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Abstract

Several viruses are known to infect human liver and cause the hepatitis, but the interferon (IFN) response, a first-line defense
against viral infection, of virus-infected hepatocytes is not clearly defined yet. We investigated innate immune system
against RNA viral ‘infection in immortalized human hepatocytes (HuS-E/2 cells), as the cells showed similar early innate
immune responses to primary human hepatocytes (PHH). The low-level constitutive expression of IFN-a1 gene, but not [FN-
B and IFN-)A, was observed in both PHH and HuS-E/2 cells in the absence of viral infection, suggesting a particular subtype(s)
of IFN-a is constitutively produced in human hepatocytes. To examine the functional role of such IFN-a in the antiviral
response, the expression profiles of innate immune-related genes were studied in the cells with the treatment of
neutralization against type | IFN receptor 2 (IFNAR2) or IFN-o. itself to inhibit the constitutive IFN-a signaling before and after
virus infection. As the results, a clear reduction of basal level expression of IFN-inducible genes was observed in uninfected
cells. When the effect of the inhibition on the cells infected with hepatitis C virus (HCV) was examined, the significant
decrease of IFN stimulated gene expression and the enhancement of initial HCV replication were observed, suggesting that
the steady-state production of IFN-a plays a role in amplification of antiviral responses to control the spread of RNA viral
infection in human hepatocytes.

Citation: Tsugawa Y, Kato H, Fujita T, Shimotohno K, Hijikata M (2014) Critical Role of Interferon-o Constitutively Produced in Human Hepatocytes in Response to
RNA Virus Infection. PLoS ONE 9(2): e89869. doi:10.1371/journal.pone.0089869

Editor: Hak Hotta, Kobe University, Japan
Received September 25, 2013; Accepted January 24, 2014; Published February 26, 2014

Copyright: © 2014 Tsugawa et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by grants-in-aid from the Ministry of Health, Labour and Welfare of Japan. The funders had no role in study design, data
collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: mhijikat@virus.kyoto-u.acjp

Introduction induction of the genes encoding cytokines and antiviral proteins
o ) ) ) during the first days of infection [5]. These proteins exhibit

It has been shown that the replication of RNA viruses, including  antiviral effects both directly by inhibiting viral replication and
Sendai virus (SeV), Vesicular stomatitis virus, Newcastle disease indirectly by stimulating the adaptive immune system.
virus, Sindbis virus, and Hepatitis C virus (HCV) is suppressed by On the other hand, constitutive production of type I IFN has
type I interferon (IFN) (IFN-o and IFN-) produced rapidly from

the cells after infection of viruses [1,2]. The cytosolic RINA
helicases, including retinoic acid-inducible gene (RIG)-I, have
been identified as receptors of pathogen-associated molecular
patterns of RNA viruses [3]. After recognition of RNA virus
infection by those receptors, signal cascades for induction of IFNs
are stimulated and result in the activation of IFN regulatory factor
(IRF)-3, and IRF-7 which are transcription factors for induction of
type I IFN genes [3,4]. IRF-3 is constitutively produced in many
cell types and tissues and phosphorylated after virus infection.
Phosphorylated IRF-3 forms a dimer (either a homodimer or a
heterodimer with IRF-7) and is translocated to the nucleus. Unlike
IRF-3, IRF-7 is constitutively produced only in small amounts, if
any, but the gene expression is strongly induced by type I IFN-
mediated signaling in most cell types and tissues. The produced
IFNs by the way described above then are secreted from the viral
infected cells and bind to their receptors, which consist of IFN o/
receptor (IFNAR1 and 2), on the surface of IFN producing and/or
neighboring cells and deliver the IFN signal to those cells. The
primary role of type I IFN is to limit spread of a variety of
pathogens via initiation of the innate immune responses through

been detected in several cells without pathogen stimulation albeit
at low level. The constitutive IFN-f has been revealed to be
important in maintaining immune homeostasis and essential for
immune cell priming {6]. In addition, type I IFN is also known to
correlate with multiple biological activities, including anti-prolif-
erative, anti~tumor, pro-apoptotic, and immunomodulatory func-
tions [6,7]. Previously it was reported that the IFN-o. mRINA was
expressed in the human normal liver [8]. However, what cell type
in the human liver is responsible for the expression and what is the
biological role have not been clear yet.

Our previous data showed that immortalized human hepato-
cytes, HuS-E/2 cells, support the whole life cycle of blood-borne
HCV (HCVbb) [9]. The infection and proliferation of HCVbb in
HuS-E/2 cells were enhanced by ectopic expression of a
dominant-negative form of IRF-7, but not that of IRF-3,
suggesting that IRF-7, rather than IRF-3, plays a primary role
in regulation of HCV proliferation in these cells [10]. IRF-7
mRNA was detected in primary hepatocytes (PHH) and HuS-E/2
cells, but not HuH-7 cells, one of hepatocellular carcinoma
derived cell lines, without virus infection [10]. However, the role of
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the preexisting IRF-7 and molecular mechanism of its constitutive
expression in hepatocytes remains unclear, because of limited
knowledge of immediate innate immune response in human
hepatocytes.

As the result of study on innate immunity of human
hepatocytes, here we report that active IFN-a release occurs in
human hepatocytes even in the absence of virus infection. We
additionally show that the constitutive IFN-a plays a critical role in
the carly induction of IFN genes and some IFN stimulated genes
(ISGs) through the increase in expression of genes related with
induction of such genes, including IRF-7 gene, before virus
infection.

Interferon Alpha 1 in Human Hepatocytes

Materials and Methods

Cell Culture

HuH-7, Huh-7.5, HepG2, and 293FT cells were grown in
Dulbecco’s modified Eagle’s medium (Nacalai Tesque, Kyoto,
Japan) supplemented with 10% fetal bovine serum, 100 U/ml
nonessential amino acids (Nacalai Tesque, Kyoto, Japan), and
Antimycotic Mixed Stock Solution Penicillin 100 units/ml,
Streptomycin 100 pg/ml, Amphotericin B 0.25 pg/ml (Nacalai
Tesque, Kyoto, Japan). HuS-E/2 cells were cultured as previously
described [10]. PHH were purchased from Gibco (Grand Island,
NY, USA), the hepatocyte donor was a 58-year-old male who did

not show any evidences of liver abnormalities. PHH were cultured
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Figure 1. The expression of IFN-o1 gene in the cells derived from human hepatocytes. A, The expressions of several IFN genes in human
hepatocyte derived cells. The presence of mRNAs for several IFN genes, IFN-a1, IFN-a4, IFN-0:6, IFN-a.8, IFN-B, IFN-L1, and IFN-A3, in PHH, HuS-E/2,
HuH-7, and HepG2 cells without virus infection was examined by RT-PCR with different amplification cycles, 25, 30 and 35 cycles. RT-PCR was done
with (+) or without (—) reverse transcriptase (RT) reaction. PCR products were separated in the agarose gel and stained with ethidium bromide.
GAPDH mRNA was used as an internal standard substance. B, Semi-quantitative estimation of IFN-&1 mRNA in those cells. The relative amount of
mRNA for IFN-a1 in those cells was estimated by gRT-PCR. The results of gRT-PCR were presented as relative gene expression using the RNA level of
HuH-7 cells as a benchmark. C. Evaluation of sensitivity of RT-PCR system employed in the detection of IFN subtypes in small quantity. To show the
sensitivity of RT-PCR system in this study, RT-PCR was performed with different amplification cycles, 25, 30 and 35 cycles using a primer set described
in Table S1 and one hundred copies of in vitro synthesized RNA of each IFN subtype as a template.

doi:10.1371/journal.pone.0089869.g001
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in serum-free hepatocyte maintenance medium (Gibco, NY, USA)
for one week before starting each experiment.

Treatment with Neutralizing Antibodies (nAb) and
Recombinant IFN

Two days prior to stimulation or infection, HuS-E/2 cells were
seeded on the collagen coated 12 well plate (8x10* cells/well) to
yield a confluent cell layer within 24 h. In the case of infection
experiment, the cells were treated with nAb mentioned below for 12
hours (hrs). Then the cultured medium contained nAb were
replaced with new culture medium containing Sendai virus (SeV) or
cell culture derived recombinant HCV (HCVcc) after wash with
phosphate buffer saline (PBS). SeV was prepared as described
previously [10]. HCVcc was prepared from the HuH-7 or Huh-7.5
cells transfected with in vitro synthesized Jikei Fulminant Hepatitis
gFH) 1°%Y RNA as described previously [11]. Recombinant
human IFN-a was obtained from Merck (Darmstadt, Germany).
Blocking Antibodies targeting IFN-oo (MMHA-2), IFN-§ (Rabbit
polyclonal antibody), and IFNAR2 (MMHAR-2) were purchased
from PBL Biomedical Laboratories (Piscataway, NJ).

