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Abstract

Background: We previously reported that the hepatitis C virus (HCV) nonstructural protein 5A (NS5A) down-regulates TLR4
signaling and lipopolysaccharide-induced apoptosis of hepatocytes. There have been several reports regarding the
association between HCV infection and endoplasmic reticulum (ER) stress. Here, we examined the regulation of HCV NS5A
on the apoptosis of hepatocytes induced by thapsigargin, an inducer of ER stress.

Methods: The apoptotic response to thapsigargin and the expression of molecules involved in human hepatocyte
apoptotic pathways were examined in the presence or absence of HCV NS5A expression.

Results: HCV JFH1 infection induced ER stress in the Huh7 cell line. HCV NS5A protected HepG2 cells against thapsigargin-
induced apoptosis, the effect of which was linked to the enhanced expression of the 78-kDa glucose-regulated protein/
immunoglobulin heavy-chain binding protein (GRP78). Consistent with a conferred pro-survival advantage, HCV NS5A
reduced poly(adenosine diphosphate-ribose) polymerase cleavage and activation of caspases-3, -7 and -9, and Bax
expression, while increasing the expressions of the anti-apoptotic molecules XIAP and c-FLIP. HCV NS5A weakly interacts
with GRP78 and enhances GRP78 expression in hepatocytes.

Conclusion: HCV NS5A enhances GRP78 expression, resulting in the inhibition of apoptotic properties, and inhibits
thapsigargin-induced apoptotic pathways in human hepatocytes, suggesting that disruption of ER stress-mediated
apoptosis may have a role in the pathogenesis of HCV infection. Thus, HCV NS5A might engender the survival of HCV-
infected hepatocytes contributing to the establishment of persistent infection.
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Introduction

Hepatitis C virus (HCV) infection is the major cause of
hepatocellular carcinoma (HCC) and end-stage liver diseases in
the US [1] and Japan [2]. HCV has a positive-strand RNA
genome, approximately 9.6 kb in length, which belongs to the
Flaviviridae family and contains a single open reading frame
flanked by 5" and 3’ untranslated regions (UTRs) [3]. HCV
encodes at least 10 structural and nonstructural viral proteins
(core, E1, E2, p7, NS2, NS3, NS4A, NS4B, NS5A and NS5B). At
least 6 HCV genotypes and more than 50 subgenotypes have been
reported based on HCV genomic sequence variation [4].

It has been reported that HCV NS5A plays important roles in
viral replication and hepatocarcinogenesis [5-7]. Due to these
roles, HCV NSJA is an attractive antiviral target and, in fact,
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HCV NS5A inhibitors are now in clinical use. The combination of
HCV NS5A inhibitors and other direct-acting antiviral agents
targeting other regions of HCV are a powerful tool for “difficult-
to-treat” HCV-infected patients [8-10]. HCV NS5A includes an
interferon sensitivity determining region (ISDR: NS5A amino acid
residues 2209-2248), in which sequence variation is associated
with the efficacy of interferon-including treatments for HCV
genotype 1b [11-13]. Mutations in HCV NS5A ISDR were
reported to be associated with a favorable antiviral response and
outcome [11].

Endoplasmic reticulum (ER) stress and unfolded protein
accumulation in the ER triggers intracellular signaling pathways
collectively referred to as the unfolded protein response (UPR)
[14]. The activation of UPR enables hepatocytes to either resolve
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stress or Initiate apoptosis [14-17]. Our previous study showed
that overexpression of the 78-kDa glucose-regulated protein/
immunoglobulin heavy-chain binding protein (GRP78/Bip),
known to confer resistance to apoptosis, prevented hepatocytes
from lipopolysaccharide (LPS)-induced apoptosis [7,18]. UPR also
contributes to hepatic cell damage via the innate immune response
[18]. GRP78 plays a role in ER stress pathways and promotes cell
survival during UPR [19,20].

Many cells, including hepatocytes, are programmed to die by
apoptosis during mammalian development and when affected by
diseases, including liver disease [21]. Failure to undergo apoptosis
could result in the accumulation of abnormal cells, leading to
hepatitis, cancer and autoimmune diseases [22]. The apoptotic
program is initiated by intrinsic stimuli through the mitochondrial
release of cytochrome ¢ upon cellular stress, or can be triggered by
extrinsic stimuli involving the activation of cell surface receptors
such as Fas and the tumor necrosis factor (I'NF) receptor [23].
Death-inducing signaling triggers the activation of effector
caspases such as caspase-8 and -9 for intrinsic apoptotic pathways,
which in turn result in the activation of executor caspase-3, -6 and
-7 [24,25]. Caspase activation during apoptosis induces morpho-
logical and physiological cellular changes through the cleavage of
poly (ADP-ribose)polymerase (PARP), endonucleases and prote-
ases, leading to cell death [26]. Apoptosis also involves the
modulation of B-cell lymphoma-2 (Bcl-2) family proteins, balanc-
ing the anti-apoptotic members: Bcl-2, B-cell lymphoma-extra
large (Bcl-xl), cellular FADD-like interleukin-1beta-converting
enzyme (FLICE)-like inhibitory protein (c-FLIP) and X-linked
inhibitor of apoptosis protein (XIAP); with the pro-apoptotic
members: Bcl-2-associated X protein (Bax) and tumor protein p53
(p53), as well as regulation of mitochondrial alterations [23].

Several studies have reported the association between HCV and
ER stress [27]. It has also been reported that several HCV
structural (core, E1 and E2) and nonstructural proteins (NS2 and
NS4B) could induce ER stress [28-31]. Induction of both ER and
oxidative stress by HCV proteins may contribute to the promotion
of hepatocyte growth, as well as the inhibition of apoptosis in
hepatocytes [3,7]. These phenomena might contribute to HCV
replication in the face of innate and adaptive immunity, leading to
hepatocarcinogenesis. In the present study, we examined whether
HCYV infection induced ER stress in hepatocytes. We also focused
on HCV NS5A protein and examined its effect on ER stress-
induced apoptosis.

