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FIG 6 Cured Hep3B/miR122 cells facilitate efficient propagation of HCVcc through enhanced expression of miR122. (A) (Left) Hep3B/miR122 parental cells
and cured cells of clone 5 were cotransfected with pIFNB-Luc and pRL-TK and then infected with the VSV NCP mutant at an MOI of 0.01 or transfected with
1 pgofpoly(I-C) at 24 h posttransfection, and luciferase activities were determined at 48 h posttreatment; (right) the cells were cotransfected with pISRE-Luc and
pRL-TK and then infected with VSV at an MOI of 0.01 or treated with IEN-« (100 1U/ml) at 24 h posttransfection, and luciferase activities were determined at
48 h posttreatment, (B) (Upper) Hep3B/miR122 parental cells and the cured cells were infected with VSV atan MOI of 0.01, fixed with 4% phosphonoformic acid
at 18 h postinfection, and subjected to indirect immunofluorescence assay using rabbit anti-IRE3 antibody, followed by AF488-conjugated anti-rabbit IgG (red);
(lower) the cells were treated with [FN-a (100 [U/ml), fixed with 4% paraformaldehyde at 1 h postintection, and subjected to indirect immunofluorescence assay
using rabbit anti-STAT2 antibody, followed by AF488-conjugated anti-rabbit IgG (red). Cell nuclei were stained with 4’ 6-diamidino-2-phenylindole (blue). (C)
Total RNA was extracted from parental Huh7 and Hep3B/miR122 cells and their cured cells, and the relative expression of miR122 was determined by qRT-PCR
by using U6 snRNA as an internal control.

1390 jviasm.org Journal of Virology

- 241 -

AINN YMVSO Aq 2102 ‘1€ Aenuer uo /6o wse’IAlj/:dly woll pspeojumo(



A B
Logto[
8 5t
S v
N
. o
Pre-miR122 E )
WT | ¥ GGAGUGUGA 5
% UCACACUAA 2
e 5
¢ GGAGAGUGA 3 r
sMT
* UCACACUAA 2
X P ACALTAR -
dMT % GGAGAGUGA & o FLI
% UCACUCUAA WT  sMT dMT Control
C D
Log10 Log10
[] 24 hpi ¥
B T
< ~ 4 g
g% E
>« =
2E g3
E ~
88 TL 2t
=
= QO
-0
2
WT dMT Control WT  dMT Control

FIG 7 Specific interaction of miR122 with viral RNA is crucial for efficient
propagation of HCVcc, (A) Diagram of pre-miR122 and partial nucleotide
sequences of wild type (WT) miR122 and mutant miR122 carrying a single
mutation (sMT) and double mutations (dAMT). (B) Hep3B cells were trans-
duced with lentiviral vectors expressing either WT-, sMT-, or dMT-miR122 or
with a control, and the relative expression of miR122 was determined by qRT-
PCR by using U6 snRNA as an internal control. (C) Hep3B cells expressing
WT- or dAMT-miR122 or the control cells were infected with HCVec at an MOI
of 1, and the level of HCV RNA was determined by qRT-PCR at 24 and 48 h
postinfection. (D) The culture supernatants were collected at 72 h postinfec-
tion, and the viral titers of the supernatants were determined by focus-forming
assay using Huh7.5.1 cells.

38, 52). In this study, we assessed the possibility of establishment
of human liver cell lines that are susceptible to HCVcc propaga-
tion through exogenous expression of miR122 by a lentiviral vec-
tor. Although Huh7 cells and their derived cell lines are highly
susceptible to propagation of HCVc, they intrinsically express an
abundant amount of miR122. Among the cell lines that we inves-
tigated, Hep3B cells exhibit a high sensitivity to HCVcc propaga-
tion by expression of miR122 compared to that of Huh7 cells,
whereas no sensitivity to HCVcc was observed in the parental
Hep3B cells. Therefore, the Hep3B cell line was suggested to be an
ideal tool to investigate miR122 function in the life cycle of HCV.

RNA viruses replicate in host cells with high error rates, gener-
ating a broad population diversity, which allows rapid adaptation
to new environments (33). HCV propagates in the liver of patients
with quasispecies heterogeneity and transmits to a new host
through contaminated blood or blood products (16). It is known
that the complexity of HCV clones significantly decreases during
transmission through a genetic bottleneck, resulting in a more
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homogeneous population. This selection of certain clones is
mainly caused by the host factors required for viral replication and
immune pressure in a new host and is involved in the early phase
of HCV infection in the new environment (18, 25, 32). A sole cell
line, Huh7, has been employed in most of the experiments for in
vitro studies of entry, RNA replication, and particle formation of
HCV. Therefore, it has not been possible to assess propagation of
HCVcc in human liver cell lines other than Huh7 cells and trans-
mission of HCVcc to liver cell lines of different origins. The estab-
lishment of a novel human liver cell line, Hep3B/miR122, for
propagation of HCVcc would help to generate new insights into
the mutual interaction between HCV and human hepatocytes.
Although we are not able to evaluate the effects of the acquired
immunity on the induction of the adaptive mutations in cell cul-
ture systems, we can assess the host factors involved in the gener-
ation of the adaptive mutations by using two different human liver
cell lines that support continuous propagation of HCVcc. Further
studies are needed to determine the adaptive mutations in the
HCV genome by passage in either Hep3B/miR122 or Huh?7 cells
and in one after the other.

At least seven major HCV genotypes and numerous subtypes
have been identified (21), but laboratory strains capable of repli-
cating in vitro are limited (36, 64, 68, 70). It is important to estab-
lish cell lines that permit the complete propagation of a wide range
of HCV genotypes for further understanding of the life cycle of
HCV. Although the partial replication of serum-derived HCV in
primary hepatocytes in a specialized culture system has been re-
ported (50), development of a simpler and more user-friendly
system is required for promotion of research on HCV. It might be
feasible to establish new cell culture systems for not only various
genotypes of infectious HCV clones but also serum-derived HCV
by the expression of miR122 in various human liver cell lines.

While preparing the manuscript, Narbus et al. reported that
the expression of miR122 enhances HCV replication in HepG2/
CD81 cells (46). Our data also demonstrated that the expression of
miR122 increased HCV replication in HepG2/CD81 cells, as
shown in Fig. 1D. However, the impact of miR122 expression on
the production of infectious particles in HepG2/CD81 cells is sig-
nificantly lower than that in Huh7 cells (46). Although LH86 (71)
and Li23 (30) cell lines derived from human hepatocellular carci-
noma have been shown to permit propagation of HCVec, these
cell lines are not well characterized. In contrast, the Hep3B cell line
has been utilized in a wide range of research fields for a long time,
resulting in the accumulation of many sources of data from
genomic and proteomic analyses (1,47, 55, 63, 67). Moreover, the
Hep3B cell line is available from the major cell banks all over the
world, which should readily allow reevaluation of the findings in
this study. Comparison of the experimental data on HCVec prop-
agation between Huh7 and Hep3B/miR122 cells might provide a
clue to understanding the host factors crucial for the efficient
propagation of HCV in human liver cells.

The higher susceptibility to HCVcc propagation of the cured
cells derived from Huh7 cells than the parental cells was suggested
to be attributable to impairment of the innate immune response
(57). However, this is not the only reason for efficient propagation
of HCVec in the Huh7-based cured cell lines (17). It has been
shown that cured cell lines, such as Huh7.5.1 and Huh7-Lunet,
express a higher level of miR122 than the parental Huh7 cells (13),
suggesting that upregulation of miR122 in the cured cells partici-
pates in the efficient propagation of HCVcc. However, the level of
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miR122 expression in the cured Hep3B cells was not necessarily
correlated with the replication efficiency of HCVec in the present
work (Fig. 6C). Most recently, Denard et al. reported that the
expression of CREB3L1/OASIS, which specifically prevents divi-
sion of virus-infected cells, in cured Huh7 cells was reduced com-
pared to that in the parental cells (12), suggesting that CREB3L1/
OASISis also involved in the enhancement of HCVce propagation
in the cured cells.

In this study, we have shown that expression of miR122 confers
susceptibility to human liver cell lines for the efficient propagation
of HCVcc. Elimination of the HCV genome from the replicon
cells of Hep3B/miR122 cells enhanced propagation of HCVcc in
accord with the increment of miR122 expression, and propaga-
tion of HCVcc in the cured cells was continuously increased in
every passage. Furthermore, the interaction between HCV RNA
and miR122 was shown to be specific for production of infectious
particles in Hep3B/miR122 cells. The establishment of a new per-
missive cell line for HCVcc allows us not only to investigate the
biological function of miR122 on the life cycle of HCV but also to
develop novel therapeutics for chronic hepatitis C.
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Hepatitis C virus (HCV) is a major cause of chronic liver diseases. A high risk of chronicity is the major
concern of HCV infection, since chronic HCV infection often leads to liver cirrhosis and hepatocellular
carcinoma. Infection with the HCV genotype 1 in particular is considered a clinical risk factor for the
development of hepatocellular carcinoma, although the molecular mechanisms of the pathogenesis are largely
unknown. Autophagy is involved in the degradation of cellular organelles and the elimination of invasive
microorganisms. In addition, disruption of autophagy often leads to several protein deposition diseases.
Although recent reports suggest that HCV exploits the autophagy pathway for viral propagation, the biological
significance of the autophagy to the life cycle of HCV is still uncertain. Here, we show that replication of HCV
RNA induces autophagy to inhibit cell death. Cells harboring an HCV replicon RNA of genotype 1b strain Conl
but not of genotype 2a strain JFH1 exhibited an incomplete acidification of the autolysosome due to a lysosomal
defect, leading to the enhanced secretion of immature cathepsin B. The suppression of autophagy in the Conl
HCYV replicon cells induced severe cytoplasmic vacuolation and cell death. These results suggest that HCV
harnesses autophagy to circumvent the harmful vacuole formation and to maintain a persistent infection,
These findings reveal a unique survival strategy of HCV and provide new insights into the genotype-specific

pathogenicity of HCV.