RNA Extraction, Reverse-transcriptase Polymerase Chain
Reaction (RT-PCR), and Quantitative RT-PCR (qRT-PCR)

Total RNA was isolated from cell cultures with Qjagen RNeasy
Mini Kit (Qjagen GmbH, Hilden, Germany). Using 200 ng of total
RINA as a template, RT-PCR was done with one-step RNA PCR kit
(Takara, Kyoto, Japan) according to the manufacturer’s instruction.
gRT-PCR was performed with One Step SYBR PrimeScript PLUS
RT-PCR Kit (Takara, Kyoto, Japan) by using 7500 Real-time PCR
system (Applied Biosystems, Carlsbad CA) according to the
manufacturer’s instruction. The primer sets used in those PCRs
arc detailed in Table S1. Real-time PCR data are given as the mean
of triplicate samples with standard deviation. The value obtained for
the untreated control sample was generally set to 1.

Primer Design and Selection

The primers were designed based on the conserved specific
sequence of IFN genes, using primer design software Primer-
BLAST (National Center for Biotechnology Information. USA).

To evaluate the sensitivity and specificity of designed primer
sets, RT-PCR using those primer sets and in vitro synthesized
RNAs for subtypes of IFN as templates was performed. To make
the in vitro expression plasmids for the IFNs, the cDNA fragment
of each subtype of IFN was synthesized from total RNA from IFN-
o stimulated HuS-E/2 cells by RT-PCR and subcloned in to the
multiclonning sites of pcDNA3. The RINA fragment of each IFN
subtype was synthesized with the plasmid in vitro using the
MEGAscript T7 kit (Ambion, Austin, TX) according to the
manufacturer’s protocol. Synthesized RNA was treated with
DNase I followed by acid phenol extraction to remove any
remaining template DNA and used for RT-PCR by using one-step
RNA PCR kit (Takara, Kyoto, Japan). The amplification
conditions were 2 min preheating at 94°C, followed by from 25
to 35 cycles of 10 sec denaturation at 94°C, 30 sec annealing at
55°C, and 1 min elongation at 72°C.

Quantification of Type | IFN

Quantification of active type I IFN was performed by HEK-
Blue IFN-0/ cells (Invivogen, San Diego, CA) according to the
manufacturer’s instruction. Type I IFN concentration (U/ml) was
extrapolated from the linear range of a standard curve generated
using known amounts of recombinant IFN-o (Merck Darmstadt,
Germany).
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Figure 2. Expression profiles of genes associated with IFN
signals in the cells after infection of SeV. Total RNAs were purified
from PHH (closed circles), HuS-E/2 cells (open circles), and HuH-7 cells
(cross marks) at indicated time points after infection of SeV. Relative
quantities of RIG-1 (A), IRF-7 (B), IFN-a1 (C), IFN-B (D), IFN-A3 (£), and [FN-
A1 (F) mRNAs in each total RNA sample were examined by gRT-PCR and
plotted using the RNA level firstly detected as a benchmark. The
quantity of each RNA sample was normalized by the amount of GAPDH
mRNA as relative gene expression. Error bars represent standard
deviation (SD) of the mean of determinations from three experiments.
doi:10.1371/journal.pone.0089869.g002

Immunoblotting

Immunoblotting analysis was performed essentially as described
previously [12], with slight modifications. Samples of cell lysates
were prepared in lysis buffer (50 mM Tris-HCI (pH 8.0), 0.1%
SDS, 0.5% sodium deoxycholate, 150 mM NaCl, 5 mM EDTA,
1 mM Orth vanadate (sigma-aldrich, St.Louis, USA), 10 mM
NaF, Protease Inhibitor Cocktail (sigma-aldrich St.Louis, USA)).
Antibodies used in this study were polyclonal rabbit antiserum
against RIG-I at a 1:1000 dilution, JRF-7 at a 1:1000 dilution,
STAT! at a 1:1000 dilution, or p-STAT1 at a 1:1000 dilution.
These antibodies were purchased from Cell Signaling Technology
(Beverly, MA, USA). Immune-complexes were detected using
Western Lightning reagent (PerkinElmer, Waltham, MA) by LAS-
4000 system (Fujifilm, Tokyo, Japan).

ELISA for Human IFN-a Protein

Conditioned medium from culture system of HuS-E/2 cells
infected with SeV, was collected at 3 and 12 hrs post-infection.
The concentration of IFN-o in the conditioned medium was
measured with human IFN-o enzyme-linked immunosorbent
assay (ELISA) kit (PBL Biomedical Laboratories).

Indirect Immunofluorescence Analysis

Indirect immunofluorescence (IF) analysis was performed
essentially as described previously [11]. The primary antibody
was anti-SeV polyclonal antibody (1:200) (MBL International
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Figure 3. Activity of IFN-o constitutively produced into the culture medium. A, Activity of type I IFN produced from the cells without virus
infection. Activities of type | IFN produced from PHH, HuS-E/2, HuH-7, Huh-7.5, HepG2, and 293FT cells in the culture media were examined by HEK-
Blue™ IFN-a/B cells as described in experimental procedures section and plotted in the graph. B, Production of IFN-o from the cells without virus
infection. Activity of type | IFN produced from HuS-E/2cells in the culture medium over night was examined as A, after treatment with 5 ug/ml
neutralizing antibody (nAb) against IFN-a (IFN-oc nAb) or IFN-B (IFN-B nAb) for 2 hrs. Error bars represent SD calculated from resuits of three
independent experiments. Probability value (P value) was calculated with Student's t test.

doi:10.1371/journal.pone.0089869.g003

Corporation, MA, USA). The fluorescent secondary antibody was
Alexa 568-conjugated anti-rabbit (Invitrogen, Carlsbad, CA).
Nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI).
The fluorescent signals were visualized by fluorescence microscopy

(Bio Zero Keyence Co.).

Results

Induction of IFN Genes and ISGs in PHH and HuS-E/2

Cells by the Infection of Sendai Virus
We examined the antiviral responses of IFN system in some
human hepatocyte derived cells against RINA viral infection using

A
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ot
©
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Relative gene expression
o
>

sendai virus (SeV) which is a negative strand RNA virus and has
been widely used in studies on induction of IFN system [13]. The
constitutive expression of IRF-3 and RIG-I genes was commonly
found in all those cells as already repoted (data not shown, [10]).
Our previous observation that IRF-7 gene was expressed in PHH
and HuS-E/2 cells but not in HuH-7 cells under this condition
was also confirmed (data not shown, [10]). In addition, the
expression of IFN-o]1 gene was newly observed in PHH and HuS-
E/2 cells albeit at low level (Fig. 14). That, however, was not in the
case in HuH-7 and HepG2 cells, although the RT-PCR product
was sometimes seen in HuH-7 and HepG2 cells but only vaguely
(Fig.14). These results were also confirmed quantitatively by qRT-
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Figure 4. The function of constitutive IFN-o1 on the expression of the genes associated with IFN signals. A, The mRNA levels of the
genes associated with IFN signals, RIG-I, IRF-7, IRF-9, STAT1, IFIT1, and IFN-a1 itself were examined in HuS-E/2 cells treated with and without nAb
against IFN-a (IFN-oe nAb, gray bars) (5 png/mi) or IFNAR2 (IFNAR2 nAb, white bars) (5 ug/ml) for 12 hrs by gRT-PCR. Relative expression level of those
genes are plotted using the RNA levels detected in the cells treated without nAb (Mock, black bars) as a benchmark. Results were derived from three
independent experiments and error bars represent the calculated SD. B, Total cell lysates of HuS-E/2 cells treated with (+) or without (—) 5 pg/ml IFN-
o nAb for 12 hrs were analyzed with immunoblotting using antibodies against RIG-I, and IRF-7. Those of HuH-7 and Huh-7.5 cells without treatment
were also investigated. Protein levels was normalized among the samples by levels of GAPDH detected with anti-GAPDH antibody.
doi:10.1371/journal.pone.0089869.g004
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PCR (Fig. 1B). In order to examine the gene expression of the
other IFN subtypes in those cells, the primer sets for RT-PCR to
detect mRNAs for those factors sensitively and specifically were
designed and obtained to use for specific amplification of about
one hundred copies of IFN-04, IFN-a6, IFN-08, IFN-B, IFN-Al,
or IFN-A3 mRNAs (Fig. 1C and Table S1). Those mRNAs,
however, were not detected at all in all cells used in this study by
this RT-PCR condition (Fig. 14). These results suggested that
IFN-o, at least IFN-al, but not IFN-f and IFN-A, is slightly
produced in human hepatocytes without virus infection.