Materials and Methods

Cell Culture

Human hepatoma cell lines HepG2 and Huh7 were cultured at
37°C in Dulbecco’s modified Eagle’s medium (Invitrogen,
Carlsbad, CA, USA) containing 10% heat-inactivated fetal bovine
serum, 100 units/ml penicillin and 100 pg/ml streptomycin
(Sigma, St. Louis, MO, USA) under 5% COy. Huh7 cells were
infected with HCV genotype 2 JFH1 [32] as previously described
[33]. The stable cell lines HepG2 control expressing pCXN2 [34],
and HepG2-NS5A, which expressed pCXN2-HCV genotype 1b
NS5A, have been described previously [7].

Reagents and Plasmids

Antibody against HCV NS5A was purchased from Meridan
Life Science, Inc. (Memphis, TN, USA). Bax, Bcl-2, caspase-3, -7,
-9, GRP78, c-FLIP and PARP were obtained from Cell Signaling
Technology (Danvers, MA, USA). Antibodies targeting Bcl-xL, X-
linked inhibitor of apoptosis protein (XIAP) and GAPDH were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
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Anti-tubulin was purchased from Abcam (Cambridge, MA, USA).
Thapsigargin was purchased from Biovision (Milpitas, CA, USA).
The mammalian cell expression plasmid pCXN2 was kindly
provided by Prof. Miyazaki J, Osaka University [34]. In the
present study, we also used a pCXN2-NS5A expression vector
containing an HCV genotype 1b NS5A, including 2 wide-type, 2
intermediate-type, or 1 mutant-type interferon sensitivity deter-
mining region (ISDR, aa2209-aa2248), referred to as pCXN2-
NS5A-W1  and pCXN2-NS5A-W2, pCXN2-NS5A-I1  and
pCXN2-NS5A-12, or pCXN2-NS5A-MI1, respectively. HCV
cDNA stocks were obtained from sera in our laboratory, which
were collected for other studies after written consent was obtained
from all patients. Further explanation of this study was provided
on the notice board in our university hospital, and we informed
patients that they could withdraw from study participation by their
own will at anytime. This study was approved by the Ethics
Committee of Chiba University School of Medicine, No. 1462
and 1753. pCXN2-NS5A-I1 was previously described as pCXIN2-
HCV genotype 1b NS5A [7]. The plasmids pFLAG/CMV2
(pFLAG) and pFLAG-human GRP78 (pFLAG-GRP78) were
kindly provided by Prof. Kim WU, Catholic University of Korea,
Seoul, South Korea [35]. An ER stress response element (ERSE)-
directed luciferase reporter construct (pERSE-luc) was purchased
from Qiagen (Hilden, Germany) [36].

Western Blot Analysis

Western blotting was performed as previously described [7].
Briefly, cell lysates were collected in sodium dodecyl sulfate sample
buffer. After sonication for 5 min, protein samples were subjected
to electrophoresis on 5-20% polyacrylamide gels and transferred
onto polyvinylidene difluoride membranes (ATTO, Tokyo,
Japan). Membranes were probed with specific antibodies as
indicated. After washing, membranes were incubated with
secondary horse-radish peroxidase-conjugated antibodies. Signals
were detected by means of enhanced chemiluminescence (GE
Healthcare Japan, Tokyo, Japan) and scanned by image analyzer
LAS-4000 and Image Gauge (version 3.1) (Fuji Film, Tokyo,
Japan). Band intensities were determined by Image] software [37].

RNA Purification, Real-time RT-PCR and Human
Apoptosis PCR Array

Cellular RNA was extracted using the RNeasy Mini Kit
(Qiagen). One microgram of RINA was reverse-transcribed with
the PrimeScript RT reagent (Perfect Real Time; Takara, Otsu,
Japan). PCR amplification was performed on ¢cDNA templates
using primers specific for GRP78, X-box binding protein 1
(XBP1), DNA damage-inducible protein 34 (GADD34), C/EBP
homologous protein (CHOP) and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) [36]. For RNA quantification, real-time
PCR was performed using the Power SYBR Green Master Mix
(Applied Biosystems, Forester City, CA, USA) according to the
manufacturer’s protocol. Data analysis was performed based on
the ddCt method.

Human apoptosis real-time RT-PCR arrays were performed
according to the manufacturer’s protocol (Qiagen). The data were
analyzed by PCR Array Data Analysis Software (http://www.
sabiosciences.com/pcrarraydataanalysis.php).

SiRNA Transfection

HepG2-NS5A cells were transfected with 20 nM of siRNA for
GRP78 (siRNA-GRP78) [36] or a negative control siRNA (Santa
Cruz) as si-control [36] using Effectene transfection reagents
(Qiagen) according to the manufacturer’s protocol.
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Transfection and Luciferase Assay

Approximately 1x10° HepG?2 cells were placed in 6-well tissue
culture plates (Iwaki Glass, Tokyo, Japan) 24 h prior to
transfection. Transfection of 0.1 pg of pERSE-luc and 0.1 pg of
pCXN2 or pCXN2- NS5A into the cells was performed using
Effectene transfection reagents (Qiagen). Cells were treated with or
without 0.1 uM thapsigargin for 24 h. Luciferase activity was
measured with a luminometer (Luminescencer-JNR II AB-2300,
ATTO,).

Crystal Violet Assay

HepG2 control or HepG2-NS5A cells were plated in 6-well
plates, and 24 h later, cells were incubated with 0-1 pM
thapsigargin. After 48 h of treatment, cells were fixed for 30 min
with methanol and stained for 30 min with 0.1% crystal violet [7].

Measurement of Caspase-3/7 Activities

The Caspase-Glo 3/7 assay (Promega, Madison, WI, USA) was
used to determine caspase-3 and -7 activities according to the
manufacturer’s instructions. Briefly, 1x10* cells were seeded onto
96-well white plates (MS-8096W, Sumitomo Bakelite, Tokyo,
Japan). After 24 h, 0.5 uM thapsigargin was added and incubated
for 6 h in 5% CO, at 37°C. Caspase-Glo 3/7 reagent was added
at a 1:1 ratio with the medium containing cells in each well of the
96-well plates, and left for 0.5 h at room temperature. Lumines-
cence was recorded as a function of caspase-3 and -7 activities
using the Luminescencer-JNR II AB-2300 (ATTO). Medium
without cells was used as nonspecific background. The ratios of
caspase-3 and -7 activities from each group relative to untreated
control groups, defined as 1, were determined by luminescence.