Hepatitis C virus (HCV) is a major causative agent of blood-
borne hepatitis and currently infects at least 180 million people
worldwide (58). The majority of individuals infected with HCV
develop chronic hepatitis, which eventually leads to liver cir-
rhosis and hepatocellular carcinoma (25, 48). In addition,
HCV infection is known to induce extrahepatic diseases such
as type 2 diabetes and malignant lymphoma (20). It is believed
that the frequency of development of these diseases varies
among viral genotypes (14, 51). However, the precise mecha-
nism of the genotype-dependent outcome of HCV-related dis-
eases has not yet been elucidated. Despite HCV’s status as a
major public health problem, the current therapy with pegy-
lated interferon and ribavirin is elfective in only around 50% of
patients with genotype 1, which is the most common genotype
worldwide, and no effective vaccines for HCV are available
(35, 52). Although recently approved protease inhibitors for
HCV exhibited a potent antiviral efficacy in patients with ge-
notype 1 (36, 43), the emergence of drug-resistant mutants is a
growing problem (16). Therefore, it is important to clarity the
life cycle and pathogenesis of HCV for the development of
more potent remedies for chronic hepatitis C.
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HCYV belongs to the genus Hepacivirus of the family Flavi-
viridae and possesses a single positive-stranded RNA genome
with a nucleotide length of 9.6 kb, which encodes a single
polyprotein consisting of approximately 3,000 amino acids
(40). The precursor polyprotein is processed by host and viral
proteases into structural and nonstructural (NS) proteins (34).
Not only viral proteins but also several host factors are re-
quired for efficient replication of the HCV genome, where
NS5A is known to recruit various host proteins and to form
replication complexes with other NS proteins (39). In the
HCV-propagating cell, host intracellular membranes are re-
constructed for the viral niche known as the membranous web,
where it is thought that progeny viral RNA and proteins are
concentrated for efficient replication and are protected from
defensive degradation, as are the host protease and nucleases
(38).

Autophagy is a bulk degradation process, wherein portions
of cytoplasm and organelles are enclosed by a unique mem-
brane structure called an autophagosome, which subsequently
fuses with the lysosome for degradation (37, 60). Autophagy
occurs not only in order to recycle amino acids during starva-
tion but also to clear away deteriorated proteins or organelles
irrespective of nutritional stress. In fact, the deficiency of au-
tophagy leads to the accumulation of disordered proteins that
can ultimately cause a diverse range of diseases, including
neurodegeneration and liver injury (12, 29, 30), and often to
type 2 diabetes and malignant lymphoma (9, 32).

Recently, it has been shown that autophagy is provoked
upon replication of several RNA viruses and is closely related
to their propagation and/or pathogenesis. Coxsackievirus B3
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utilizes autophagic membrane as a site of genome replication,
whereas influenza virus attenuates apoptosis through the in-
duction of autophagy (10, 59). Moreover, several groups have
reported that HCV induces autophagy for infection or repli-
cation (5, 49); however, the role(s) of autophagy in the prop-
agation of HCV is still controversial and the involvement of
autophagy in the pathogenesis of HCV has not yet been clar-
ified. In this study, we examined the biological significance of
the autophagy observed in cells in which the HCV genome
replicates.

MATERIALS AND METHODS

Plasmids, The plasmids pmStrawberry-Cl, pmStrawberry-AtgdBE™A, pm-
RFP-GFP-LC3, pEGFP-LC3, and pEGFP-Atgl 6L were described previously (7,
8, 24). The plasmids pFGR-JFHI and pSGR-JFHI were kind gifts trom T.
Wakita,

Cell culture. All cell lines were cultured at 37°C under a humidified atmo-
sphere with 5% CO,. Huh7 cells were cultivated in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum (FBS), nonessen-
tial amino acids, 100 U/ml penicillin, and 100 mg/ml streptomycin. For the
starvation, the cells were cultivated with Earle’s balanced salt solution (EBSS)
(Sigma) for 6 h. HCV replicon cells were established as described previously
(33). The plasmid pairs pFK-I35 neo/NS3-3'/NKS.1 and pFK-lg4 neo/FGR/
NK5.1 and pFGR-JFH ! and pSGR-JFH1 were linearized with Scal or Xbal. The
plasmids pFGR-JFHI and pSGR-JFHI were treated with mung bean exonu-
clease. The linearized DNA was transcribed in vitro by using the MEGAscript T7
kit (Applied Biosystems) according to the manufacturer’s protocol. The tran-
seribed RNA was electroporated into cells under conditions of 270 V and 960 mF
using a Gene Pulser (Bio-Rad). All HCV replicon cells were maintained in
DMEM containing 10% FBS, nonessential amino acids, and | mg/ml G418
(Nacalai).

Reagents and antibodies. Concanamycin A and bafilomycin Al were pur-
chased from Sigma and Fluka, respectively. E64D and pepstatin A were from
Peptide Institute Inc. Rabbit anti-HCV NS5A polyclonal antibody was described
previously (45). Mouse monoclonal anti-JEV NS3 antibody was prepared by
immunization using the recombinant protein spanning amino acid residues 171
10 619 of JEV NS3. Rabbit polyclonal anti-LC3 (PMU36), mouse monoclonal
anti-REFP (8D6), and anti-62/SQSTM1 (5F2) antibodies were purchased from
Medical & Biological Laboratories. Rabbit polyclonal anti-cathepsin B (FL-339)
and mouse monoclonal anti-LAMPI (H4A3) antibodies were from Santa Cruz
Biotechnology. Mouse monoclonal anti-HCV NSSA (HCM-131-5), rabbit poly-
clonal anti-g-actin, and mouse monoclonal anti-Golgin97 (CDF4) antibodies
were from Austral Biologicals, Sigma, and Invitrogen, respectively. Mouse
monoclonal and rabbit polyclonal anti-cathepsin B antibodies were from Calbi-
ochem. Mouse monoclonal anti-p62/SQSTM! (5F2) and anti-ATPGVODI
(ab56441) antibodies were from Abcam. Rabbit polyclonal anti-AtgdB antibody
was from Sigma. Mouse anti-double-stranded RNA (dsRNA) 1gG2a (J2 and K1)
antibodies were from Biocenter Ltd. (Szirak, Hungary).

Transfection, infection, and immunoblotting. Transfection and infection were
carried out as described previously (53). Each lysosome-enriched fraction was
isolated by using the Lysosome Enrichment Kit for Tissue and Cultured Cells
(Pierce) according to the manufacturer’s protocol. Samples were subjected to
12.5% sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The proteins
were transferred to polyvinylidene difluoride membranes (Millipore) and were
reacted with the appropriate antibodies. The immune complexes were visualized
with Super Signal West Femto substrate (Pierce) and detected by an LAS-3000
image analyzer system (Fujifilm). The protein bands of LC3 and B-actin were
quauntified by Multi Gauge software (Fujifilm), and the values of 1.C3 were
normalized to those of p-actin.

Fluorescence microscopy. Cells were cultured on glass slides and then fixed
with 4% paraformaldehyde in phosphate-buffered saline (PBS) at room temper-
ature for 30 min. After being washed twice with PBS. the cells were permeabil-
ized at room temperature for 20 min with PBS containing 0.25% saponin and
then blocked with PBS containing 0.2% gelatin (gelatin-PBS) for 60 min at room
temperature. The cells were incubated with gelatin-PBS containing appropriate
antibodies at 37°C for 60 min and washed three times with PBS containing 1%
Tween 20 (PBST). The resulting cells were incubated with gelatin-PBS contain-
ing corresponding fluorescent-conjugated secondary antibodies at 37°C for 60
min and then washed three times with PBST. The stained cells were covered with
Vectashield mounting medium containing DAPI (4',6-diamidino-2-phenylin-

J. VIROL.

dole) (Vector Laboratories Inc.) and observed with a FluoView FV1000 laser
scanning confocal microscope (Olympus). Time-lapse video microscopy was per-
formed at 37°C with a DeltaVision microscope system (Applied Precision Inc.)
equipped with a ATC3 culture dish system (Bioptechs) for temperature control.

Quantification of pro-cathepsin B. Each cell line was seeded on [2-well type
I collagen-coated dishes (IWAKI) and cultured for 48 h. The supernatant and
the cells were harvested and subjected to quantification of pro-cathepsin B by
using Quantikine human pro-cathepsin B immunoassay (R&D Systems) accord-
ing to the manufacturer’s protocol.

Statistical analysis. Estimated values were represented as the means * stan-
dard deviations. The significance of differences in (he means was determined by
Student’s 1 test.