Next, the effect of SeV infection on mRNA levels of those genes
was investigated in those cells. The mRNA levels of IRF-7 and
IFN-al, a target gene product of IRF-7, were transiently increased
and reached peaks 6 hrs post-infection (p.i.) in both PHH and
HuS-E/2 cells (Fig. 28 and 2C, closed and open circles). Those of
IFN-B, and IFN-A3 reached peaks 12 hrs p.. in those cells in
similar ways (Fig. 2D and 2E, open and closed circles). IFN-A1
mRNA was also increased by 12 hrs p.i. in both HuS-E/2 cells
and PHH (Fig. 2F, open and closed circles). It decreased from 12
to 24 hrs pi. in HuS-E/2 cells (Fig. 2F, open circles) whereas it
slightly increased in PHH (Fig. 2F, closed circles). The gene
expression of RIG-I, a key factor in the innate immune response to
RINA virus infection in many cells [14,15], was also investigated.
The increase of RIG-I mRINA was observed from 1 hr to 6 hrs p.i.
in PHH (Fig. 24, closed circles). Although that was observed from
3hrs to 12 hrs pi., the similar pattern of the increase was
observed in HuS-E/2 cells (Fig. 24, open circles). The expressions
of RIG-I, IRF-7, and IFNs genes were also assessed in HuH-7 cells
following infection. Obvious increase of those mRNAs, however,
was not detected in telling contrast to PHH and HuS-E/2 cells
(Fig. 2, crosses). These observations indicated that this early innate
immune response to SeV infection did not occur in Hul-7 cells.
The absence of this early response may explain why HuH-7 cells
support efficient proliferation of recombinant HGV [16]. On the
other hand, the innate immune response of HuS-E/2 cells against
SeV infection seemed to be relatively similar to that of PHH,
although the responsiveness curves of those gene expression were
slightly different. Thus, we supporsed that HuS-E/2 cells provide a
valuable model for studying innate immune response of human
hepatocytes against viral infection.

Active IFN-o was Constitutively Produced in HuS-E/2 Cells

at a Low Level

In this study, we addressed the constitutive expression of IFN-ol
gene observed in PHH and HuS-E/2 cells, since the detection of
IFN-o1 mRNA in the liver tissues from normal human individuals
was already detected by RNA blot hybridization, but its function
was not cleared yet [8].

The presence of IFN-o in the conditioned medium from HuS-
E/2 cell culture system was examined firstly by the ELISA system
for IFN-o.. However, that was not detected probably because of
low concentration of secreted IFN-o and low sensitivity of the
system. Then the activity of type I IFN in the culture medium
assessed by using HEK-Blue type I IFN assay system in which the
cells are designed to produce embryonic alkaline phosphatase
protein in type I IFN receptor signaling-dependent manner. As
shown in Fig. 34, the culture medium from HuS-E/2 cell culture
system showed significantly higher activity of type I IFN than those
from the culture systems for Huh-7.5, HuH-7, and HepG2 cells as
well as 293FT cells, a cell line derived from human embryonic
kidney. To confirm above results further, the effect of neutralizing
antibody (nAb) targeting IFN-o on the above conditioned medium
was examined similarly. As shown in Fig. 3B, the pretreatment of
the conditioned medium from HuS-E/2 cell culture with this
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antibody effectively suppressed the activity of IFIN receptor
signaling, while nAb targeting IFN-B did not affected (Fig.3B).
These observations indicated that functional type I IFN was
included in the conditioned medium from HuS-E/2 cell culture
system and, at least, the majority of the type I IFN in the medium
was IFN-a and not IFN-B. From above results, we concluded that
HuS-E/2 cells produce functional IFN-o into the culture medium
without virus infection.

The Basal Expression of IFN-a.1 and ISGs was Elevated by

Type | IFN Receptor Signaling

To see whether the IFN-a1 produced in the cells without virus
infection affects the cells through the autocrine or paracrine
signaling regardless of low level production, the basal expression of
several ISGs in HuS-E/2 cells cultured in the medium containing
nAb targeting IFNo/f receptor (IFNAR) 2, one of the receptors
for type I IFN, were investigated. As shown in Fig. 44, it was
clearly observed that the mRNA levels of RIG-I, IRF-7, IRF-9,
signal transducer and activator of transcription (STAT) 1, and
IFN-induced protein with Tetratricopeptide 1 (IFIT1) were
diminished in the cells with the nAb treatment, compared to
mock treated cells. Quite similar results were observed in the cells
treated with nAb targeting IFN-o (data not shown). The basal
expression level of IFN-al gene was also reduced by these
treatments (Fig. 44). Decreased protein levels of RIG-I and IRF-7
were also observed in HuS-E/2 cells treated with nAb targeting
IFN-o, while these proteins were below the detectable level in
HuH-7 and Huh-7.5 cells as predicted (Fig. 45). As the treatments
of two different nAbs showed the similar results to each other, it
was suggested that the type I IFN receptor signaling upregulates
the expression of those ISGs, as well as IFN-al gene, in basal level
in HuS-E/2 cells to some extent.

Basal Production of IFN-a in HuS-E/2 Cells Contributes to
Rapid Antiviral Response during Early Phase of Infection

To study the functional role of basal level production of IFN-o
in HuS-E/2 cells, the innate immune responses of the cells treated
with the above nAbs against the RNA virus infection was
investigated. In this experiment, HuS-E/2 cells pretreated with
nAbs for 12 hrs to interrupt the basal IFN signaling were exposed
to the fresh culture medium contained SeV for 30 min after
rinsing the nAbs off from the cells. After the infection, the cells
were cultured for 3 hrs and then used as follows (Fig. 54). As the
induced expression of RIG-I gene, used as a representative of
ISGs, by the treatment with recombinant IFN-o. was observed
similarly in both cells pretreated with and without nAbs (Fig. 58),
it was clearly shown that the cells pretreated with the nAbs
retained responsiveness to IFN-o rinsing procedure. At first, the
levels of mRNAs for RIG-I, IRF-7, IFN-a1, IFN-B, IFN-AL, and
IFN-A3 were examined in the cells with or without SeV infection.
As shown in Fig. 5C, almost the similar patterns of increases of
those mRINAs were observed in the cells with SeV infection,
although only minor levels of the induction were found in the cases
of IRF-7 and IFN-a mRNAs even in the mock pretreated cells. In
all the cases, nAb pretreatments effectively suppressed the
increases of those mRINAs 3 hrs after SeV infection (Fig. 5C). As
shown in Fig. 5D, the suppression of IFN-a protein production in
the culture medium 12 hrs after the infection was also observed by
using ELISA.

Next, to examine the effect of the pretreatments with nAbs on
virus-induced STAT activation, phosphorylated form of STATI,
activated form of STATI, was detected in SeV infected cells
pretreated with nAbs by western blot analysis using anti-
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(STAT?), anti-phosphorylated STAT1 antibody (pSTAT1) at 3, 6, and 12 hrs post-infection of SeV. Protein levels were normalized among the samples
by levels of GAPDH detected with anti-GAPDH antibody.

doi:10.1371/journal.pone.0089869.g005

phosphorylated STAT1 (pSTAT1). As shown in Fig. 5Z, the level  |FN-o Released from HuS-E/2 cells without Viral Infection
of pSTATI found in the SeV infected cells without IFN-. nAb  Contributes to Inhibit Initial Infection and Proliferation of
pretreatment was apparently reduced in the cells with pretreat- RNA Viruses, Including HCV
ment at 3, 6 and 12 hrs post-infection, although the protein levels
of STAT1 were not affected by the pretreatment, suggesting that
pretreatment by IFN-o nAb suppressed the IFN signaling induced
by virus infection.

These results suggested that IFN-a produced in the HuS-E/2
cells without virus infection plays a role in the enhancement of
initial response of IFN system.