Apoptosis Assay

HepG2 control cells were transfected with 0.3 pg of pFLAG/
CMV2 (pFLAG) or pFLAG-human GRP78 (pFLAG-GRP78)
vector (kindly provided by Prof. Kim WU) using Effectene
transfection reagents (Qiagen) according to the manufacturer’s
protocol. At 48 h post-transfection, cells were treated with 0.1 pM
thapsigargin for 24 h, and then the APOPercentage Apoptosis
Assay (Biocolor, Belfast, Northern Ireland) was used to quantify
apoptosis according to the manufacturer’s instructions [36].
Transfer and exposure of phosphatidylserine to the exterior
surface of the membrane has been linked to the onset of apoptosis.
Phosphatidylserine transmembrane movement results in the
uptake of the APOPercentage dye by those cells undergoing
apoptosis. Purple-red stained cells were identified as apoptotic cells
by light microscopy. The number of purple-red cells/300 cells was
counted as previously described [36].

Immunofluorescence

Cells were washed and fixed with 3.7% formaldehyde, followed
by blocking with 3% horse serum albumin. Cells were incubated
with an HCV NS5A-specific monoclonal antibody and a GRP78
antibody (Santa Cruz) for 1 h. Cells were washed and incubated
with anti-mouse immunoglobulin secondary antibody conjugated
with Alexa Fluor 488 or anti-rabbit immunoglobulin secondary
antibody conjugated with Alexa Fluor 555 (Cell Signaling) for 1 h
at room temperature. Nuclear staining was performed with
Hoechst 33342, trihydrochloride, trihydrate (Molecular Probes,
Eugene, OR, USA). Finally, cells were washed and mounted for
confocal microscopy (ECLIPSE TE 2000-U, Nikon, Tokyo,
Japan), and the images were superimposed digitally to allow for
fine comparisons [33].
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Nucleotide sequence accession number

All sequence reads have been deposited in the DNA Data Bank
of Japan (DDBJ) under accession numbers AB983775, AB983776
- AB983779.

Statistical Analysis

Results are expressed as mean * standard deviation (SD).
Statistical analysis was performed by Student’s t-test. A P-value of
<0.05 was considered statistically significant. All statistical
analyses were performed using DA Stats software (O. Nagata,
Nifty Serve: PAF01644).

Results

HCV infection induces ER stress in Huh7 cells

To examine whether HCV infection induces the expression of
ER stress-associated mRNAs, we infected Huh7 with HCV
genotype 2 (clone JFHI) or examined a mock-infected control
[7]. Total RNA was isolated at 72 h post-infection, and the
message levels of GRP78, XBP1, GADD34 and CHOP were
examined by real-time RT-PCR. The levels of GRP78, XBP1,
GADD34, and CHOP mRNA expression were enhanced
compared to mock-infected controls (Figure 1). Together, our
results demonstrated that HCV infection in Huh7 cells up-
regulates the mRNA expression of ER stress-associated molecules.

HCV NS5A protects HepG2 cells from thapsigargin-
induced apoptosis

Previously, we have reported that HCV NS5A inhibits the LPS-
mediated apoptosis of hepatocytes [7]. Thapsigargin, a known ER
stress-inducer, specifically inhibits ER Ca®’-ATPase, transiently
increasing the level of cytosolic free calcium and subsequently
inducing apoptosis in human hepatoma cells [38]. To examine the
effects of HCV NS5A on apoptosis induced by thapsigargin, we
treated the HepG2-NS5A and HepG2 control cell lines with a
range (0—1 uM) of thapsigargin and examined them for indications

45 Huh?7
40 41 BGRP7S
35 | BXBPI *
30 - BGADD34
B CHOP

Relative mRNA levels (fold)

HCVIFHI

Control

Figure 1. Hepatitis C virus (HCV) infection induces ER stress in
hepatocytes. HCV JFH1 infection of Huh7 cells up-regulates mRNA
expression of GRP78, XBP1, GADD34 and CHOP. Total cellular RNA was
isolated from cells 72 h after infection with HCV. Intracellular gene
expression levels of GRP78, XBP1, GADD34, CHOP and GAPDH were
measured by real-time RT-PCR. The ratios of GRP78/GAPDH, XBP1/
GAPDH, GADD34/GAPDH and CHOP/GAPDH are presented as induction
(n-fold) relative to the levels observed in mock-infected control. Data
are expressed as mean * standard deviation. *P<<0.05.
doi:10.1371/journal.pone.0113499.g001
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of cell death after 48 h (Figure 2A and 2B). Treatment with 0.1-
1 uM thapsigargin induced massive cell death in HepG2 control,
but not in HepG2-NS5A cells. Quantification of apoptosis
demonstrated a significant increase in apoptotic cell death in
HepG2 control, compared with HepG2-NS5A cells after 24 h of
treatment with 0.1-1 uM thapsigargin (Figure 2C and 2D).

HCV NS5A protects HepG2 cells from thapsigargin-

induced PARP-cleavage

Considering that HCV NS5A promoted the survival of
thapsigargin-treated HepG2 cells (Figure 2), we investigated
whether HCV NS)HA interfered with apoptosis using Western blot
analysis to detect PARP cleavage and the expression of mature
caspase-3, -7 and -9, and c-FLIP, as well as measuring caspase-3/-
7 activities. PARP cleavage, induced by 1 uM thapsigargin, was
observed in HepG2 control cells but was barely detectable in
HepG2-NS5A cells (Figure 3A). Procaspase-3 cleavage by 1 uM
thapsigargin treatment was also observed in HepG2 control cells
but was barely detectable in HepG2-NS5A cells (Figure 3B). As
shown in Figure 3C, the caspase-3/-7 activities measured in the
presence of 0.5 uM thapsigargin were increased in HepG2 control
cells as compared with HepG2-NS5A cells. We also observed
procaspase-7 cleavage as well as procaspase-9 cleavage in HepG2
control cells but they were again barely detectable in HepG2-
NS5A cells 24 h post-treatment with 1 pM  thapsigargin (Fig-
ure 3D).