RESULTS

Autophagy is induced in the HCV replicating cell in a
strain-dependent manner. To determine whether autophagy is
induced during the replication of HCV, we investigated the
phosphoethanolamine (PE) conjugation of LC3 in HCV rep-
licon cells in which HCV RNA was autonomously replicating.
As shown in Fig. 1A, the amounts of PE-conjugated L.C-3
(LC3-II), a conventional marker for an autophagosomal mem-
brane, in Huh7 cells were slightly increased by starvation, in
conjunction with a reduction of the unmodified LC-3 (LC3-I).
In contrast, the amount of LC3-II was significantly increased in
the subgenomic and full genomic HCV replicon cells of the
genotype Ib strain Conl (SGR“*"! and FGR®""), whereas a
small amount of LC3-II was detected in the full genomic rep-
licon cells of the genotype 2a strain JFH1 (FGR'™), We also
examined the subcellular localization of LC3 by using confocal
microscopy. Although LC3 was diffusely detected in the cyto-
plasm of naive Huh7 cells, small foci of the accumulated LC3
appeared after starvation (Fig. 1B), whereas many LC3 foci
that were larger in size than those in the starved cells appeared
in the cytoplasm, particularly near the nucleus, in both
SGR"!" and FGR*"! cells. However, a low level of LC3
focus formation comparable to that in the starved cells was
observed in the FGRY ! cells. Most of the LC3 foci were not
colocalized with NS5A, an HCV protein of the viral replication
complex, in the HCV replicon cells, as reported previously
(49). Elimination of HCV RNA from the SGR“®"' cells by
treatment with alpha interferon (SGR® ) abrogated the lipi-
dation and accumulation of LC3 (Fig. 1C and D). Interestingly,
overexpression of the HCV polyprotein of genotype 1b by an
expression plasmid induced no autophagy (data not shown),
suggesting that replication of viral RNA is required for induc-
tion of autophagy. Furthermore, neither lipidation nor accu-
mulation of LC3 was observed in SGR' Y cells harboring sub-
genomic replicon RNA cells of Japanese encephalitis virus
(JEV), which is also a member of the family Flaviviridae (Fig.
1C and D). These results suggest that replication of HCV but
not that of JEV induces autophagy.

The autophagy flux is impaired in the replicon cells of HCV
strain Conl after a step of autophagosome formation. To
further examine the autophagy induced in the HCV replicon
cells in more detail, Huh7 and SGR®™' cells were treated with
pepstatin A and E64D, inhibitors of aspartic protease and
cysteine protease, respectively. In this assay, treatment of in-
tact cells capable of inducing autophagy with the inhibitors
increases the amount of LC3-II, whereas no increase is ob-
served in cells impaired in the autophagic degradation. The
amount of LC3-IT was significantly increased in the naive Huh7
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protein

FIG. 1. Induction of autophagy in the HCV replicon cells. (A) The starved Huh7 cells and HCV replicon cells harboring a sub- or full genomic
RNA of strain Conl or strain JFHI were subjected to immunoblotting using the appropriate antibodies. The asterisk indicates a nonspecific band.
(B) Subcellular localizations of LC3 and NS5A were determined by confocal microscopy. The replicon cells and the starved Huh7 cells were stained
with DAPT and then reacted with rabbit polyclonal anti-LC3 and mouse monoclonal anti-NSSA antibodies, respectively, followed by Alexa Fluor
488- and 594-conjugated secondary antibodies, respectively. The boxed areas in the merged images are magnified. (C) SGR" cells were treated
with alpha interferon for 1 week to remove the HCV replicon RNA. The resulting cells were designated SGR<¢ cells, The SGRE*™ SGRevred,
and SGR'™Y cells were lysed and subjected to immunoblotting using the appropriate antibodies. (D) Subcellular localization of LC3 and JEV NS3
and HCV NSSA was determined by confocal microscopy after staining with DAPI, followed by staining with rabbit polyclonal anti-LC3 and
anti-JEV NS3 antibodies and mouse monoclonal anti-NS5A antibodies and then with the appropriate secondary antibodies. The data shown are

representative of three independent experiments.

cells by treatment with the inhibitors, whereas only a slight
increase was observed in the SGRE™! cells (5.4-fold versus
1.6-fold) (Fig. 2A), suggesting that autophagy is suppressed in
the HCV replicon cells. Furthermore, cytoplasmic accumula-
tion of LC3 was significantly increased in the naive Huh7 cells
by treatment with the inhibitors, in contrast to the only slight
increase induced by treatment in the SGR*"" cells (Fig. 2B).
In SGR™! cells, the LC3 foci were colocalized with the polyu-

biquitin-binding protein p62/SQSTMI, a specific substrate for
autophagy (18), suggesting that most of the autophagosomes
were distributed in the cytoplasm of the SGR“™! cells (Fig. 2B
and C). Next, to examine the autophagy flux in the SGR"!
cells, we monitored the green fluorescent protein (GFP)-con-

jugated LC3 dynamics in living cells by using time-lapse imag-

ing techniques (see movies in the supplemental material). A
large number of small GFP-LC3 foci were detected in the
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FIG. 2. Autophagy flux is impaired in the HCV replicon cells. Autophagy flux assay using lysosomal protease inhibitors. (A} Huh7 and SGRE"!
cells were treated with 20 WM E64D and pepstatin A (PSA) for 6 h, and the cell lysates were subjected to immunoblotting. The density of the
protein band was estimated by Multi Gauge version 2.2 (Fujifilm). (B) After nuclear staining with DAPL, the intracellular localizations of LC3 and
p62 in each cell were determined by staining with rabbit polyclonal anti-LC3 and mouse monoclonal anti-62 antibodies, respectively, followed by
staining with Alexa Fluor 488- and 594-conjugated secondary antibodies, respectively. The resulting cells were observed by confocal microscopy.
(C) Colocalization of accumulated LC3 with ubiquitinated proteins (Ub) in SGR®"' cells. Nontreated and starved Huh7 cells and SGRE"" cells
were fixed and stained with DAPT and rabbit anti-LC3 and anti-ubiquitin (6C1.17) (BD) polyclonal antibodies, respectively, and then with the
appropriate secondary antibodies. Subcellular localizations of LC3 and Ub were determined by confocal microscopy. The data shown are

representative of three independent experiments.

starved Huh7 cell, moved quickly, and finally disappeared
within 30 min. Although small foci of GFP-LC3 cxhibited
characteristics similar to those in the starved cells, some large
foci exhibited confined movement and maintained constant
fluorescence for at least 3 h in the SGR™! cells. The GFP-
LC3 foci in the SGR™™! cells showed characteristics similar to
those in the starved cells. These results support the notion that
autophagy flux is suppressed in the SGR*™" cells at some step
after autophagosome formation.

Impairment of autolysosomal acidification causes incom-
plete autophagy in the replicon cell of strain Conl. Recent

studies have shown that some viruses inhibit the autophagy
pathway by blocking the autolysosome formation (10, 42).
Therefore, we determined the autolysosome formation in the
HCV replicon cells through the fusion of autophagosome with
lysosome. Colocalization ol small foci of LC3 with LAMPI, a
lysosome marker, was observed in the starved Huh7 cells,
SGRE™ cells, and SGR™™ ! cells but not in the SGR*™¢ cells
(Fig. 3A), suggesting that autolysosomes are formed in the
HCV replicon cells of both Conl and JFHI strains. The au-
tolysosome is acidified by the vacuolar-type H® ATPase (V-
ATPase) and degrades substrates by the lysosomal acidic hy-
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FIG. 3. Inhibition of autophagy maturation in HCV: replicon cells. (A) After nuclear staining with DAPI, starved Huh7 cells, replicon cells, and
SGR*¢ cells were stained with rabbit polyclonal anti-LC3 and mouse monoclonal anti-LAMP1 antibodies followed by Alexa Fluor 488- and
594-conjugated secondary antibodies, respectively, and examined by confocal microscopy. The boxed regions in the merged images are magnified.
(B and C) Huh7 cells were treated with 20 wM protease inhibitors (E64D and PSA) or a 20 nM concentration of a V-ATPase inhibitor (CMA
or BAF) for 6 h. (B) Cell lysates were subjected to immunoblotting using antibodies against LC3 and B-actin. (C) Intracellular localization of
LAMP1 and LC3 was determined by confocal microscopy after staining with DAPI and appropriate antibodies. The boxed areas in the merged
images are magnified. (D) Tandem fluorescence-tagged LC3 assay. The expression plasmid encoding mRFP-GFP-tandem-tagged LC3 was
transfected into naive and starved Huh7 cells or into the SGR™! cells treated with the indicated inhibitors at 36 h posttransfection. The resulting
cells were fixed at 42 h posttransfection, and the relative GFP and RFP signals were determined by confocal microscopy. The fluorescent values
in the boxes of the merged images were determined and shown as dot plots in the bottom column of the grid, in which the v and y axes indicate
the signals of GFP and RFP, respectively. (E) Huh7 cells treated with E64D and PSA and the SGRE™ cells were stained with DAPI and then
with rabbit polyclonal anti-LC3 and mouse monoclonal anti-ATP6VOD1 antibodies followed by Alexa Fluor 488- and 594-conjugated secondary
antibodies, respectively. The boxed regions in the merged images are magnified. A white arrow indicates colocalization of LC3 and ATP6VOD1.
The data shown are representative of three independent experiments,

drolases in the vesicle (2). Next, to determine the possibility of A (PSA) or with each of the V-ATPase inhibitors concanamy-
a deficiency in the acidification of the autolysosome on the cin A (CMA) and bafilomycin Al (BAF). The amount of
autophagic dysfunction in the Conl replicon cells, Huh7 cells LC3-11 was significantly increased in Huh7 cells treated with
were treated with the protease inhibitors E64D and pepstatin the inhibitors just as in the SGR“*"! cells (Fig. 3B). Further-
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FIG. 4. Correlative fluorescence microscopy-electron microscopy (FM-EM) analysis. The expression plasmid encoding mRFP-GFP-tandem-
tagged LC3 was transfected into naive and starved Huh7 cells or into the SGRE™ cells as described in the legend to Fig. 3D, and the
mRFP-GFP-tandem-tagged LC3 signals were observed at 36 h posttransfection. The boxed regions in the merged images are magnified. The data

shown are representative of three independent experiments.

more, the large foci of LC3 colocalized with LAMPI1 appeared
in the cells treated with the V-ATPase inhibitors, as seen in
SGRE"! cells (Fig. 3C). These results suggest that stacked
autophagosome flux caused by the inhibition of lysosomal deg-
radation or acidification exhibits characteristics similar to
those observed in the Conl replicon cells.