To examine whether IFN-o produced in the cells without virus
infection actually plays a role in prevention of viral infection, the
permissiveness of HuS-E/2 cells, which were pretreated with and
without IFNAR2 nAb, against SeV infection was investigated.
Compared to the cells without pretreatment of nAb (shown as
control panels in Fig. 64), the number of SeV infected cells (shown
in red) was increased in the cells with treatment both 6 and 9 hrs
after infection in time-dependent manner (Fig. 65). We also assessed
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HCVcc) were measured by gRT-PCR. E, Time course expression of IFN-a1, IFN-B, IFN-A1, IFN-A3, RIG-I and IRF-7 mRNAs in the cells pre-treated with
(open circles) or without (closed circles) IFN-o. nAb during early stage of HCV infection (6, 12, 18, and 24 hrs post-infection with HCVcc). For each
analysis, the results are normalized to the value obtained from the mock treatment. Error bars represent the calculated SD from the results obtained
in three independent experiments (B, C, D, E).

doi:10.1371/journal.pone.0089869.g006

the proliferation of SeV in HuS-E/2 cells with or without suppressive role on SeV proliferation during early phase of
pretreatment of IFN-oo nAb by quantitative estimation of SeV infection. In addition, to investigate the effect of constitutive IFN-
genomic RNA. As shown in Fig. 6C, the increase of SeV genomic o on the hepatotropic virus, we examined the infection and
RNA levels was clearly observed in the cells with the pre-treatment proliferation of HCVcc in HuS-E/2 cells with or without
at 12 hrs post-infection, suggesting that the preexisting IFN-a play a pretreatment of IFN-o. nAb. As shown in Fig. 6D, the transient

PLOS ONE | www.plosone.org 7 February 2014 | Volume 9 | Issue 2 | 89869

110



infection and proliferation of HCVcc was observed in the HuS-E/2
cells as previously reported [10]. It was clearly observed that HCV
RNA levels in the cells with the pretreatment were significantly
higher than the cells without pretreatment from 24 to 48 hrs post-
infection, although the significant difference was not observed in
each cells from 72 to 96 hrs post-infection (Fig. 6D). Next, the
expression of several IFN related genes in HuS-E/2 cells with or
without the pretreatment was examined after HCVcc infection. As
shown in Fig. 6E, compared to the cells without pretreatment, the
delayed increases of RNAs for IFN-al, IFN-B, IFN-A1, IFN-A3,
RIG-I and IRF-7 after HCV infection were observed in HuS-E/2
cells with the pretreatment, although induction patterns were varied
among those genes. These results suggested that IFN-o. produced
from HuS-E/2 cells without virus infection contributes to rapid
antiviral innate immune response of the cells to limit the
proliferation of HCV during the initial stage of infection.

Discussion

In this study, we showed that IFN-al gene is expressed in HuS-
E/2 cells without virus infection as in the case of PHH, albeit at a
low level and that the IFN-o, including IFN-al, functions to
clevate the expression of the genes related with anti-viral innate
immune system in the cells. Previously, the expression pattern of
the genes related with innate immunity of the HuS-E/2 cells, was
shown to be similar to that of PHH [10]. The constitutive
expression of IFN-a1 gene was also previously observed in human
liver tissue [8]. Our results, therefore, suggested that the previous
detection of IFN-o.l mRNA in normal human liver is due in part
at least to the gene expression in hepatocytes in that tissue. The
constitutive production of type I IFN has been reported previously
in several tissues mainly concerning IFN-f [17,18,19,20]. The
mechanisms that support the constitutive production of IFN-§
have been relatively studied well and revealed to be involved with
multiple transcription factors, such as c-Jun and RelA [6].
However, molecular mechanism that controls the steady-state
production of IFN-u has been largely unclear. The transcriptional
promoter region of IFN-atl gene contains two regulatory elements,
one is homologous to the positive regulatory domain I (PRDI) of
the IFN-B gene promoter [21,22,23] and another is virus-
responsive enhancer module, as proposed to a TG-like domain
[24,25]. Our previous report showed that IRF-7 gene is
constitutively expressed in HuS-E/2 cells [10]. IRF-7, together
with IRF-3, is known to play a pivotal role in the induction of IFN-
o and IFN-B genes through binding with PRDI in cells infected
with virus [3,4], although it was suggested that IRF-7, rather than
IRF-3, is important to suppress the infection and replication of
HCV in the cells {10]. The basal expression of IFN-o and IFN-f8
genes, however, was reported not to depend on these regulatory
factors [26]. We also observed that silencing IRF-7 in HuS-E/2
cells with shRINA method did not diminish the steady-state level
expression of IFN-al (data not shown). We found some sequences
homologous to the binding sites for some hepatocyte-specific
transcription factors, including hepatocyte nuclear factor la
(HNF1loa), HNF1f, and HNF4o within the region 5000 base pairs
upstream of the transcription start site of IFN-al gene
using computational promoter analysis (data not shown). It,
therefore, may be possible that the tissue-specific transcription
factor contributes to the expression of IFN-ol gene in a tissue-
specific manner. As a recent study showed that tissue-specific
differences in IFN genes or ISG expression can be attributed in
part to the epigenetic regulation [27], it is probable that the innate
immune phenotypes of IFN-o gene in human hepatocytes is also
associated with tissue-specific patterns of histone modification.

PLOS ONE | www.plosone.org

111

Interferon Alpha 1 in Human Hepatocytes

Further study is needed to clarify the molecular mechanisms of
constitutive expression of IFN-al gene in human hepatocytes.

The results obtained from this study showed the functional role
of the constitutive IFN-¢¢ in human hepatocytes on the immediate
innate immune response against RNA virus infection, including
HCV, through augmentation of the steady-state level expression of
several genes related to detection of the infection and induction of
IFN systems, such as RIG-I, IRF-7, and IFNs genes. Rapid
activation of IFN system should be important to suppress the
expansion of viral infection. The constitutive IFN-$ has been
reported previously in several tissues and was demonstrated to
strengthen IFN response toward viral infection {17,18,19,20]. This
constitutive IFN-f involves a positive feedback loop as proposed in
a “revving-up model” in such tissues [28]. The weak cellular
signals constantly introduced by constitutive IFN- allows cells to
elicit a more robust response against viral infection than the cells
without such signals [17]. This signaling likely occasion induction
of the IRF-7 gene without viral infection as a priming effect [29].
Cardiac myocytes was reported to produce higher basal IRF-7
without viral infection through the Jak-STAT pathway activated
with preexisting IFN-B for instant antiviral response [20].
Plasmacytoid dendritic cells (pDCs) are known to produce IFN-o
and IRF-7 constitutively just like human hepatocytes reported in
this study. pDCs respond rapidly and effectively to a range of viral
pathogens with high production of IFN-a in constitutive IRF-7
production dependent manner [30,31,32]. These suggested that
IRF7, of which gene expression is induced by constitutive type-I
interferon, both IFN-a and IFN-B, in those cells, plays a crucial
role in the priming effect on the consecutive and rapid anti-viral
innate immune response.

The liver is the largest solid organ in the body with dual inputs
for its blood supply. It receives 80% of its blood supply from the
gut through the portal vein, which is rich in bacterial products,
environment toxins, and food borne pathogens. The remaining
20% of the blood is supplied from vascularization by the hepatic
artery [33]. This high exposure to pathogens may require that the
liver has an efficient and rapid defensive mechanism against
possible frequent infection. Although most pathogens that get at
the liver are killed by local innate and adaptive immune responses,
hepatitis viruses (such as HBV and HCV) which gain the ingenious
function to escape immune control persist in hepatocytes
[34,35,36,37,38]. Therefore, further study to reveal the role of
steady-state production of IFN-al in human hepatocytes may
provide new insights into the virus-cell interaction and chronic
infection of hepatotropic viruses.

In addition to the importance for the antiviral effect, it has been
also proposed that the constitutive IFN-B primes for an efficient
subsequent response to other cytokines and are also important for
immune homeostasis [39,40,41], maintenance of bone density [42]
and antitumor immunity [43]. Further analysis of the possible role
of constitutive IFN-o on the other physiological events in human
hepatocytes may be required.
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Stress granules (SGs) are cytoplasmic foci composed of stalled translation preinitiation complexes induced by environmental
stress stimuli, including viral infection. Since viral propagation completely depends on the host translational machinery, many
viruses have evolved to circumvent the induction of SGs or co-opt SG components. In this study, we found that expression of
Japanese encephalitis virus (JEV) core protein inhibits SG formation. Caprin-1 was identified as a binding partner of the core
protein by an affinity capture mass spectrometry analysis. Alanine scanning mutagenesis revealed that Lys®” and Arg®® in the
a-helix of the JEV core protein play a crucial role in the interaction with Caprin-1. In cells infected with a mutant JEV in which
Lys®” and Arg®® were replaced with alanines in the core protein, the inhibition of SG formation was abrogated, and viral propaga-
tion was impaired. Furthermore, the mutant JEV exhibited attenuated virulence in mice. These results suggest that the JEV core
protein circumvents translational shutoff by inhibiting SG formation through an interaction with Caprin-1 and facilitates viral

propagation in vitro and in vivo.