HCV NS5A up-regulates the expression of c-FLIP and
XIAP and down-regulates the expression of Bax in
thapsigargin-induced apoptosis

c-FLIP comes in two forms, FLIP short (FLIPg) and FLIP long
(FLIPr) [39]. We observed less c-FLIPr, in HepG2 control cells,
compared to HepG2-NSSA after 24 h of treatment with 1 pM

HCV NS5A Inhibits ER Stress-Induced Apoptosis

cells (Figure 3D), although we observed no differences in
procaspase-8 cleavage between HepG2 control and HepG2-
NS5A cell lines (data not shown). Interestingly, there have been
several reports describing c-FLIP as having an anti-apoptosis role
[39,40].

We observed that the expression of XIAP, an anti-apoptotic
molecule and inhibitor of caspase-3/-7/-9 [41], was increased in
HepG2-NS5A cells as compared with HepG2 control cells after
24 h of treatment with 1 pM thapsigargin (Figure 3E). We also
observed that the expression of Bax, a pro-apoptotic molecule, was
decreased in HepG2-NS5HA cells as compared with HepG2 control
cells after 24 h of treatment with 1 pM thapsigargin (Figure 3E).
PCR array analyses also demonstrated that XIAP mRNA and Bcl-
2 mRNA were up-regulated approximately 1.87-fold and 1.83-
fold, respectively, in HepG2-NS5A cells, as compared to HepG2
control cells (Table 1, P<0.05). Real-time RT-PCR analysis
revealed that XIAP mRNA and Bcl-2 mRNA were down-
regulated approximately 0.72-fold and 0.81-fold, respectively
(P<<0.05), but Bax mRNA was not up-regulated in HepG2-
NS5A transfected with siRNA-GRP78 as compared to HepG2
control cells.

HCV NS5A up-regulates GRP78 expression in human

hepatoma cell lines

We expected the association between the induction of GRP78
and the anti-apoptotic actions of HCV NS5A in thapsigargin-
induced apoptosis. To further analyze the mechanism at work, we
examined the expression of GRP78, an anti-apoptotic protein, by
Western blotting (Figure 4A and 4B). We confirmed that GRP78
was induced by thapsigargin in HepG2-NS5A cells at elevated
levels as compared to HepG2 control (4-fold wvs. 1.8-fold,
compared to the respective baseline levels). We performed a
reporter assay to elucidate the molecular mechanisms by which

thapsigargin (Figure 3D). On the other hand, the level of ¢-FLIPs HCV NS5A increased GRP78 expression in hepatocytes
increased to a lesser extent in thapsigargin-treated HepG2 control
(A) © | | (D)
HepG2 HepG2-
Thapsigargin (M) NS5A
HepG2 RSP 43 O -
control : HepG2
401 control
0 35
3 _ | M HepG2
"i 30 o -NS5A
Z 25 4
g I
.20 A .
0.1 715
10 4
N
)] I
0 -

1x103

1x101 1

0 1x104

1x10?

Thapsigargm (., 48h)

0 0.1 1

Thapsigargin (p\)

Figure 2. Hepatitis C virus (HCV) nonstructural protein 5A (NS5A) protects hepatocytes from thapsigargin-induced cell death.
HepG2 control (A) and HepG2-NS5A (B) cell lines were cultured for 48 h with thapsigargin at 0, 1x107%, 1x1073, 1x107%, 1x10™", and 1 uM. Cells
were washed and stained with crystal violet. (C), (D) HCV NS5A protects hepatocytes from thapsigargin-induced apoptosis. HepG2 control and
HepG2-NS5A cells were cultured for 24 h with thapsigargin at 0, 1x10~", and 1 uM. Apoptosis was evaluated using the APOPercentage Apoptosis
Assay. Purple-red stained cells were identified as apoptotic cells by light microscopy. The number of purple-red cells/300 cells was counted. Data are

expressed as mean = standard deviation. *P<0.05.
doi:10.1371/journal.pone.0113499.g002
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Figure 3. Hepatitis C virus (HCV) nonstructural protein 5A (NS5A) protects hepatocytes from thapsigargin-induced apoptosis. (A)
HCV NS5A inhibits PARP cleavage in HepG2 cells. Western blot analysis shows the expression of PARP and cleaved PARP in HepG2 control and
HepG2-NS5A cells treated for 24 h with or without thapsigargin (1 uM). Blots were reprobed with GAPDH-specific antibodies to assess equivalent
protein loading. (B) HCV NS5A inhibits caspase-3 expression in HepG2 cells. Western blot analysis shows the expression of procaspase-3 and caspase-
3 in HepG2 control and HepG2-NS5A cells treated for 24 h with or without thapsigargin (1 uM). (C) HCV NS5A inhibits the caspase-3/-7 activity in
HepG2 cells. The Caspase-Glo 3/7 assay (Promega, Madison, WI, USA) shows the caspase-3/-7 activity in HepG2 control and HepG2-NS5A cells treated
for 6 h with or without thapsigargin (0.5 uM). Data are expressed as mean * standard deviation. *P<<0.05. (D) HCV NS5A inhibits caspase-7/-9 and
enhances cellular FADD-like interleukin-1beta-converting enzyme (FLICE)-like inhibitory protein, long form (c-FLIP,) expression in HepG2 cells.
Western blot analysis shows the expression of procaspase-7 and caspase-7 (upper panel), procaspase-9 and caspase-9 (middle panel) and c-FLIP, and
c-FLIP, short form (c-FLIPs), in HepG2 control and HepG2-NS5A cells treated for 24 h with or without thapsigargin (1 uM). Blots were reprobed with
tubulin-specific antibodies to assess equivalent protein loading. (E) HCV NS5A enhances XIAP expression and inhibits Bax expression in HepG2 cells.
Western blot analysis shows the expression of XIAP, Bax, Bcl-xl, Bcl-2 and p53 in HepG2 control and HepG2-NS5A cells treated for 24 h with or
without thapsigargin (1 uM). Blots were reprobed with GAPDH-specific antibodies to assess equivalent protein loading. Densitometric analyses were
performed using Image)J software.

doi:10.1371/journal.pone.0113499.g003

(Figure 4C). Transient transfection of HepG2 cells with the We also examined the effects of GRP78 expression on
pCXN2-NS5HA expression vector induced ERSE reporter activity. thapsigargin-induced apoptosis in HepG2 control cells, observing
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that overexpression of FLAG-GRP78 rescued HepG2 control cells
from apoptosis (Figure 4D). In contrast, knockdown of GRP78
enhanced thapsigargin-induced apoptosis in HepG2-NS5A cells
(Figure 4E).