Since the fluorescence of GFP but not that of monomeric
red fluorescent protein (mRFP) disappears under the acidic
environment, expression of mRFP-GFP tandem fluorescent-
tagged LC3 (tfLC3) is capable of being used to monitor the
acidic status of the autolysosome (24). Both GFP and mRFP
fluorescent signals were unfused, some of them accumulated as
small foci in Huh7 cells after starvation or by treatment with
the protease inhibitors, and half of the foci of mRFP were not
colocalized with those of GFP (Fig. 3D), indicating that half of
the foci are in an acidic state due to maturation into an au-
tolysosome after fusion with a lysosome. On the other hand,
the large foci of GFP and mRFP were completely colocalized
in Huh7 cells treated with CMA or in the SGR®"! cells. These
results suggest that the large foci of LC3 in the SGRE™ cells
are not under acidic conditions. Recently, it was shown that the
lack of lysosomal acidification in human genetic disorders due
to dysfunction in assembly/sorting of V-ATPasc induces in-
complete autophagy similar to that observed in SGRE™ cells
(31, 45). Therelore, to explore the reason for the lack of acid-
ification of the autolysosome in the SGR™! cells, we exam-
ined the subceellular localization of ATP6VODI, a subunit of
the integral membrane V,, complex of V-ATPase. Colocaliza-
tion of ATP6VODI with large foci of LC3 was observed in
Huh7 cells treated with the protease inhibitors but not in
SGR"! cells (Fig. 3E). suggesting that dislocation of V-

ATPasc may participate in the impairment of the autolyso-
somal acidification in the SGR"" cells.

We further examined the morphological characteristics of
the LC3-positive compartments by using correlative fluores-
cence microscopy-electron microscopy (FM-EM) (Fig. 4). The
starved Huh7 cells exhibited a small double-membrane vesicle
(white arrow) and high-density single-membrane structures
(black arrows) in close proximity to the correlative position of
the GFP- and mRFP-positive LC3 compartments, which are
considered to be the autophagosome and lysosome/autolyso-
some, respectively. In contrast, many high-density membra-
nous structures were detected in the correlative position of the
large GFP- and mRFP-positive LC3 compartment in the
SGR™ cells, which is well consistent with the observation in
the time-lapse imaging in which small foci of LC3 headed
toward and assembled with the large LC3-positive compart-
ment (see movies in the supplemental material). These results
suggest that the formation of large aggregates with aberrant
inner structures in the SGR™"! cells may impair maturation of
the autolysosome through the interference of further fusion
with functional lysosomes for the degradation.

The secretion of immature cathepsin B is enhanced in the
replicon cell of strain Conl. Lysosomal acidification is re-
quired for the cleavage of cathepsins for activation, and ca-
thepsin B (CTSB) is processed under acidic conditions (13).
Although a marginal decrease of CTSB was detected in the
whole lysates of the SGRE™ cells, a significant reduction in
the expression of both unprocessed (pro-CTSB) and matured
CTSB was observed in the lysosomal fractions of the SGRE®n!
cells compared with those of the naive Huh7 and the SGRe
cells (Fig. 5A). LAMPI was concentrated at a similar level in
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FIG. 5. Enhanced secretion of pro-CTSB in the HCV replicon cells. (A) The whole-cell lysate (WCL) and lysosomal fraction prepared from
Huh7, SGR", and SGR™ cells were subjected to immunoblotting. (B and C) Huh7 cells, HCV replicon cells, and SGR™™ cells were stained
with DAPI, rabbit polyclonal anti-CTSB antibody, and mouse anti-LAMP1 (B) or anti-Golgin97 (C) antibody. The boxed areas in the merged
images are magnified. (D) Expression of pro-cathepsin B in the culture supernatants (black bars) and cell lysates (white bars) of the Huh7,
SGRE", SGR™M! FGR"" and SGR**? cells and the SGR"! cells infected with HCVee at a multiplicity of infection (Moi) of 1 or 10 and
incubated for 72 h was determined by enzyme-linked immunosorbent assay (ELISA). The error bars indicate standard deviations. The asterisks

indicate significant differences (P < 0.01) versus the control value. The data shown are representative of three independent experiments.

the lysosomal fractions of the cells, whereas LC-IT was de-
tected in the fractions of the SGR*"! cells but not in those of
Huh7 and the SGR**"*Y cells, suggesting that autophagosomes
and/or autolysosomes in the SGR“"" cells are fractionated in
the lysosomal fraction. Colocalization ol CTSB with LAMPI
was observed in the naive Huh7 cells, in the SGR='™4 cells, and
in the replicon cells harboring a sub- or a full genomic RNA of
strain JFH1 (SGR'™!" and FGR™! | respectively) but not in
those of strain Conl (SGR“*!" and FGR“*"!) (Fig. 5B). On

the other hand, CTSB was colocalized with Golgin97, a marker
for the Golgi apparatus, in the SGR“®"" and FGR°™! cells but
not in other cells (Fig. 5C). Since previous reports suggested
that the alkalization in the lysosome triggers secretion of the
unprocessed lysosomal enzymes (19, 41), we next determined

the secretion of pro-CTSB in the replicon cells, Secretion of

the pro-CTSB was significantly enhanced in the replicon cells
of strain Conl but not in those of strain JFH1 and naive and
cured cells (Fig. 5D, top). Furthermore, secretion of pro-CTSB
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FIG. 6. Inhibition of autophagosome formation induces severe cy-
toplasmic vacuolations leading to cell death in the THICV replicon cells.
(A) SGRE" and SGR™™ cells transfected with pStrawberry-
AtgdBE™A or emply vector pStrawberry (EV) were fixed at 48 h
posttransfection and examined by fluorescence microscopy. The boxed
areas in the phase-contrast images are magnified. (B) SGR™ and
SGR™ 4 cells transtected with pEGFP-Atgl6L or EV were examined
by fluorescence microscopy at 48 h posttransfection. The boxed arcas
in the phase-contrast images are magnified. (C) SGR¥4, SGR"!,
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was not observed in the cured cells infected with HCVcee, an
infectious HCV strain derived from strain JFHL (Fig. 5D,
bottom). Collectively, these results suggest that the dysfunction
of lysosomal acidification contributes to the impairment of
autophagy in the HCV replicon cells of strain Conl.

Autophagy induced in cells replicating HCV is required for
cell survival. Finally, we examined the pathological signifi-
cance of autophagy during HCV replication. AtgdB is known
as an LC3-processing protease, and overexpression of its pro-
tease-inactive mutant (AtgdB7*") results in inhibition of the
autophagosome formation (7). To our surprise, severe cyto-
plasmic vacuolation was observed in the SGR®™! cells ex-
pressing AtgdBC™* (Fig. 6A). These vacuolations were also
observed in the SGR“®™ cells by the expression of Atgl6L
(Fig. 6B), a molecule that is an essential component of the
autophagy complex and that, if expressed in excess amounts,
can disrupt the autophagosome formation (8). Expression of
AtgdB“7*" induced a higher level of vacuole formation in the
Conl replicon cells than in cells infected with JFH1 virus but
not in the cured cells (Fig. 6C). Along with these vacuolations,
cell viability was significantly decreased by the expression of
AtgdB7** in SGR™! cells and slightly in JFHI virus-infected
cells (Fig. 6D). These results suggest that autophagy induced
by the RNA replication of HCV is required for host cell sur-
vival.

DISCUSSION

In the present study, we demonstrated that two genotypes of
HCV induce autophagy, whereas intact autophagy flux is re-
quired for the host cell to survive. The cell death characterized
by cytoplasmic vacuolation that was induced in the HCV rep-
licon cells by the inhibition of the autophagosome formation is
similar to type IIT programmed cell death, which is distinguish-
able from apoptosis and autophagic cell death (4). Type IIT
programmed cell death has been observed in the neurodegen-
erative diseases caused by the deposit of cytotoxic protein
aggregates (15).