én eukaryotic cells, environmental stresses such as heat shock,
oxidative stress, UV irradiation, and viral infection trigger a sud-
den translational arrest, leading to stress granule (SG) formation
(1). SGs are cytoplasmic foci composed of stalled translation pre-
initiation complexes and are postulated to play a critical role in
regulating mRNA metabolism during stress via so-called “mRNA
triage” (2). The initiation of SG formation results from phosphor-
ylation of eukaryotic translation initiation factor 2« (eIF2a) at
Ser”! by various kinases, including protein kinase R (PKR), PKR-
like endoplasmic reticulum kinase (PERK), general control non-
repressed 2 (GCN2), and heme-regulated translation inhibitor
(HRI), which are commonly activated by double-stranded RNA
(dsRNA), endoplasmic reticulum (ER) stress, nutrient starvation,
and oxidative stress, respectively. Phosphorylation of elF2a re-
duces the amount of eIF2-GTP-tRNA complex and inhibits trans-
lation initiation, leading to runoff of elongating ribosomes from
mRNA transcripts and the accumulation of stalled translation
preinitiation complexes. Thus, SGs are defined by the presence of
components of translation initiation machinery, including 40S
ribosome subunits, poly(A)-binding protein (PABP), elF2, elF3,
elF4A, eIF4E, elF4G, and eIF5. Then, primary aggregation occurs
through several RNA-binding proteins (RBPs), including T-cell
intracellular antigen-1 (TIA-1), TIA-1-related protein 1 (TIAR),
and Ras-Gap-SH3 domain-binding protein (G3BP). These RBPs
are independently self-oligomerized with the stalled initiation fac-
tors and with other RBPs, such as USP10, hnRNP Q, cytoplasmic
activation/proliferation-associated protein-1 (Caprin-1), and
Staufen and with nucleated mRNA-protein complex (mRNP) ag-
gregations (3, 4). SG assembly begins with the simultaneous for-
mation of numerous small mRNP granules which then progres-
sively fuse into larger and fewer structures, a process known as
secondary aggregation (5). The aggregation of TIA-1 or TIAR is
regulated by molecular chaperones, such as heat shock protein 70
(Hsp70) (3), whereas that of G3BP is controlled by its phosphor-
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ylation at Ser'*® (4). SG formation and disassembly in response to
cellular stresses are strictly regulated by multiple factors.

Viral infection can certainly be viewed as a stressor for cells,
and SGs have been reported in some virus-infected cells. Since the
propagation of viruses is completely reliant on the host transla-
tional machinery, stress-induced translational arrest plays an im-
portant role in host antiviral defense. To antagonize this host de-
fense, most viruses have evolved to circumvent SG formation
during infection. For example, poliovirus (PV) proteinase 3C
cleaves G3BP, leading to effective SG dispersion and virus propa-
gation (6). Influenza A virus nonstructural protein 1 (NS1) has
been shown to inactivate PKR and prevent SG formation (7). In
the case of human immunodeficiency virus 1 (HIV-1) infection,
Staufenl is recruited in ribonucleoproteins for encapsidation
through interaction with the Gag protein to prevent SG formation
(8). In contrast, some viruses employ alternative mechanisms of
translation initiation and promote SG formation to limit cap-
dependent translation of host mRNA (9, 10). In addition, vaccinia
virus induces cytoplasmic “factories” in which viral translation,
replication, and assembly take place. These factories include G3BP
and Caprin-1 to promote transcription of viral mRNA (11).

Japanese encephalitis virus (JEV) belongs to the genus Flavivi-
rus within the family Flaviviridae, which includes other mosquito-
borne human pathogens, such as dengue virus (DENV), West Nile
virus (WNV), and yellow fever virus, that frequently cause signif-
icant morbidity and mortality in mammals and birds (12). JEV has
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FIG 1 Dynamics of SG-associated factors during JEV infection. (A) Huh?7 cells infected with JEV at an MOI of 0.5 were treated with or without 1.0 mM sodium
arsenite for 30 min at 37°C, and the levels of expression of G3BP and JEV core protein/NS2B were determined at 24 h postinfection by immunofluorescence
analysis with mouse anti-G3BP MADb and rabbit anti-core protein or anti-NS2B PAD, followed by AF488-conjugated anti-mouse IgG (Invitrogen) and AF594-
conjugated anti-rabbit IgG, respectively. Cell nuclei were stained with DAPI (blue). (B) Cellular localizations of G3BP and JEV NS2B in 293T and Hela cells
infected with JEV were determined at 24 h postinfection by immunofluorescence analysis with mouse anti-G3BP MAD and rabbit anti-NS2B PAD, followed by
AF488-conjugated anti-mouse IgG and AF594-conjugated anti-rabbit IgG, respectively. Cell nuclei were stained with DAPI (blue). (C) Phosphorylation of elF2a
in cells prepared as described in panel A was determined by immunoblotting using the indicated antibodies. The band intensities were quantified by Image]
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a single-stranded positive-sense RNA genome of approximately
11 kb. 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 struc-
tural proteins, the core, precursor membrane (PrM), and envelop
(E) proteins, and seven nonstructural (NS) proteins, NS1, NS2A,
NS2B, NS3, NS4A, NS4B, and NS5 (13). PrM is further cleaved by
the multibasic protease, furin, and matured to membrane (M)
protein. The core, M, and E proteins are components of extracel-
Iular mature virus particles. NS proteins are not incorporated into
particles and are thought to be involved in viral replication, which
occurs in close association with ER-derived membranes (14). Pre-
vious reports have shown that WNV and DENV inhibit SG for-
mation by sequestering TIA-1 and TIAR through specific interac-
tion with viral RNA (15, 16). In addition, the membrane structure
induced by WNYV infection was suggested to prevent PKR activa-
tion and avoid induction of SG formation (17). In this study, we
show that JEV core protein plays an important role in inhibition of
SG formation. JEV core protein recruited several SG-associated
proteins, including G3BP and USP10, through an interaction with
Caprin-1 and suppressed SG formation. Furthermore, a mutant
JEV carrying a core protein incapable of binding to Caprin-1 ex-
hibited lower propagation in vitro and lower pathogenicity in mice
than the wild-type (WT) JEV, suggesting that inhibition of SG
formation by the core protein is crucial to antagonize host de-
fense. These results reveal a novel strategy of JEV to inhibit SG
formation through an interaction with Caprin-1 and facilitate vi-
ral propagation.

MATERIALS AND METHODS

Plasmids. Plasmids encoding FLAG-tagged JEV core protein (pCAGPM-
FLAG-Core) and hemagglutinin (HA)-tagged JEV proteins (pCAGPM-
HA-JEV proteins) were generated as previously described (18, 19). The
cDNA of the core protein of JEV AT31 (amino acid residues 2 to 105) was
amplified from the pCAGPM-FLAG-Core plasmid by PCR and cloned
into pET21b (Novagen-Merck, Darmstadt, Germany) for expression in
bacteria as a His-tagged protein and in pCAG-MCS2-FOS for expression
in mammalian cells as a FLAG-One-STrEP (FOS)-tagged protein. The
resulting plasmids were designated pET21b-Core-His and pCAG-Core-
FOS, respectively. The cDNA of the core protein of DENV2 (amino acid
residues 2 to 100) was amplified from the pCAG/FLAG-DEN2C-HA plas-
mid (19) by PCR and cloned into pPCAGPM-N-FLAG. The cDNA of hu-
man Caprin-1 was amplified from 293T cells by reverse transcription-
PCR (RT-PCR) and cloned into pCAGPM-N-HA (20) and pGEX 6P-1
(GE Healthcare, Buckinghamshire, United Kingdom) for expression in
bacteria as a glutathione S-transferase (GST) fusion protein and desig-
nated pCAGPM-HA-Caprin-1 and pGEX-GST-Caprin-1, respectively.
The cDNAs of human G3BP1 and USP10 were also amplified from 293T
cells by RT-PCR and cloned into pCAGPM-N-HA. The nucleotide resi-
dues of the adenine at 384, adenine at 385, cytosine at 387, and guanine at

JEV Core Protein Inhibits Stress Granule Formation

388 of the JEV genome in pMWATGI were replaced with guanine, cyto-
sine, guanine, and cytosine, respectively, by PCR-based mutagenesis to
change Lys®” and Arg®® of the core protein to Ala, yielding pMWAT/
KR9798A. The cDNA of the mutant core protein was also cloned into
pCAGPM-N-FLAG and pET21b. To generate stable cell lines expressing
Aequorea coerulescens green fluorescent protein (AcGFP)-fused Caprin-1,
the cDNA of human Caprin-1 was amplified by RT-PCR and cloned into
PAcGFP N1 (Clontech, Mountain View, CA), and the Caprin-1-AcGFP
gene was subcloned into the lentiviral vector pCSII-EF-RfA (21) and des-
ignated pCSII-EF-Caprin-1-AcGEFP. All plasmids were confirmed by se-
quencing with an ABI Prism 3130 genetic analyzer (Applied Biosystems,
Tokyo, Japan).