To compare the localization of endogenous GRP78 with that of
HCV NS5A, HepG2 cells were transfected with pCXN2-NS5A or
pCXN2 alone. After 48 h, cells were stained with a mouse
monoclonal HCV NS5A antibody and rabbit polyclonal GRP78
antibody. Coonfocal microscopy revealed co-localization of GRP78
with HCV NS5A (Figure 4F). We also tested whether HCV NS5A
interacts with GRP78 by co-immunoprecipitation, but no co-
immunoprecipitations of GRP78 and HCV NS5A were detected
under our experimental conditions (data not shown). Together,
our data suggest that HCV NS5A might weakly interact with
GRP78, resulting in enhanced GRP78 expression in hepatocytes.
Nevertheless, further studies will be needed.

Mutations in HCV NS5A ISDR have no impact on
thapsigargin-induced apoptosis in hepatocytes

It is known that HCV NS5A ISDR has an impact on the
treatment response in HCV genotype lb-infected patients
receiving interferon-including regimens [11]. Enomoto et al.
[11] analyzed 84 patients with chronic HCV genotype 1b
infection who had received interferon alpha for 6 months,
observing that a sustained virological response did not occur in
any of the 30 patients whose NS5A2209-2248 sequences were
identical to that of HCV-J (wild type); 5 of 38 patients with 1 to 3
amino acid changes in the NS5A2209-2248 region (intermediate
type) had a complete response, as did all 16 patients with 4 to 11
changes in NS5A2209-2248 (mutant type) [11]. As shown in
Figure 5A, we constructed HCV NS5A-expression plasmids
containing the wild type, intermediate type or mutant type ISDR
sequences from cDNA stocks in our laboratory.
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Table 1. Differences in induction of anti-apoptotic genes by thapsigargin in HepG2-NS5A cells compared to HepG2 control cells.

Gene name Fold change* P-values Gene title

TNF 10.85 0.022 Tumor necrosis factor

XIAP 1.87 0.0017 X-linked inhibitor of apoptosis

BCL2 1.83 0.018 B-cell chronic lymphocytic leukemia (CLL)/lymphoma 2

IGF1R 1.74 0.00035 Insulin-like growth factor 1 receptor

BRAF 1.72 0.0059 V-Raf murine sarcoma viral oncogene homolog B1

BCL2L1 1.71 0.00023 BCL2-like 1

HRK 1.69 0.011 Harakiri, BCL2 interacting protein [contains only BCL2 homology 3 (BH3) domain]

IL10 1.65 0.16 Interleukin 10

BIRC3 1.61 0.00011 Baculoviral IAP repeat containing 3

CFLAR 1.58 0.00083 Caspase-8 and Fas-associated via death domain (FADD)-like apoptosis regulator

RIPK2 1.57 0.0086 Receptor-interacting serine-threonine kinase 2

BCL2L2 1.54 0.00086 BCL2-like 2

NFKB1 1.23 0.11 Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1

BAG3 1.17 0.016 BCL2-associated athanogene 3

BFAR 1.16 0.014 Bifunctional apoptosis regulator

MCL1 1.08 0.013 Myeloid cell leukemia 1

NAIP 1.05 0.26 Nucleotide binding and oligomerization domain (NOD)-like receptor (NLR) family, apoptosis inhibitory
protein

We compared the induction of anti-apoptotic genes by thapsigargin in HepG2-NS5A with that in HepG2 control. Three sets of real-time PCR arrays were performed.

*, HepG2-NS5A vs. HepG2 control.

doi:10.1371/journal.pone.0113499.t001

Compared with the HCV-] sequence [42], 2, 2 and | plasmids
have wild-type, intermediate-type and mutant-type ISDR  se-
quences, respectively. Next, we examined thapsigargin-induced
apoptosis after transient transfection with each ISDR expression
vector. Briefly, HepG2 cells were transiently transfected with each
vector. From 24 h post-transfection, cells were treated with
thapsigargin for 24 h and apoptosis was evaluated (Figure 5B
and 5C). No impact of the HCV NS5A ISDR sequences on
thapsigargin-induced apoptosis was observed in the present study.
These results might suggest the absence of correlation between the
ISDR domain of HCV NS5A and ER stress.

Discussion

We demonstrated that HCV infection induced ER stress in
hepatocytes, supporting a previous report [27]. However, it
remains unclear how HCV can avoid ER stress-mediated
apoptosis in infected hepatocytes. The increase of GRP78
expression by HCV NS5A might play a critical role in the
negative regulation of ER stress-induced apoptosis in hepatocytes,
although we did not examine whether other HCV proteins up-
regulate GRP78 expression. This process negatively regulates the
anti-apoptotic effects of GRP78, including caspase activation and
PARP cleavage, presumably to counteract the deleterious effects of
thapsigargin on hepatocyte viability.

Naturally, HCV replicates in hepatocytes, leading to chronic
hepatitis, cirrhosis and HCC [1,2]. Upregulation of GRP78 is one
of the mechanisms preventing the apoptosis of HCV-infected
hepatocytes induced by ER stress, which supports previous
observations that GRP78 is activated in HCC tissues [36,43].
HCV NS5A might also induce UPR in order for HCV to survive.
In fact, resistance to ER stress-induced apoptosis in infected cells
might play a critical role in HCV replication or HCV-related
pathogenesis. Although HCV NS5A ISDR has been shown to
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have a critical impact on the interferon response in HCV genotype
1b patients [11], mutations of HCV NS5A ISDR had no effects on
thapsigargin-induced apoptosis here. It seems that there is no
correlation among the ISDR domain of HCV NS5A, ant-
apoptotic functions and ER stress.