We previously reported that HCV hijacks chaperone com-
plexes, which regulates quality control of proteins into the
membranous web for circumventing unfolded protein response
during efficient genome replication (53); in other words, the
replication of HCV exacerbates the generation of proteins
associated with cytotoxicity. In the experiments using a chim-
panzee model, HCV of genotype | was successfully used to
reproduce acute and chronic hepatitis similar to that in the
human patients (3, 57), and transgenic mice expressing viral
proteins of HCV of genotype 1b have been shown to develop

and SGRe Y cells infected with JFHI virus were transfected with
pStrawberry-AtgdB<7'A, and the number of vacuole-positive cells in
each of nine fields of view was counted at 48 h posttransfection. (D)
SGRevred SGRE™M and SGRe™¢ cells infected with JFH1 virus were
transfected with pStrawberry-AtgdBE™* (black bars) or EV (white
bars), and cell viability was determined at 6 days posttransfection by
using CellTiter-Glo (Promega) according to the manufacturer's pro-
tocol. The asterisks indicate significant differences (P < 0.05) versus
the control value. The data shown are representative of three inde-
pendent experiments.
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Sjogren syndrome, insulin resistance, hepatic steatosis, and
hepatocellular carcinoma (27, 28). In contrast, HCVce, based
on the genotype 2a strain JFHI isolated from a patient with
fulminant hepatitis C (33, 56), was unable to establish chronic
infection in chimpanzees (56) or to induce cell damage and
inflammation in chimeric mice xenotransplanted with human
hepatocytes (17). These results imply that the onset of HCV
pathogenesis could be dependent not only upon an amount but
also on a property of deposited proteins, and they might ex-
plain the aggravated vacuolations under the inhibition of au-
tophagosome formation in strain Conl compared to that in
strain JFHL. Interestingly, the overexpression of AtgdB€7 or
AlgloL causes eccentric cell death in the Conl replicon cells in
which autophagy flux is already disturbed. Thus, we speculated
that the quarantine of undefined abnormalities endowed with
high cytotoxicity by the engulfing of the autophagic membrane
might be sufficient for the amelioration of HCV-induced de-
generation, The autophagosomal dysfunction observed in the
Conl replicon cells may suggest that a replicant of strain Conl
was more sensitive to the lysosomal vacuolation than that of
strain JFH1. Because a limitation of our study was that we
were unable to use infectious HCV of other strains, it is still
unclear whether the autophagic degradation can be impaired
only in the replicon of HCV strain Conl or genotype 1.

We also demonstrated that HCV replication of strain Conl
but not that of strain JFHI facilitates the secretion of pro-
CTSB. It has been well established that the secretion of pro-
CTSB is enhanced in several types of tumors (26, 50). The
secretion of CTSB, like the secretion of matrix metallopro-
teases, is a marker of the progression of the proteolytic deg-
radation of the extracellular matrix, which plays an important
part in cancer invasion and metastasis. Since infection with
HCV of genotype 1 is clinically considered a risk factor for the
development of hepatocellular carcinoma (14, 51), the en-
hanced sceretion of pro-CTSB by the replication of genotype |
strains might synergistically promote infiltration of hepatocel-
lular carcinoma.

As shown elsewhere (see movies in the supplemental mate-
rial), although most degradations of the autophagosome were
impaired due to a dislocalization of a V-ATPase subunit, some
autophagic degradation was achieved in the SGR®"!' cells
similar to that in the starved Huh7 cells. Moreover, the stag-
nated autophagy flux was rescued by the treatment of alpha
interferon accompanied by climination of HCV (Fig. 1C and
D). Interestingly, we observed neither a significant impairment
of lysosomal degradation nor the intracellular activity of cathe-
psins in the replicon cells of HCV strain Conl (data not
shown). Therefore, there might be a specific dysfunction within
the autolysosome during the replication of HCV strain Conl.
Detailed studies are needed to elucidate how HCV strain Conl
disturbs the sorting of V-ATPase.

A close relationship between autophagy and the immune
system has been gradually unveiled (47). Autophagy assists not
only in the direct elimination of pathogens by hydrolytic deg-
radation but also in antigen processing in antigen-presenting
cells such as macrophage and dendritic cells (DC) for presen-
tation by major histocompatibility complex (MHC) I and 11
(11). Moreover, autophagy plays important roles in T lympho-
cyte homeostasis (44). As such, in some instances, interrup-
tions of autophagy can allow microorganisms to escape from
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the host immune system. Indeed, the immune response against
herpes simplex virus was suppressed by blocking the autophagy
(6). With regard to HCV, functionally impaired DC dysfunc-
tions marked by poor DC maturation, impaired antigen pre-
sentation, and attenuated cytokine production have been re-
ported in tissue culture models and chronic hepatitis C patients
(1, 22, 46). In addition, reduction of cell surface expression of
MHC-I in HCV genotype 1b replicon cells has been reported
(55). We confirmed that levels of cell surface expression of
MHC-I in the replicon cells of genotype 1b, but not of geno-
type 2a, were reduced in comparison with those in the cured
cells (data not shown). Hence it might be feasible to speculate
that the replication of HCV RNA of genotype 1 induces an
incomplete autophagy for attenuating antigen presentation to
establish persistent infection. In contrast, autophagy is known
to serve as a negative regulator of innate immunity (21, 54). A
recent report demonstrated that autophagy induced by infec-
tion with strain JFHI or dengue virus attenuates innate immu-
nity to promote viral replication (23), indicating that an HCV
genolype 2a strain may facilitate autophagy to evade innate
immunity.

In this study, we demonstrated that HCV utilizes autophagy
to circumvent the cell death induced by vacuole formation for
its survival. This unique strategy of HCV propagation may
provide new clues to the virus-host interaction and, ultimately,
to the pathogenesis of infection by various genotypes of HCV.
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Japanese encephalitis virus (JEV) is a mosquite-borne flavivirus that is kept in a zoonotic transmission cycle
between pigs and mosquitoes. JEV causes infection of the central nervous system with a high mortality rate in
dead-end hosts, including humans. Many studies have suggested that the flavivirus core protein is not only a
component of nucleocapsids but also an important pathogenic determinant. In this study, we identified
heterogeneous nuclear ribonucleoprotein A2 (hnRNP A2) as a binding partner of the JEV core protein by
pulldown purification and mass spectrometry. Reciprocal coimmunoprecipitation analyses in transfected and
infected cells confirmed a specific interaction between the JEV core protein and hnRNP A2. Expression of the
JEV core protein induced cytoplasmic retention of hnRNP A2 in JEV subgenomic replicon cells, Small
interfering RNA (siRNA)-mediated knockdown of hnRNP A2 resulted in a 90% reduction of viral RNA
replication in cells infected with JEV, and the reduction was cancelled by the expression of an siRNA-resistant
hnRNP A2 mutant. In addition to the core protein, hnRNP A2 also associated with JEV nonstructural protein
S, which has both methyltransferase and RNA-dependent RNA polymerase activities, and with the 5'-untrans-
lated region of the negative-sense JEV RNA. During one-step growth, synthesis of both positive- and negative-
strand JEV RNAs was delayed by the knockdown of hnRNP A2. These results suggest that hnRNP A2 plays an

Cersity,

important role in the replication of JEV RNA through the interaction with viral proteins and RNA.

Japanese encephalitis virus (JEV) belongs to the genus Fla-
vivirus within the family Flaviviridae. Members of the genus
Flavivirus are predominantly arthropod-borne viruses, such as
dengue virus (DEN), West Nile virus (WNV), yellow fever
virus (YFV), and tick-borne encephalitis virus, and frequently
cause significant morbidity and mortality in mammals and
birds (46). JEV is distributed in the south and southeast re-
gions of Asia and is kept in a zoonotic transmission cycle
between pigs or birds and mosquitoes (46, 69). JEV spreads (o
dead-end hosts, including humans, through the bite of JEV-
infected mosquitoes and causes infection of the central ner-
vous system, with a high mortality rate (46). JEV has a single-
stranded positive-strand RNA genome of approximately 11 kb,
which is capped at the 5 end but lacks modification of the 3
terminus by polyadenylation (38). The genomic RNA carries a
single large open reading frame, and a polyprotein translated
from the genome is cleaved co- and posttranslationally by host
and viral proteases to yield three structural proteins—the core,
precursor membrane, and envelope protein—and seven non-
structural (NS) proteins—NSI, NS2A, NS2B, NS3, NS4A,
NS4B, and NS5 (61).

The core protein of flaviviruses has RNA-binding activity
through basic amino acid clusters located in both the amino
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and carboxyl termini, indicating that the core protein forms a
nucleocapsid interacting with viral RNA (23). In spite of the
replication of flaviviruses in the cytoplasm, the core protein is
also detected in the nucleus, especially the nucleolus, suggest-
ing that the core protein plays an additional role in the life
cycle of flaviviruses (6, 42, 48, 66). We previously reported that
a mutant JEV defective in the nuclear localization of the core
protein had impaired growth in mammalian cells and impaired
neuroinvasiveness in mice (48) and that the nuclear and cyto-
plasmic localization of the JEV core protein is dependent on
binding to the host nucleolar protein B23 (62). In addition to
the JEV core protein, other flavivirus core proteins bind to
several host proteins, such as Jab (a component of the COP9
signalosome complex) (53), the chaperone protein Hsp70 (54),
heterogeneous nuclear ribonucleoprotein (inRNP) K (7), and
the apoptotic proteins HDM2 (71) and Daxx (50), and regulate
their functions. In the cytoplasm, the core protein of favivi-
ruses was found at the sites of viral RNA replication (40, 68).
A recent report demonstrated a coupling between viral RNA
synthesis and RNA encapsidation (21, 55, 61). Therefore, the
flavivirus core protein plays crucial roles not only in the viral
life cycle, including RNA replication and assembly, but also in
viral pathogenesis.