Cells and stress treatment. Mammalian cell lines, Vero (African green
monkey kidney), 293T (human kidney), Huh7 (human hepatocellular
carcinoma), and HeLa (human cervical carcinoma), were maintained in
Dulbecco’s modified Eagle’s minimal essential medium (DMEM) (Sigma,
St. Louis, MO) supplemented with 100 U/ml penicillin, 100 mg/ml strep-
tomycin, nonessential amino acids (Sigma), and 10% fetal bovine serum
(FBS). The mosquito cell line C6/36 (Aedes albopictus) was grown in Lei-
bovitz’s L-15 medium with 10% FBS. Huh?7 cells were transduced with a
lentiviral vector expressing Caprin-1-AcGFP and AcGFP and designated
Huh7/Caprin-1-AcGFP and Huh7/AcGFEP, respectively. For induction of
SGs, cells were treated with sodium arsenite at a final concentration of 1.0
mM in the culture medium for 30 min prior to fixation or lysis of the cells.
SG formation was defined morphologically by immunostaining using
anti-SG-related factor antibodies described below. Cell viability was de-
termined by using CellTiter-Glo (Promega, Madison, WI) according to
the manufacturer’s instruction.

Viruses. The wild-type and 9798A mutant of the JEV AT31 strain were
generated by the transfection of pPMWATG1 and pMWAT/KR9798A, re-
spectively, as described previously (22). Viral infectivity was determined
by an immunostaining focus assay as described previously (20), and the
results are expressed in focus-forming units (FFU). JEV and DENV sero-
type 2 New Guinea C strain were amplified in C6/36 cells.

Antibodies. Anti-JEV core rabbit polyclonal antibody (PAb) and anti-
JEV NS3 mouse monoclonal antibody (MAb) were prepared as described
previously (20, 23). Anti-JEV NS2B rabbit PAb was generated with syn-
thetic peptides of JEV NS2B at Scrum, Inc. (Tokyo, Japan). Anti-DENV
core protein rabbit PAb was prepared by using a GST-fused recombinant
protein containing amino acid residues 2 to 100 of the DENV core pro-
tein. Anti-FLAG mouse MADb (M2) and rabbit PAb and anti-B-actin
mouse MAb were purchased from Sigma. Anti-hnRNP Q mouse MAb
(ab10687), anti-USP10 rabbit PAb (ab70895), and anti-eIF4B rabbit PAb
(ab78916) were purchased from Abcam (Cambridge, United Kingdom).
Anti-eIF2a, anti-phospho-elF2a, and anti-eIF3A rabbit PAbs were pur-
chased from Cell Signaling Technology (Danvers, MA). Anti-HA mouse
MADb (HA11), anti-HA rat MAb (3F10), anti-His mouse MAb, anti-GFP
mouse MAb (JL-8), anti-JEV envelope protein mouse MAb (6B4A-10),
anti-G3BP mouse MAD, anti-TIA-1 goat PAb, anti-Caprin-1 rabbit PAb,
and anti-dsRNA mouse MAb were purchased from Covance (Richmond,
CA), Roche (Mannheim, Germany), R&D Systems (Minneapolis, MN),
Clontech, Chemicon (Temecula, CA), BD Biosciences (Franklin Lakes,
NJ), Santa Cruz (Santa Cruz, CA), Proteintech (Chicago, IL), and Bio-

software (NIH, Bethesda, MD), and the relative levels for the indicated proteins are shown based on the level of the mock-infected cells. (D) Cellular localizations
of G3BP, NS2B, and TIA-1 in Huh?7 cells infected with JEV were determined at 24 h postinfection by immunofluorescence analysis with mouse anti-G3BP MAb,
rabbit anti-NS2B PAb, and goat anti-TIA-1 PAb, followed by AF488-conjugated anti-mouse IgG, AF594-conjugated anti-rabbit IgG, and AF633-conjugated
anti-goat IgG, respectively. Cell nuclei were stained with DAPI (gray). (E) Dynamics of G3BP and TIA-1 during JEV infection. Huh7 cells infected with JEV were
immunostained at 0, 12, and 24 h postinfection (hpi) with mouse anti-G3BP MAbD or goat anti-TIA-1 PAb and rabbit anti-NS2B PAb, followed by AF488-
conjugated anti-mouse IgG or AF488-conjugated anti-goat IgG and AF594-conjugated anti-rabbit IgG, respectively. Cell nuclei were stained with DAPI (blue).
(F) Cellular localization of SG-associated proteins (USP10, Caprin-1, TIA-1, hnRNP Q, eIF3A, and eIF4B) (green, AF488-conjugated secondary antibody) and
JEV NS2B/NS3 (red, AF-594-conjugate secondary antibody) in Huh7 cells infected with JEV was determined by immunoblotting at 24 h postinfection. Cell
nuclei were stained with DAPI (blue). (G) Numbers of G3BP-positive foci in 30 cells prepared as described in panel A were counted for each experimental
condition. Lines, boxes, and error bars indicate the means, 25th to 75th percentiles, and 95th percentiles, respectively. The significance of differences between the
means was determined by a Student’s ¢ test.*, P < 0.01; ND, no significant difference.

January 2013 Volume 87 Number 1

jviasm.org 491

115

ALISHIAINN OLOAM Aa ¥102 ‘€1 Aely uo /610 wise ialy/.diy woly pepeojumoq



Katoh et al.

Arsenite (+)

Arsenite (-)

FIG 2 Each SG-associated factor forms SGs under oxidative stress. After treatment with 1.0 mM sodium arsenite for 30 min at 37°C, Huh?7 cells were subjected
to immunofluorescence analysis with the indicated primary antibodies, followed by AF488-conjugated anti-goat IgG and AF594-conjugated anti-mouse or

rabbit IgG. Cell nuclei were stained with DAPI (blue).

center (Szirak, Hungary), respectively. Alexa Fluor (AF)-conjugated sec-
ondary antibodies were purchased from Invitrogen (Carlsbad, CA).

Immunofluorescence microscopy. Huh7 cells were fixed in 4% para-
formaldehyde in phosphate-buffered saline (PBS) for 15 min at room
temperature. After cells were quenched for 10 min with PBS containing 50
mM ammonium chloride (NH,Cl), they were permeabilized with 0.2%
Triton X-100 in PBS for 10 min and blocked with PBS containing 2%
bovine serum albumin (BSA) for 30 min at room temperature. The cells
were then incubated with the antibodies indicated in the figure legends.
Nuclei were stained with 4',6'-diamidino-2-phenylindole (DAPI). The
samples were examined by a Fluoview FV1000 laser scanning confocal
microscope (Olympus, Tokyo, Japan).

Transfection, immunoprecipitation, and immunoblotting. Plas-
mids were transfected into 293T or Huh?7 cells by use of TransIT LT1
(Mirus, Madison, WI), and cells collected at 24 h posttransfection were
subjected to immunostaining, immunoprecipitation, and/or immuno-
blotting as described previously (24). The immunoprecipitates were
boiled in sodium dodecyl sulfate (SDS) sample buffer and subjected to
SDS-polyacrylamide gel electrophoresis (SDS-PAGE). The proteins were
transferred to polyvinylidene difluoride membranes (Millipore, Bedford,
MA) and incubated with the appropriate antibodies. The immune com-
plexes were visualized with SuperSignal West Femto substrate (Thermo
Scientific, Rockford, IL) and detected by use of an LAS-3000 image ana-
lyzer system (Fujifilm, Tokyo, Japan).

492 jviasm.org

FOS-tagged purification and mass spectrometry. pCAG-Core-FOS
or empty vector was transfected into 293T cells, harvested at 24 h post-
transfection, washed with cold PBS, suspended in cell lysis buffer (20 mM
Tris-HCl, pH 7.4, 135 mM NaCl, 1% Triton X-100, and protease inhibitor
cocktail [Complete; Roche]), and centrifuged at 14,000 X g for 20 min at
4°C. The supernatant was pulled down using 50 ! of STrEP-Tactin Sep-
harose (IBA, Gottingen, Germany) equilibrated with cell lysis buffer for 2
h at 4°C. The affinity beads were washed three times with cell lysis buffer
and suspended in 2X SDS-PAGE sample buffer. The proteins were sub-
jected to SDS-PAGE, followed by Coomassie brilliant blue (CBB) staining
using CBB Stain One (Nakalai Tesque, Kyoto, Japan). The gels were di-
vided into 10 pieces, and each fraction was trypsinized and subjected to
liquid chromatography-tandem mass spectrometry (LC-MS/MS) analysis
to identify coimmunoprecipitated proteins. All of the proteins in gels were
identified comprehensively, and the proteins detected in cells transfected
with pCAG-Core-FOS but not in those with empty vector were regarded
as candidates for binding partners of JEV core.