It has been shown that HCV NS5A engages in the ER-nucleus
signal transduction pathway [44,45]. HCV NS5A causes the
disturbance of intracellular calcium and the resultant Ca**
signaling triggers the elevation of reactive oxygen species in
mitochondria, leading to the translocation of nuclear factor kappa
B (NF-xB) and signal transducer and activator of transcription 3
(STAT3) into the nucleus [44]. We demonstrated that HCV NS5A
induced the activation of ESRE promoter activity (Figure 4C) and
also observed the interaction between HCV NS5A and GRP78
(Figure 4F), supporting the previous studies [44,45].

On the other hand, HCV NS5A impairs TNF-mediated
hepatocyte apoptosis [46] and LPS-induced hepatocyte apoptosis
[7]. Thapsigargin, one of the ER stress-inducers, transiently
increases the level of cytosolic free calcium and subsequently
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induces hepatocyte apoptosis [38]. In the present study, we
observed that HCV NS5A inhibits thapsigargin-mediated hepa-
tocyte apoptosis.

Christen et al. reported that the activation of the ER stress
response by hepatitis viruses up-regulates protein phosphatase 2A,
which is involved in many important cellular processes including
cell-cycle regulation, apoptosis, cell morphology, development,
signal transduction and translation [47]. Noxa is a Bcl-2 homology
domain-containing pro-apoptotic mitochondria protein [48]. ER
stress augments the expression of Noxa following lytic viral
infection [48]. In the present study, we observed that HCV NS5A
impaired the ER stress modulation of the pro-apoptotic molecule
Bax, and that HCV NS5A impaired the reduction of the anti-
apoptotic molecule XIAP by ER stress. It was reported that HCV
NS5A is a potential viral Bel-2 homologue that interacts with Bax
and inhibits apoptosis in HCC cells [49]. XIAP is located
downstream of NF-xB signaling, which is activated by HCV
NS5A through ER stress [44]. In the present study, we also
demonstrated the upregulation of c-FLIP by HCV NS5A,
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supporting the previous observation that HCV NS5A increased
the expression of c-FLIP [7].

The ER chaperone GRP78 is known to confer resistance to
apoptosis [18]. Calreticulin and GRP78 are most likely involved in
the folding of HCV glycoproteins [29,50]. We and others have
now demonstrated that HCV increases GRP78 in HCV-infected

PLOS ONE | www.plosone.org

cells [27]. In conclusion, we demonstrated that HCV infection
caused ER stress, but HCV NS5A confers resistance to ER stress-
induced apoptosis. Together, our results reconfirmed that HCV
NS5A not only plays a role in HCV-related pathogenesis, but also
might be an attractive target of antiviral and antitumor drugs.

November 2014 | Volume 9 | Issue 11 | e113499



Acknowledgments

Plasmid pCXN2, pCXN2-HCV genotype 1b NS5A, pFLAG/CMV?2 and
pFLAG-human GRP78 were kindly provided by Prof. Junichi Miyazaki
from Osaka University, Japan; Dr. Naoya Kato from the University of
Tokyo, Japan; and Prof. Kim WU from the Catholic University of Korea,
Seoul, South Korea, respectively. This work was partly presented at the
23rd Conference of the Asian Pacific Association for the Study of the Liver
in Brisbane, Australia, 15 March, 2014.

References

1.

Di Bisceglie AM (1997) Hepatitis C and hepatocellular carcinoma. Hepatology
26: 34S-38S. doi:10.1002/hep.510260706. PubMed: 9305661.

Saito I, Miyamura T, Ohbayashi A, Harada H, Katayama T, et al. (1990)
Hepatitis C virus infection is associated with the development of hepatocellular

carcinoma. Proc Natl Acad Sci U S A 87: 6547-6549. PubMed: 2168552.

. Banerjee A, Ray RB, Ray R (2010) Oncogenic potential of hepatitis C virus

proteins. Viruses 2: 2108-2133. doi:10.3390/v2092108. PubMed: 21994721.
Simmonds P (2001) The origin and evolution of hepatitis viruses in humans. J
Gen Virol 82: 693-712. PubMed: 11257174

Gale M ]Jr, Blakely CM, Kwieciszewski B, Tan SL, Dossett M, et al. (1998)
Control of PKR protein kinase by hepatitis C virus nonstructural 5A protein:
molecular mechanisms of kinase regulation. Mol Cell Biol 18: 5208-5218.
PubMed: 9710605.

. Majumder M, Ghosh AK, Steele R, Ray R, Ray RB (2001) Hepatitis C virus

NS5A physically associates with p53 and regulates p21/wafl gene expression in
a p53-dependent manner. J Virol 75: 1401-1407. doi:10.1128/JV1.75.3.1401-
1407.2001. PubMed: 11152513.

. Tamura R, Kanda T, Imazeki I, Wu S, Nakamoto S, et al. (2011) Hepatitis C

Virus nonstructural 5A protein inhibits lipopolysaccharide-mediated apoptosis of
hepatocytes by decreasing expression of Toll-like receptor 4. J Infect Dis 204:
793-801. doi:10.1093/infdis/jir381. PubMed: 21844306.

Gao M, Nettes RE, Belema M, Snyder LB, Nguyen VN, et al. (2010) Chemical
genetics strategy identifies an HCV NS5A inhibitor with a potent clinical effect.
Nature 465: 96-100. doi:10.1038/nature08960. PubMed: 20410884.

. Nakamoto S, Kanda T, Wu S, Shirasawa H, Yokosuka O (2014) Hepatitis C

virus NS5A inhibitors and drug resistance mutations. World J Gastroenterol 20:
2902-2912. doi:10.3748/wjg.v20.i11.2902. PubMed: 24659881.