Replication of flaviviruses is initiated by a viral RNA repli-
cation complex through a process of RNA-dependent RNA
polymerization on the endoplasmic reticulum (ER) mem-
branes. The intracellular membrane rearrangements that are
induced by the Flaviviridae tamily are best characterized for
Kunjin virus (KUN), which is the Australian variant of WNV

10976

- 265 -

einnsje|\ NiBYIysoA Aq 110z ‘1z 1equanop uo /Bio wse’Aly/:diy woly pepeojumo(



VoL. 85, 2011

(14). KUN induces two distinct membrane structures: large
clusters of double-membrane vesicles (DMV) and a second
membrane structure that consists of convoluted membranes
(CM). It has been demonstrated that DMV are the sites of
viral replication, whereas CM are the sites of viral polyprotein
processing (67). Clusters of DMV have also been observed in
other flaviviruses (65). The NS3 and NS5 proteins have been
identified as the major components of the viral RNA replica-
tion complex (4). NS5, the largest and most conserved flavivi-
rus protein, contains sequences homologous to those of meth-
yltransferase (MTase) and RNA-dependent RNA polymerase
(RdRp), which are responsibie for methylation of the 5' cap
structure (9, 27) and for viral RNA replication (1, 12, 74),
respectively. In addition, NS5 inhibits the interferon-stimu-
lated Jak-Stat signaling pathway through the activation of pro-
tein tyrosine phosphatases during JEV infection (37).

In this study, we identificd hnRNP A2 as a binding partner
of the JEV core protein by pulldown purification and mass
spectrometry. hnRNP A2 and B1, which are the most abundant
of the approximately 20 major hnRNPs, are produced by al-
ternative splicing from a single gene and differ from each other
by only a 12-amino-acid insertion in the N-terminal region of
A2 (28). hnRNP A2 participates in posttranscriptional regula-
tion in both the nucleus and cytoplasm and also is involved in
telomere biogenesis. hnRNP A2 was translocated from the
nucleus to the cytoplasm upon infection with JEV and facili-
tated viral replication through interaction with the JEV core
and NS5 proteins and with the 5'-untranslated region (UTR)
of the negative-strand JEV RNA, suggesting an important role
for hnRNP A2 in the life cycle of JEV.

MATERIALS AND METHODS

Cells. Vero (African green monkey kidney), 293T (human kidney), and Huh7
(human hepatocellular carcinoma) cells were maintained in Dulbecco’s modified
Eagle's minimal essential medium (DMEM) supplemented with 100 U/ml pen-
icillin, 100 pg/ml streptomyein, nonessential amino acids (Sigma, St. Louis, MO),
and 10% fetal bovine serum (FBS). JEV subgenomic replicon (SGR) cells were
generated as described previously (18). Briefly, Huh7 and 293T cells were clec-
troporated with in viro-transcribed RNA from pJErepIRESpuro, and drug-
resistant clones were selected by treatment with puromycin (Invivogen, San
Diego, CA) at a final concentration of 1 pg/ml. The resulting replicon cells were
designated JEV-SGR-Huh7 and JEV-SGR-293T cells, respectively. Cell viability
was determined by using CellTiter-Glo (Promega, Madison, W1) according to
the manufacturer’s instructions.

Plasmids. Plasmids encoding hemagglutinin (HA)-, FLAG-, and MEF (con-
sisting of a myc tag, the tobacco eteh virus protease cleavage site, and a FLAG
tag)-tagged JEV core (pCAGPM-Core-HA, pCAGPM-FLAG-Core, and
pCAGPM-MEF-Core, respectively) were prepared as described previously (49,
62). Plasmids encoding HA-tagged JEV NS proteins (pCAGPM-HA-NS) were
generated by previously described methods (18). The ¢cDNA of human hnRNP
A2 was amplified by PCR and cloned into pcDNA 3.1 containing a FLAG tag
gene (pcDNA 3.1 N-FLAG) (62), pCAGPM containing an HA tag gene
(PCAGPM N-HA) (48), and pGEX 4T-1 (GE Healtheare, Buckinghamshire,
United Kingdom) for expression in bacteria as a glutathione S-transterase (GST)
fusion protein. The resulting plasmids were designated pcDNA-FLAG-hnRNP
A2, pCAGPM-HA-ImRNP A2, and pGEX-hnRNP A2, respectively. A series of
deletion mutants of the core protein, NSS, and hnRNP A2 was synthesized by
PCR-based mutagenesis using a KOD-Plus mutagenesis kit (Toyobo, Osaka,
Japan), A silent mutant of HA-hnRNP A2 (siR) and a mutant of FLAG-tagged
core with Gly'* and Pro* replaced by Ala (FLAG-CoreM) were also generated
by PCR-bascd mutagenesis. All plasmids were confirmed by scquencing with an
ABI Prism 3130 genetic analyzer (Applied Biosystems, Tokyo, Japan).

Antibodies, Anti-JEV core rabbit polyclonal antibody (PAb) was prepared as
described previously (48). Anti-JEV NS3 mouse monoclonal antibody (MAb)
was prepared by using a recombinant protein spanning amino acids (aa) 171 to
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619 of JEV NS3. Anti-JEV NS5 mouse MADb was generated with recombinant
NS5 at Bio Matrix Research Inc. (Chiba, Japan). Anti-FLAG mouse MAb (M2),
anti-hunRNP A2/BI mouse MAb (DP3B3), anti-B-actin mouse MAb, and anti-
FLAG rabbit PAb were purchased from Sigma. Auti-nucleoporin p62 mouse
MADb and anti-GM130 mouse MADb were purchased from BD Biosciences
(Franklin Lakes, NJ). Anti-JEV envelope protein mouse MAD (6B4A-10), an-
ti-HA mouse MAD (HAL1), anti-PA28« rabbit PAD, anti-calregulin rabbit PAb
(H-170), and anti-HA rat MAb (3F10) were purchased from Chemicon (Te-
mecula, CA), Covance (Richmond. CA), Aftinity Bioreagents (Golden, CO),
Santa Cruz (California, CA), and Roche (Mannheim, Germany), respectively.

MEF purification. pPCAGPM-MEF-Core was transfected into 293T cells and
subjected to MEF purification as described previously (17, 62). Proteins inter-
acting with the JEV core protein were separated by 12.5% sodium dodecyl
sultate-polyacrylamide gel electrophoresis (SDS-PAGE) and visualized by silver
staining. The stained bands were excised, digested in gels with Lys-C, and ana-
lyzed by direct nanoflow liquid chromatography-tandem mass spectrometry (LC-
MS/MS) (17).

Transfection precipitation, and immunoblotting. Plasmids were
transfected into 293T cells by use of TransIT LT (Mirus, Madison, WI), and
cells were harvested at 24 h posttransfection and subjected to immunoprecipi-
tation and immunoblotting as described previously (15). The immunoprecipitates
were boiled in loading buffer and subjected to 12.5% or 15% SDS-PAGE. The
proteins were transferred to polyvinylidene difluoride membranes (Millipore,
Bedford, MA) and incubated with the appropriate antibodies. The immune
complexes were visualized with SuperSignal West Femto substrate (Thermo
Scientific, Rockford, IL) and detected by use of an LAS-3000 image analyzer
system (Fujifilm, Tokyo, Japan).

Immunofiuorescence microscopy and subcellular fractionation. Vero cells
infected with JEV at a multiplicity of infection (MOI) of [.0 or JEV-SGR-Huh7
cells transtected with pCAGPM-FLAG-Core and/or pCAGPM-HA-hnRNP A2
were fixed with cold acetone, incubated with appropriate antibodies, and exam-
ined by use of a Fluoview FV1000 laser scanning confocal microscope (Olympus,
Tokyo, Japan) at 24 h postintection/posttransfection. The subcellular localization
of the proteins was determined by fractionation using a nuclear/cytosol fraction-
ation kit (Biovision, Mountain, CA) according to the manufacturer’s instructions.

Gene silencing. The small interfering RNAs ($iIRNAs) si-A2#1 (5-GGAUU
AUUUAAUAACAUU-3') and si-A2#2 (5'-GGAGAGUAGUUGAGCCAA
A-3") (47) were used for knockdown of endogenous hnRNA A2/BI. The nega-
tive control, siCONTROL nontargeting siRNA-2 (si-NC), which exhibits no
downregulation of any human genes, was purchased from Dharmacon (Buck-
inghamshire, United Kingdom). JEV-SGR-293T and naive 293T cells grown on
6-. 12-; and 24-well plates were transfected with 30, 12, and 6 oM siRNA,
respectively, by use of Lipofectamine RNAiMax (Invitrogen, Carlsbad, CA).