Gene silencing. A commercially available small interfering RNA
(siRNA) pool targeting Caprin-1 (siGENOME SMARTpool, human
Caprinl) and control nontargeting siRNA were purchased from Dharma-
con (Buckinghamshire, United Kingdom) and transfected into 293T cells
using Lipofectamine RNAIMAX (Invitrogen) according to the manufac-
turer’s protocol.
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FIG 3 Subcellular localizations of the SG-associated proteins during DENV infection. Cellular localizations of G3BP, Caprin-1, and TIA-1 (green, AF488-
conjugated secondary antibody) and viral components (core protein and dsRNA) (red, AF-594-conjugate secondary antibody) in Huh7 cells infected with DENV
were determined by immunofluorescence analysis using the appropriate antibodies at 48 h postinfection. Cell nuclei were stained with DAPI (blue).

Preparation of recombinant proteins and GST pulldown assay. His-
tagged JEV core protein (core-His) was purified as described in a previous
report (25). Briefly, core-His was expressed in Escherichia coli (E. coli)
Rosetta-gami 2(DE3) strain cells (Novagen-Merck) transformed with
pET21b-Core-His (WT or 9798A). Bacteria grown to an optical density at
600 nm of 0.6 were induced with 0.5 mM isopropyl-B-p-thiogalactopyra-
noside (IPTG), incubated for 5 h at 37°C with shaking, collected by cen-
trifugation at 6,000 X g for 10 min, lysed in 10 ml of bacteria lysis buffer
(50 mM Tris-HCl, pH 7.4, 150 mM NaCl, | mM EDTA, 1% Triton X-100,
and protease inhibitor cocktail [Complete; Roche]) by sonication on ice,
and centrifuged at 10,000 X g for 15 min. The supernatant containing
core-His was subjected to ammonium sulfate fractionation, followed by
cation exchange chromatography with a HiTrap SP column (GE Health-
care). The eluted core-His recombinant protein was dialyzed with 50 mM
Tris-HCl buffer containing 150 mM NaCl at 4°C overnight. GST-fused
Caprin-1 (GST-Caprin-1) was expressed in E. coli BL21(DE3) cells trans-
formed with pGEX-GST-Caprin-1. Bacteria grown to an optical density at
600 nm of 1.0 were induced with 0.1 mM IPTG, incubated for 5 h at 25°C
with shaking, collected by centrifugation at 6,000 X g for 10 min, lysed in
10 ml of bacteria lysis buffer by sonication on ice, and centrifuged at
10,000 X g for 15 min. The supernatant was mixed with 200 ! of gluta-
thione-Sepharose 4B beads (GE Healthcare) equilibrated with bacteria
lysis buffer for 1 h at room temperature, and then the beads were washed
five times with lysis buffer. Twenty micrograms of GST-Caprin-1 or GST
was mixed with equal volumes of the purified core-His for 2 h at 4°C with
gentle agitation. The beads were washed five times with bacteria lysis
buffer and then suspended in SDS-PAGE sample buffer.

Mouse experiments. Experimental infections were approved by the
Committee for Animal Experiment of RIMD, Osaka University (H19-2-
0). Female ICR mice (3 weeks old) were purchased from CLEA Japan
(Tokyo, Japan) and kept in specific pathogen-free environments. Groups
of mice (n = 10) were intraperitoneally inoculated with 5 X 10* FFU (100
1) of the viruses. The mice were observed for 3 weeks after inoculation to
determine survival rates. To examine viral growth in the brain, 5 X 10*
FFU of the viruses were intraperitoneally administered to the groups of
mice (n = 3). At 7 days postinfection, mice were euthanized, and the
cerebrums were collected. The infectious titers in the homogenates of the
cerebrums were determined in Vero cells as described above.

RESULTS

JEV infection confers resistance to SG induction. To examine the
formation of SGs in cells infected with JEV, Huh7 cells were in-
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fected with JEV at a multiplicity of infection (MOI) of 0.5, and the
expression of JEV proteins and an accepted marker for SGs, G3BP,
was determined by immunofluorescence analysis at 24 h postin-
fection. G3BP was mainly accumulated in the perinuclear region
and partially colocalized with the JEV core protein, while only
partial colocalization with the NS2B protein was also observed
(Fig. 1A, left). In addition, a few small G3BP-positive foci were
scattered in the cytoplasm. This accumulation of G3BP was ob-
served in not only Huh7 cells but also other cell lines, i.e., 293T
and HelLa cells, infected with JEV (Fig. 1B). However, the expres-
sion level of G3BP in cells infected with JEV was comparable to
that in mock-infected cells (Fig. 1C). To further investigate SG
induction by JEV infection, expression of TIA-1, another SG
marker, was examined. Although accumulation of TIA-1 in the
perinuclear region was not observed, a few TIA-1-positive foci
were observed in the JEV-infected cells and were colocalized with
G3BP and JEV NS2B, indicating that SG foci were induced in cells
infected with JEV (Fig. 1D). The accumulation of G3BP and the
aggregation of TIA-1, indicating SG formation, appeared at 24 h
postinfection in accord with the expression of viral proteins (Fig.
1E). We further examined the dynamics of other SG-associated
factors in cells infected with JEV. Each factor formed clear SGs in
cells treated with sodium arsenite, a potent SG inducer eliciting
oxidative stress (Fig. 2). As shown in Fig. 1F, three distinct patterns
of the subcellular localization of SG components were observed.
USP10 and Caprin-1 were accumulated in the perinuclear region
and also formed a few small foci scattered throughout the cyto-
plasm, as seen for G3BP; TIA-1 and hnRNP Q formed cytoplasmic
foci but were not accumulated in the perinuclear region; and sub-
cellular localization of eIF3A and eIF4B was not changed. The
cytoplasmic foci were confirmed as SGs by immunofluores-
cence analyses using specific antibodies to SG-associated fac-
tors (data not shown). Taken together, these results indicate
that JEV infection induces accumulation of several RBPs and
formation of a few SGs.

It has been shown previously that infection with WNV or
DENV confers resistance to SG formation induced by sodium
arsenite (15). To determine the effect of JEV infection on the SG
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FIG 4 Inhibition of the arsenite-induced SG formation by the expression of JEV proteins. (A) Huh7 cells transfected with a plasmid, pPCAGPM-HA-Core, were
treated with or without 1.0 mM sodium arsenite for 30 min at 37°C, and the cellular localizations of G3BP and HA-Core were determined at 24 h posttransfection
by immunofluorescence analysis with mouse anti-G3BP MAD and rat anti-HA MADb, followed by AF488-conjugated anti-mouse IgG and AF594-conjugated
anti-rat IgG, respectively. Cell nuclei were stained with DAPI (blue). (B) Huh7 cells, which were separately transfected with a plasmid expressing an individual
viral protein (pCAGPM-HA-JEV protein) as indicated in the figure, were treated with 1.0 mM sodium arsenite for 30 min at 37°C and subjected to an
immunofluorescence assay using mouse anti-G3BP MAD and rat anti-HA MADb, followed by AF488-conjugated anti-mouse IgG and AF594-conjugated anti-rat

IgG, respectively. Cell nuclei were stained with DAPI (blue).

formation induced by sodium arsenite, JEV-infected cells were
treated with 0.5 mM sodium arsenite for 30 min at 24 h postinfec-
tion. Although many G3BP-positive foci were observed in mock-
infected cells by the treatment with sodium arsenite, accumula-
tion of G3BP in the perinuclear region was observed in the
JEV-infected cells (Fig. 1A, right), and the numbers of G3BP-
positive foci in the JEV-infected cells were less than those in the
mock-infected cells (Fig. 1G). Although it has been reported thata
significant reduction of the phosphorylation at Ser’! of elF2a in
cells treated with arsenite was induced by infection with WNV
(15), the phosphorylation of eIF2a was slightly suppressed in the
JEV-infected cells (Fig. 1C). Furthermore, while previous studies
reported that Caprin-1and TIA-1 were colocalized with dsRNA in
cells infected with DENV (15, 26), no colocalization of G3BP or
TIA-1 with the DENV core protein was observed in the present
study (Fig. 3), suggesting that the mechanisms of the viral circum-
vention of SG formation in cells infected with JEV are different
from those in cells infected with WNV and DENV.

494 jviasm.org

JEV core protein suppresses SG formation induced by so-
dium arsenite. To elucidate the molecular mechanisms of sup-
pression of SG formation induced by sodium arsenite during JEV
infection, we tried to identify which viral protein(s) is responsible
for the SG inhibition. Since G3BP was colocalized with JEV core
protein, we first examined the involvement of the core protein in
the perinuclear accumulation of G3BP and in the suppression of
SG formation. The expression of JEV core protein alone induced
the accumulation of G3BP in the perinuclear region (Fig. 4A, left
panel) and suppressed sodium arsenite-induced SG formation
(Fig. 4A, upper right cell in the right panel), similarly to JEV in-
fection. In contrast, inhibition of SG formation induced by so-
dium arsenite was not observed in cells expressing other JEV pro-
teins (Fig. 4B). These results suggest that JEV core protein is
responsible for the circumvention of the SG formation observed
in cells infected with JEV.