. Kanda T, Imazeki F, Yokosuka O (2010) New antiviral therapies for chronic

hepatitis C. Hepatol Int 4: 548-561. doi:10.1007/512072-010-9193-3. PubMed:
21063477.

. Enomoto N, Sakuma I, Asahina Y, Kurosaki M, Murakami T, et al. (1996)

Mutations in the nonstructural protein 5A gene and response to interferon in
patients with chronic hepatitis C virus 1b infection. N Engl J Med 334: 77-81.
doi:10.1056/NEJM199601113340203. PubMed: 8531962.

. Hofgartner WT, Polyak SJ, Sullivan DG, Carithers RL Jr, Gretch DR (1997)

Mutations in the NS5A gene of hepatitis C virus in North American patients
infected with HCV genotype 1a or 1b. J Med Virol 53: 118-126. doi:10.1002/
(SICI)1096-9071(199710)53:2<<118::AID-JMV3>3.0.CO;2-C. PubMed:
9334922,

. Gerotto M, Dal Pero F, Sullivan DG, Chemello L, Cavalletto L, et al. (1999)

Evidence for sequence selection within the non-structural 5A gene of hepatitis C
virus type 1b during unsuccessful treatment with interferon-alpha. J Viral Hepat
6: 367-372. doi:10.1046/j.1365-2893.1999.00166.x. PubMed: 10607252.
Ghosh R, Wang L, Wang ES, Perera BG, Igbaria A, et al. (2014) Allosteric
Inhibition of the IRElalpha RNase Preserves Cell Viability and Function during
Endoplasmic Reticulum Stress. Cell 2014; 158: 534-548. doi:10.1016/
j-cell.2014.07.002. PubMed: 25018104.

. Rutkowski DT, Kaufman R]J (2004) A trip to the ER: coping with stress. Trends

Cell Biol 14: 20-28. doi:10.1016/j.tch.2003.11.001. PubMed: 14729177.

. Walter P, Ron D (2011) The unfolded protein response: from stress pathway to

homeostatic regulation. Science 334: 1081-1086. doi:10.1126/science.1209038.
PubMed: 22116877.

. van Galen P, Kreso A, Mbong N, Kent DG, Fitzmaurice T, et al. (2014) The

unfolded protein response governs integrity of the haematopoietic stem-cell pool
during stress. Nature 510: 268-272. doi:10.1038/nature13228. PubMed:
24776803.

. Jiang X, Kanda T, Tanaka T, Wu S, Nakamoto S, et al. (2013
g

Lipopolysaccharide blocks induction of unfolded protein response in human
hepatoma cell lines. Immunol Lett 152: 8-15. doi:10.1016/j.imlet.2013.03.006.
PubMed: 23578665.

. Kaufman RJ (1999) Stress signaling from the lumen of the endoplasmic

reticulum: coordination of gene transcriptional and translational controls. Genes

Dev 13: 1211-1233. PubMed: 10346810.

. Lee AS (2001) The glucose-regulated proteins: stress induction and clinical

applications. Trends Biochem Sci 26: 504-510. doi:10.1016/S0968-
0004(01)01908-9. PubMed: 11504627.

. Ogasawara J, Watanabe-Fukunaga R, Adachi M, Matsuzawa A, Kasugai T, et

al. (1993) Lethal effect of the anti-Fas antibody in mice. Nature 364: 806-809.
doi:10.1038/364806a0. PubMed: 7689176.

PLOS ONE | www.plosone.org

HCV NS5A Inhibits ER Stress-Induced Apoptosis

Author Contributions

Conceived and designed the experiments: XJ TK. Performed the
experiments: XJ TK. Analyzed the data: XJ TK. Contributed reagents/
materials/analysis tools: XJ TK SW SN TW HS OY. Wrote the paper: X]J
TK SW SN TW HS OY.

23.

24.

30.

31.

32.

33.

34.

36.

37.

38.

39.

40.

41.

42.

43.

. Nagata S, Nagase H, Kawane K, Mukae N, Fukuyama H (2003) Degradation of

chromosomal DNA during apoptosis. Cell Death Differ 10: 108-116.
doi:10.1038/sj.cdd.4401161. PubMed: 12655299.

Cerella C, Teiten MH, Radogna F, Dicato M, Diederich M (2014) From nature
to bedside: Pro-survival and cell death mechanisms as therapeutic targets in
cancer treatment. Biotechnol Adv [Epub ahead of print]. doi:10.1016/
j-biotechadv.2014.03.006. PubMed: 24681093.

Los M, Van de Craen M, Penning LC, Schenk H, Westendorp M, et al. (1995)
Requirement of an ICE/CED-3 protease for Fas/APO-1-mediated apoptosis.
Nature 375: 81-83. doi:10.1038/375081a0. PubMed: 7536901.

. Cecconi F (1999) Apafl and the apoptotic machinery. Cell Death Differ 6:

1087-1098. PubMed: 10578178.

. Degterev A, Boyce M, Yuan J (2003) A decade of caspases. Oncogene 22: 8543~

8567. doi:10.1038/sj.onc.1207107. PubMed: 14634618.

. Tardif KD, Mori K, Siddiqui A (2002) Hepatitis C virus subgenomic replicons

induce endoplasmic reticulum stress activating an intracellular signaling
pathway. J Virol 76: 7453-7459. doi:10.1128/JV1.76.15.7453-7459.2002.
PubMed: 12097557.

. Benali-Furet NL, Chami M, Houel L, De Giorgi F, Vernejoul F, et al. (2005)

Hepatitis C virus core triggers apoptosis in liver cells by inducing ER stress and
ER calcium depletion. Oncogene 24: 4921-4933. doi:10.1038/sj.onc.1208673.
PubMed: 15897896.

. Merola M, Brazzoli M, Cocchiarella F, Heile JM, Helenius A, et al. (2001)

Folding of hepatitis C virus E1 glycoprotein in a cell-free system. J Virol 75:
11205-11217. doi:10.1128/JV1.75.22.11205-11217.2001. PubMed: 11602760.
von dem Bussche A, Machida R, Li K, Loevinsohn G, Khander A, et al. (2010)
Hepatitis C virus NS2 protein triggers endoplasmic reticulum stress and
suppresses its own viral replication. J Hepatol 53: 797-804. doi:10.1016/
j.jhep.2010.05.022. PubMed: 20801537.