Real-time PCR, Total RNA was prepared from cells by use of an RNeasy
minikit (Qiagen, Tokyo, Japan), and ficst-strand ¢cDNA was synthesized using a
ReverTra Ace qPCR RT kit (Toyobo). The level of each cDNA was determined
by using Platinum SYBR green qPCR SuperMix UDG (Invitrogen), and fluo-
rescent signals were analyzed by use of an ABI Prism 7000 system (Applied
Biosystems), Strand-specific reverse transcription (RT) was performed using the
following primers: 5'-ATGAGGCTGCCACACCAGAT-3' for positive-strand
JEV RNA, 5-TACTCCGACGGTGTGGTCTA-3' for negative-strand JEV
RNA, and an oligo(dT) primer for -actin mRNA. The JEV NS5 and B-actin
genes were amplified using the following primer pairs: 5'-GCCGGGTGGGAC
ACTAGAAT-3" and 5'-TGGACAGCGATGTTCGTGAA-5' for NS5 and 5'-A
CGGGGTCACCCACACTGTGC-3" and 5'-CTAGAAGCATTTGCGGTGGA
CGATG-3' for B-actin. The value of JEV RNA was normalized to that of 8-actin
mRNA.,

Virus titration, Virus infectivity was determined by an immunostaining focus
assay with Vero cells and was expressed in focus-forming units (FFU). Briefly,
viruses were serially diluted and inoculated onto monolayers of Vero cells. After
L h of absorption, cells were washed with serum-free DMEM and cultured in
DMEM containing 5% FBS and 1.25% methylcellulose 4000. At 48 b postinfec-
tion, cells were fixed with 4% paraformaldehyde and permeabilized with 0.5%
Triton X-100, and infectious foci were stained with anti-JEV envelope protein
mouse MAD (6B4A-10) and visualized with a Vectastain Elite ABC anti-mouse
IgG kit with VIP substrate (Vector Laboratories, Burlingame, CA),

Immunoprecipitation-RT-PCR. Cells (1 % 10%) transfected with pCAGPM-
HA-ImRNP A2 were infected with JEV at an MOI of 1.0 and then incubated
with 400 pl of RNA-protein binding buffer (10 mM HEPES [pH 7.3], 500 mM
KCL 1 mM EDTA, 2 mM MgCl,, 0.19% NP-40, yeast t(RNA [0.1 jpg/pl]. RNase
inhibitor [1 U/ml] [Toyobo], and protease inhibitor cocktail [Complete; Roche])
for 10 min at 4°C at 24 h postinfection. After centrifugation at 16,000 X g at 4°C
for 20 min, the supernatants were incubated with 20 pl of protein G-Sepharose
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4B Fast Flow beads (GE Healthcare) and | pg of normal mouse IgG for 1 h at
4°C. After centrifugation, the supernatants were {urther incubated with | pg of
anti-HA mouse MADb or normal mouse IgG for 2 h at 4°C, and 25 pl of protein
G-Sepharose beads was added. After 1 h of incubation at 4°C, the beads were
washed five times with RNA-protein binding buffer without yeast (RNA, and
RINA was isolated by use of TRIzol reagent (Invitrogen). RT-PCR was carried
out using random hexamers and PrimeScript 11 reverse transcriptase (Takara
Bio, Shiga, Japan), followed by PCR with PrimeSTAR GXL DNA polymerase
(Takara Bio) and primers (5-“TCTGTCACTAGACTGGAGCA-3' and 5'-CCA
GAAACATCACCAGAAGG-3) targeted to a fragment consisting of nucleo-
tides 2652 to 3589 in the JEV NSI gene.

In vitro transcription, ¢cDNA fragments encoding either the positive or nega-
tive strand of the 5’ and 3' UTRs of JEV under the control of the T7 promoter
were amplified by PCR. RNA transcripts were synthesized using a MEGAscript
T7 kit (Ambion, Austin, TX). Biotinylated RNA was synthesized by adding 20
pmol of biotinylated UTP (biotin-16-UTP; Roche) to a 20-ul MEGAscript tran-
scription reaction mix. Synthesized RNAs were purified using phenol-chloroform
extraction and isopropanol precipitation and were analyzed in a 2% agarose gel.

RNA pulldown assay. Cell lysates (200 pg) extracted from 2937 cells express-
ing HA-hnRNP A2 were incubated for 15 min at 30°C with the biotinylated JEV
UTR RNA (10 pmol) in RNA-protein binding buffer and further incubated for
10 min at room temperature after addition of 250 i streptavidin-conjugated
MagneSphere paramagnetic particles (Promega). The RNA-protein complexes
were washed five times with RNA-protein binding buffer without yeast tRNA
and then subjected to SDS-PAGE and immunoblotting after boiling in 25 pl 2
SDS-PAGE sample bulfer.

Preparation of recombinant hnRNP A2 and GST pulldown assay, GST-{used
hnRNP A2 was expressed in Escherichia coli BL2I(DE3) cells transformed with
pGEX-hnRNP A2. Bacteria grown to an optical density at 600 nm of 0.6 were
induced with 0.1 mM isopropyl-B-p-thiogalactopyranoside, incubated for 4 h at
37°C with shaking, collected by centrifugation at 6,000 X g for 10 min, lysed in 10
ml lysis bufler (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, | mM EDTA, 1% Triton
X-100) by sonication on ice, and centrifuged at 10,000 X g for 20 min. The
supernatant was mixed with 200 pl of glutathione-Sepharose 4B beads (GE
Healthcare) equilibrated with lysis buffer for 1 h at room temperature, and the
beads were washed five times with lysis buffer and then replaced with RNA-
protein binding buffer. Ten micrograms of GST or GST-haRNP A2 was mixed
with 10 pmol of the biotinylated positive or negative strand of the 3’ or 5 UTR
of JEV RNA for 15 min at 30°C with gentle agitation. The beads were washed
five times with RNA-protein binding buffer without yeast tRNA.

Northern blotting. RNAs interacting with proteins were isolated by use of
TRIzol reagent, separated by use of a formaldehyde-free RNA gel electropho-
resis system (Amresco, Solon, OH), and transferred to a positively charged nylon
membrane (Roche). The biotinylated RNA was detected with streptavidin con-
jugated with alkaline phosphatase (Roche) and visualized by chemiluminescence
using CSPD (Roche).

RESULTS

Identification of hnRNP A2 as a binding partner of the JEV
core protein. To identify cellular proteins associated with the
JEV core protein, we employed an MEF affinity tag purifica-
tion method. The MEF-Core protein was expressed in 293T
cells and purified together with associated proteins as de-
scribed previously (62). The silver-stained proteins were ex-
cised from an SDS-PAGE gel and analyzed by use of a nano-
flow LC-MS/MS system. This procedure identified the amino
acid sequences QEMQEVQSSR and GGGGNFGPGPGS
NFR, which respond to amino acid residues 179 to 188 and 202
to 206 of human hnRNP A2, respectively. To confirm the
interaction between the JEV core protein and hnRNP A2 in
cells, 293T cells expressing FLAG-Core and HA-hnRNP A2
were examined by immunoprecipitation analyses. FLAG-Core
and HA-hnRNP A2 were shown to be immunoprecipitated
with each other (Fig. 1A). Furthermore, endogenous hnRNP
A2 was coprecipitated with the JEV core protein in 293T cells
infected with JEV but not in mock-infected cells (Fig. 1B).

J. VIROL.

These results indicate that hnRNP A2 interacts with the JEV
core protein.

Next, to determine the regions responsible for the interac-
tion between JEV core and hnRNP A2, series of deletion
mutants of the JEV core protein and hnRNP A2 were gener-
ated and examined by immunoprecipitation analyses. FLAG-
Core (full length) and mutants lacking the N-terminal 20 and
40 amino acid residues (AN20 and AN40), but not those lack-
ing the C-terminal 20 and 40 amino acid residues (AC65 and
ACS5), were immunoprecipitated with HA-hnRNP A2 (Fig,
1C). The flavivirus core protein has been shown to form ho-
modimers via the central and C-terminal regions (26, 39).
Therefore, to exclude the possibility that C-terminal deletion
of the core protein abrogates dimerization, FLAG-Core (full
length or ACSS5) and Core-HA (full length or AC85) were
coexpressed and immunoprecipitated. As shown in Fig. 1D, the
C-terminal deletion exhibited no effect on the homotypic in-
teraction of the core protein, consistent with previous data
showing that deletion of the C-terminal amino acid residues
(aa 73 to 100) did not abolish the homotypic interaction of
DEN core protein (64). These results indicate that the C-ter-
minal region (aa 85 to 104) of the JEV core protein is respon-
sible for the protein-protein interaction with hnRNP A2,
hnRNP A2 is composed of two N-terminal RNA recognition
motifs (RRM) followed by a Gly-rich C-terminal domain
(GRD) (29). FLAG-hnRNP A2 (full length) and a mutant
lacking the RRM1 domain (ARRML), but not mutants lacking
either RRM2 (ARRM2) or GRD (AGRD), were immunopre-
cipitated with Core-HA (Fig. 1E). The results indicated that
the C-terminal residues from positions 85 to 104 of the JEV
core protein and RRM2 and GRD in haRNP A2 are respon-
sible for the interaction.

hnRNP A2 translocates from the nucleus to the cytoplasm
upon infection with JEV. To examine the intracellular local-
ization of hnRNP A2 in cells infected with JEV, Vero cells
expressing HA-hnRNP A2 were infected with JEV because an
anti-hnRNP A2 antibody capable of detecting endogenous
hnRNP A2 by immunofluorescence analysis was not avail-
able. We employed Vero cells, which exhibit a wider cytoplasm
space than 293T cells, to investigate the cellular localization of
each protein. Although HA-hnRNP A2 was detected mainly in
the nucleus in mock-infected cells, as previously described
(19), translocation of HA-hnRNP A2 into the nucleolus and
cytoplasm and colocalization with the core protein were ob-
served upon infection with JEV (Fig. 2A). HA-hnRNP A2 was
detected in both the nucleus and cytoplasm in <60% of cells
infected with JEV, while only 5% of mock-infected cells ex-
hibited cytoplasmic localization of HA-hnRNP A2 (Fig. 2B).
To further confirm the subcellular localization of hnRNP A2,
the cytoplasmic and nuclear fractions of JEV-infected cells
were analyzed by immunoblotting (Fig. 2C). hnRNP A2 was
detected in both the cytoplasmic and nuclear fractions of the
JEV-infected cells, while it was detected mainly in the nuclei of
the mock-infected cells. These results indicate that infection of
JEV induces translocation of hnRNP A2 from the nucleus to
the cytoplasm.

