into
collagen-coated 96-well plates and incubated overnight. Cells were infected with 5-fold serial dilutions
of the HCV-containing supernatants and were further cultured for 96 h. HCV-infected cells were fixed in
ice-cold methanol at —20°C for 20 min. Endogenous peroxidase was quenched with 3% H,O, in PBS for
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5 min. Cells were treated with blocking buffer, followed by incubation with an anti-NS5A polyclonal
antibody (1:1,000) at 4°C overnight. Cells were further incubated with a horseradish peroxidase-
conjugated goat anti-rabbit secondary antibody (1:200) for 30 min at room temperature. Bound
peroxidase was developed by use of diaminobenzidine (DAB) substrate (DAB+; Dako, USA) for 10 min.
HCV NS5A-positive wells were counted under a light microscope to determine the TCID,,, as reported
previously (40).

Statistical analysis. Data are presented as means =+ standard deviations (SD). Student’s t test was
used for statistical analysis. The asterisks in the figures indicate significant differences (¥, P < 0.05; **,
P < 0.01; ***, P < 0.001; and ns, not significant).
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