Li S, Ye L, Yu X, Xu B, Li K, et al. (2009) Hepatitis C virus NS4B induces
unfolded protein response and endoplasmic reticulum overload response-
dependent NF-kappaB activation. Virology 391: 257-264. doi:10.1016/
j-virol.2009.06.039. PubMed: 19628242.

Wakita T, Pietschmann T, Kato T, Date T, Miyamoto M, et al. (2005)
Production of infectious hepatitis C virus in tissue culture from a cloned viral
genome. Nat Med 11: 791-796. doi:10.1038/nm1268. PubMed: 15951748.
Kanda T, Basu A, Stecle R, Wakita T, Ryerse JS, et al. (2006) Generation of
infectious hepatitis C virus in immortalized human hepatocytes. J Virol 80:
4633-4639. doi:10.1128/JV1.80.9.4633-4639.2006. PubMed: 16611923,

Niwa H, Yamamura K, Miyazaki J (1991) Efficient selection for high-expression
transfectants with a novel eukaryotic vector. Gene 108: 193-199. PubMed:
1660837.

. Yoo SA, You S, Yoon HJ, Kim DH, Kim HS, et al. (2012) A novel pathogenic

role of the ER chaperone GRP78/BiP in rheumatoid arthritis. ] Exp Med 209:
871-886. doi:10.1084/jem.20111783. PubMed: 22430489.

Jiang X, Kanda T, Nakamoto S, Miyamura T, Wu S, et al. (2014) Involvement
of androgen receptor and glucose-regulated protein 78 kDa in human
hepatocarcinogenesis. Exp Cell Res 323: 326-336. doi:10.1016/
j-yexcr.2014.02.017. PubMed: 24583399.

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to Image]: 25
years of image analysis. Nat Methods 9: 671-675. doi:10.1038/nmeth.2089.
PubMed: 22930834.

Kaneko Y, Tsukamoto A (1994) Thapsigargin-induced persistent intracellular
calcium pool depletion and apoptosis in human hepatoma cells. Cancer Lett 79:
147-155. doi:10.1016/0304-3835(94)90253-4. PubMed: 8019972.

Saito K, Meyer K, Warner R, Basu A, Ray RB, et al. (2006) Hepatitis C virus
core protein inhibits tumor necrosis factor alpha-mediated apoptosis by a
protective effect involving cellular FLICE inhibitory protein. J Virol 80: 4372~
4379. doi:10.1128/JV1.80.9.4372-4379.2006. PubMed: 16611896.

Safa AR (2012) c-FLIP, a master anti-apoptotic regulator. Exp Oncol 34: 176~
184. PubMed: 23070002.

Berthelet J, Dubrez L (2013) Regulation of Apoptosis by Inhibitors of Apoptosis
(IAPs). Cells 2: 163-187. doi:10.3390/cells2010163. PubMed: 24709650.

Kato N, Hijikata M, Ootsuyama Y, Nakagawa M, Ohkoshi S, et al. (1990)
Molecular cloning of the human hepatitis C virus genome from Japanese
patients with non-A, non-B hepatitis. Proc Natl Acad Sci U S A 87: 9524-9528.
PubMed: 2175903.

Shuda M, Kondoh N, Imazeki N, Tanaka K, Okada T, et al. (2003) Activation
of the ATF6, XBP1 and grp78 genes in human hepatocellular carcinoma: a
possible involvement of the ER stress pathway in hepatocarcinogenesis.

November 2014 | Volume 9 | Issue 11 | e113499



44.

46.

J Hepatol 38: 605-614. doi:10.1016/S0168-8278(03)00029-1. PubMed:
12713871.

Gong G, Waris G, Tanveer R, Siddiqui A (2001) Human hepatitis C virus NSSA
protein alters intracellular calcium levels, induces oxidative stress, and activates
STAT-3 and NF-kappa B. Proc Natl Acad Sci U S A 98: 9599-9604.
doi:10.1073/pnas.171311298. PubMed: 11481452.

. Waris G, Tardif KD, Siddiqui A (2002) Endoplasmic reticulum (ER) stress:

hepatitis C virus induces an ER-nucleus signal transduction pathway and
activates NF-kappaB and STAT-3. Biochem Pharmacol 64: 1425-1430.
doi:10.1016/50006-2952(02)01300-X. PubMed: 12417255.

Majumder M, Ghosh AK, Steele R, Zhou XY, Phillips NJ, et al. (2002) Hepatitis
C virus NS5A protein impairs TNF-mediated hepatic apoptosis, but not by an
anti-FAS antibody, in transgenic mice. Virology 294: 94-105. doi:10.1006/
viro.2001.1309. PubMed: 11886269.

PLOS ONE | www.plosone.org

10

47.

48.

49.

50.

HCV NS5A Inhibits ER Stress-Induced Apoptosis

Christen V, Treves S, Duong FH, Heim MH (2007) Activation of endoplasmic
reticulum stress response by hepatitis viruses up-regulates protein phosphatase
2A. Hepatology 46: 558-565. doi:10.1002/hep.21611. PubMed: 17526027.
Rosebeck S, Sudini K, Chen T, Leaman DW (2011) Involvement of Noxa in
mediating cellular ER stress responses to lytic virus infection. Virology 417: 293~
303. doi:10.1016/j.virol.2011.06.010. PubMed: 21742363.

Chung YL, Sheu ML, Yen SH (2003) Hepatitis C virus NS5A as a potential viral
Bcl-2 homologue interacts with Bax and inhibits apoptosis in hepatocellular
carcinoma. Int J Cancer 107: 65-73. doi:10.1002/ijc.11303. PubMed:
12925958.

Choukhi A, Ung S, Wychowski C, Dubuisson J (1998) Involvement of
endoplasmic reticulum chaperones in the folding of hepatitis C virus
glycoproteins. J Virol 72: 3851-3858. PubMed: 9557669.

November 2014 | Volume 9 | Issue 11 | e113499