Knockdown of hnRNP A2 decreases propagation of JEV, To
determine the role of hnRNP A2 in the propagation of JEV,
JEV was inoculated into 293T cells transfected with two
siRNAs targeted to hnRNP A2/BI (si-A2#1 and -2) or with a
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FIG. 1. Interaction of JEV core protein with hnRNP A2. (A) FLAG-Core and HA-hnRNP A2 were coexpressed in 293T cells and
immunoprecipitated (IP) with mouse anti-HA MADb (HA11) or mouse anti-FLAG MAb (M2). The immunoprecipitates were subjected to
immunoblotting (IB) to detect coprecipitated counterparts. As a negative control, an empty vector (EV) was used. (B) Interaction of JEV
core protein with endogenous hnRNP A2 in 293T cells infected with JEV. Cells infected with JEV at an MOI of 1.0 were lysed at 24 h
postinfection, and JEV core protein or hnRNP A2 was immunoprecipitated with rabbit anti-core PAb or mouse anti-hnRNP A2 MAb
(DP3B3). The precipitates were analyzed by IB with appropriate antibodies. (C) Interaction of hnRNP A2 with deletion mutants of the JEV
core protein. HA-hnRNP A2 and a series of deletion mutants of FLAG-Core were cotransfected in 293T cells, precipitated with mouse
anti-FLAG MAb (M2), and then subjected to IB. (D) Dimerization of C-terminal deletion mutants of JEV core protein. FLAG-Core (full
or ACS85) and Core-HA (full or AC85) were cotransfected into 293T cells, treated with RNase A (10 pg/ml) for 30 min at 4°C, precipitated
with mouse anti-HA MAb (HA11), and then subjected to IB. (E) Interaction of JEV core protein with deletion mutants of hnRNP A2
Core-HA and a series of deletion mutants of FLAG-hnRNP A2 were cotransfected into 293T cells and processed as described for panel C.
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FIG. 2. Translocation of hnRNP A2 from the nucleus to the cytoplasm upon infection with JEV. (A) Vero cells transfected with a plasmid
encoding HA-hnRNP A2 were infected with JEV at an MOI of 1.0 and then fixed with cold acetone at 24 h postinfection. JEV core and
HA-hnRNP A2 were stained with rabbit anti-core PAb and mouse anti-HA MAb (HAL11), followed by AF488-conjugated anti-rabbit IgG and
AF594-conjugated anti-mouse IgG antibodies, respectively. Cell nuclei were stained with DAPI (4',6-diamidino-2-phenylindole) (blue). (B) Per-
centages of cells exhibiting translocation of HA-hnRNP A2 to the cytoplasm. Three hundred cells expressing HA-hnRNP A2 were counted in three
independent experiments. Error bars indicate the standard deviations of the means. (C) Intracellular fractionation of 293T cells infected with JEV.
JEV core and hnRNP A2 in the nuclear and cytoplasmic fractions were detected by immunoblotting with rabbit anti-core PAb and mouse
anti-hnRNP A2 MAb (DP3B3), respectively. Nucleoporin p62 and PA28« were used as nuclear and cytoplasmic markers, respectively.

control siRNA (si-NC) at 24 h posttransfection. Transfection
of the siRNAs exhibited no cytotoxicity, so total RNA was
extracted from the infected cells, and the level of JEV RNA
was determined by real-time PCR at 24 h postinfection (Fig.
3A). The levels of JEV RNAs in cells transfected with si-A2#1
and -2 were reduced by approximately 40% and 90%, respec-
tively, compared with those in cells treated with si-NC. The
expression of JEV NS3 protein was decreased in accord with
the reduction of hnRNP A2 (Fig. 3B). Furthermore, a reduc-
tion of viral production in the culture supernatants was ob-
served by the knockdown of hnRNP A2 (Fig. 3C). To confirm
the specificity of the suppression of JEV propagation by the
knockdown of hnRNP A2, a mutant HA-hnRNP A2 protein
resistant to si-A2#2 by the introduction of silent mutations
(siR) was introduced into cells transfected with si-A2#2 (Fig.
3D). The reduction of JEV RNA propagation by the knock-
down of hnRNP A2 was partially rescued by the expression of
siR. These results suggest that hnRNP A2 is required for the
propagation of JEV.

Translocation of hnRNP A2 from the nucleus to the ER by
expression of JEV core protein enhances viral replication.
Next, to determine the biological significance of hnRNP A2 in

the replication of JEV RNA, we examined the effect of knock-
down of hnRNP A2 in JEV-SGR-293T cells, since the sub-
genomic replicon RNA of JEV replicates autonomously in
293T cells in the absence of structural proteins. Knockdown of
hnRNP A2 in the JEV-SGR-293T cells had no significant
effect on the replication of the subgenomic RNA and the
expression of the NS3 protein (Fig. 4A), suggesting that
hnRNP A2 requires JEV structural proteins, probably the
core protein, to enhance viral replication. To assess this pos-
sibility, we examined the effect of the exogenous expression of
the JEV core protein on the subcellular localization of hnRNP
A2 and the replication of the subgenomic RNA. HA-hnRNP
A2 and FLAG-Core were coexpressed in subgenomic replicon
Huh7 cells (JEV-SGR-Huh7) because these replicon cells
were established in our laboratory previously (18). Huh7 cells
exhibit a wider cytoplasmic view than 293T cells but have
smaller and fewer nucleoli than Vero cells. HA-hnRNP A2 was
detected in the nuclei of the Huh7 replicon cells transfected
with an empty plasmid (Fig. 4B). Although FLAG-Core was
not colocalized with calregulin, GM130, and EEA1, which are
markers of the ER, Golgi apparatus, and early endosome,
respectively, HA-hnRNP A2 was colocalized with FLAG-Core
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FIG. 3. Effect of hnRNP A2 knockdown on JEV propagation. (A) JEV was infected with 293T cells at an MOI of 1.0 24 h after transfection
with si-A2#1, si-A2#2, or si-NC. Total cellular RNA was extracted at 24 h postinfection and subjected to RT. The level of JEV RNA (NS5) was
determined by real-time PCR and calculated as a percentage of the control B-actin mRNA level (bar graph). Cell viability was determined 48 h
after transfection with each siRNA and calculated as a percentage of the viability of cells treated with si-NC (line graph). The data are
representative of three independent experiments. Error bars indicate the standard deviations of the means. (B) Cell lysates collected at 24 h
postinfection were subjected to immunoblotting with mouse MAbs to JEV NS3, hnRNP A2 (DP3B3), and B-actin. (C) Culture supernatants were
harvested at 12, 24, and 36 h postinfection, and infectious titers were determined by focus-forming assays in Vero cells. Closed squares, triangles,
and circles indicate the infectious titers in the culture supernatants of cells transfected with si-A2#1, si-A2#2, and si-NC, respectively. The results
shown are from three independent assays, with the error bars representing the standard deviations. (D) (Top) Nucleotide and amino acid
sequences of wild-type (WT) and siRNA-resistant (siR) HA-hnRNP A2. Capital letters in the WT sequence indicate the target sequence of
si-A2#2, and dots indicate the same nucleotides. (Middle) 293T cells cotransfected with si-A2#2 and siR or empty vector (EV) or transfected with
si-NC were infected with JEV at an MOI of 1.0 at 24 h posttransfection. Total cellular RNA was extracted at 24 h postinfection and subjected to
RT. The level of JEV RNA (NS5) was determined by real-time PCR and calculated as a percentage of the control $-actin mRNA level (bar graph).
Cell viability was determined 48 h after transfection with each siRNA and calculated as a percentage of the viability of cells treated with si-NC
(line graph). (Bottom) Cell lysates collected at 24 h postinfection were subjected to immunoblotting with hnRNP A2 (DP3B3) and B-actin. The
exogenous mutant hnRNP A2 (siR) resistant to si-A2#2 is indicated by an asterisk. The data are representative of three independent experiments.
Error bars indicate the standard deviations of the means.

and calregulin, but not with GM130 and EEAL, at 24 h post- ization, was introduced into JEV-SGR-Huh7 cells. As shown
transfection (Fig. 4B and data not shown). We have shown in Fig. 4B, hnRNP A2 was also detected in the ER of the

previously that two amino acid residues (Gly*? and Pro*) in replicon cells transtected with FLAG-CoreM. We further ex-
the JEV core protein are responsible for nuclear localization amined the interaction of hnRNP A2 with the core protein by
(47). To further confirm whether the cytoplasmic localization an immunoprecipitation analysis. Coprecipitation of hnRNP
of hnRNP A2 by the expression of JEV core protein is caused A2 with core protein, but not with calregulin, was observed in
by active export from the nucleus or passive retention in the the JEV-infected 293T cells (Fig. 4C). Next, to confirm the role
cytoplasm, FLAG-CoreM, which is defective in nuclear local- of the core protein in the replication of JEV, FLAG-Core was
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