JEV core protein directly interacts with Caprin-1, an SG-as-
sociated cellular factor. Since JEV core protein was suggested to
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B ‘ The 30 highest scoring proteins associated with JEV core protein

JEV Core-FOS
or
Empty Vector

Zinc finger ZZ-type and EF-hand domain-containing protein 1 (330 kDa)
HEAT repeat-containing protein 1 (240 kDa)

Endoribonuclease Dicer (220 kDa)

Fanconi anemia group D2 protein (170 kDa)

Ubiquitin-conjugating enzyme E2 (145 kDa)

CLIP-associating protein 2 (140 kDa})

Zinc finger CCCH-type antiviral protein 1 (ZAP) (103 kDa)

Probable E3 ubiquitin-protein ligase HECTD3 (100 kDa)

Nuclear valosin-containing protein-like (100 kDa)

ATP-dependent RNA helicase DDX54 (100 kDa)

Cell division cycle 5-like protein (92 kDa)

Transcription intermediary factor 1-beta (90 kDa)

Cytoplasmic activation/proliferation-associated protein-1 (Caprin-1)} (30 kDa)
Trifunctional y alpha, mitochondrial (83 kDa)

Per icopeptide repeat protein 3, mitochondrial (80 kDa)
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FIG 5 JEV core protein directly interacts with Caprin-1, an SG-associated cellular factor. (A) Identification of host cellular proteins associated with JEV core protein by
FOS-tagged purification and LC-MS/MS analysis. Overview of the FOS-tagged purification of cellular proteins associated with JEV core protein. (B) The 30 candidate
proteins as binding partners of JEV core protein exhibiting high scores are listed. PKR and Caprin-1 are indicated in red. (C and D) FLAG-JEV core protein and
HA-~Caprin-1 were coexpressed in 293T cells, and the cell lysates harvested at 24 h posttransfection were treated with or without micrococcal nuclease for 30 min at 37°C
and immunoprecipitated (IP) with anti-HA («HA) or anti-FLAG («FLAG) antibody, as indicated. The precipitates were subjected to immunoblotting (IB) to detect
coprecipitated counterparts. (E) FLAG-DENV core protein was coexpressed with HA-Caprin-1 in 293T cells, immunoprecipitated with anti-HA antibody, and
immunoblotted with anti-HA or anti-FLAG antibody. (F) His-tagged JEV core protein was incubated with either GST-fused Caprin-1 or GST for 2 h at 4°C, and the
precipitates obtained by GST pulldown assay were subjected to CBB staining and immunoblotting with anti-His antibody.

participate in the inhibition of SG formation, we tried to identify =~ 206) and Caprin-1 (Mascot search score, 153), were identified as
cellular factors associated with the core protein by LC-MS/MS  binding partners of JEV core protein (Fig. 5B). Although PABPI,
analysis, as shown in Fig. 5A. Among the 30 factors with the best hnRNP Q, Staufen, G3BP, and eIF4G were also identified, their
scores, two SG-associated proteins, PKR (Mascot search score, scores were lower than those of PKR and Caprin-1. Because the
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FIG 6 Caprin-1is colocalized with the JEV core protein in the perinuclear region. (A) Expression of Caprin-1 fused with AcGFP (Caprin-1-AcGFP), Caprin-1,
actin, or AcGFP in lentivirally transduced Huh7 cells was determined by immunoblotting using the appropriate antibodies. (B) Subcellular localization of
Caprin-1-AcGFP or AcGFP (green) and endogenous Caprin-1 (red) in cells treated with/without 1.0 mM sodium arsenite for 30 min at 37°C was determined by
immunofluorescence assay with rabbit anti-Caprin-1 PAb and AF594-conjugated anti-rabbit IgG. Cell nuclei were stained with DAPI (blue). (C) Huh7/Caprin-
1-AcGFP cells were infected with either JEV or DENV at an MOI of 0.5, and the cellular localizations of JEV and DENV core (red) with Caprin-1-AcGFP and
G3BP (blue) were determined at 24 h and 48 h postinfection, respectively. Cells were stained with mouse anti-G3BP MAD and rabbit anti-JEV or DENV core
protein PAb, followed by AF633-conjugated anti-mouse IgG and AF594-conjugated anti-rabbit IgG, respectively, and examined by immunofluorescence

analysis.

results shown in Fig. 1B suggest that the inhibition of SG forma-
tion takes place downstream of eIF2a phosphorylation, we fo-
cused on Caprin-1 as a key factor involved in the inhibition of SG
formation in cells infected with JEV. To confirm the specific in-
teraction of JEV core protein with Caprin-1, FLAG-JEV core pro-
tein and HA-Caprin-1 were coexpressed and immunoprecipitated
with anti-HA or anti-FLAG antibody in the presence or absence of

496 jviasm.org

nuclease. FLAG-JEV core protein was coprecipitated with HA-
Caprin-1 irrespective of nuclease treatment (Fig. 5C and D), sug-
gesting that the interaction between JEV core protein and
Caprin-1 is a protein-protein interaction. On the other hand,
FLAG-DENV core protein was not coprecipitated with HA-
Caprin-1 (Fig. 5E), indicating that the interaction with Caprin-1
was specific for JEV core protein. Next, the direct interaction be-
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FIG 7 Knockdown of Caprin-1 cancels SG inhibition during JEV infection
and suppresses viral propagation. (A) (Upper) The levels of expression of
Caprin-1 in cells transfected with either siCaprin-1 or siNC was determined by
immunoblotting using anti-Caprin-1 and anti-B-actin antibodies at 72 h post-
transfection (top panel). At 48 h posttransfection with either siCaprin-1 or
siNC, Huh7/Caprin-1-AcGFP cells were inoculated with JEV at an MOI of 0.5.
At 24 h postinfection (72 h posttransfection), the infectious titers in the super-
natants were determined by focus-forming assay in Vero cells (bottom panel,
bar graph). Cell viability was determined at 72 h posttransfection and calcu-
lated as a percentage of the viability of cells treated with siNC (bottom panel,
line graph). The results shown are from three independent assays, with the
error bars representing the standard deviations. (B) At 48 h posttransfection
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tween JEV core protein and Caprin-1 was examined by a GST-
pulldown assay using purified proteins expressed in bacteria. The
His-tagged core protein was coprecipitated with GST-tagged
Caprin-1, suggesting that JEV core protein directly interacts with
Caprin-1 (Fig. 5F).

To further determine the cellular localization of Caprin-1 in
JEV-infected cells, Caprin-1 fused with AcGFP (Caprin-1-
AcGFP) was lentivirally expressed in Huh7 cells. The levels of
expression and recruitment of Caprin-1-AcGFP into SGs were
determined by immunoblotting and immunofluorescence analy-
sis, respectively (Fig. 6A and B). In cells infected with JEV, Caprin-
1-AcGFP was concentrated in the perinuclear region and colocal-
ized with core protein and G3BP, while no colocalization of the
proteins was observed in cells infected with DENV (Fig. 6C), sug-
gesting that Caprin-1 directly interacts with JEV core protein in
the perinuclear region of the infected cells.

Knockdown of Caprin-1 cancels SG inhibition during JEV
infection and suppresses viral propagation. To assess the biolog-
ical significance of the interaction of JEV core protein with
Caprin-1in JEV propagation, the expression of Caprin-1 was sup-
pressed by using Caprin-1-specific siRNAs (siCaprin-1). Trans-
fection of siCaprin-1 efficiently and specifically knocked down the
expression of Caprin-1 with a slight increase of cell viability and
decreased the production of infectious particles in the culture su-
pernatants of cells infected with JEV, in comparison with those
treated with a control siRNA (siNC) (Fig. 7A). Furthermore, im-
munofluorescence analyses revealed that knockdown of Caprin-1
increased the number of G3BP-positive granules colocalized with
SG-associated factors, including TIA-1 and eIF4B, and inhibited
the G3BP concentration in the perinuclear region (Fig. 7B and C).
These results suggest that knockdown of Caprin-1 suppresses JEV
propagation through the induction of SG formation.

Lys®” and Arg”® in the JEV core protein are crucial residues
for the interaction with Caprin-1. To determine amino acid res-
idues of the core protein that are required for the interaction with
Caprin-1, we constructed a putative model based on the structural
information of the DENV core protein previously resolved by nu-
clear magnetic resonance (NMR) (27), as shown in Fig. 8A. Based
on this model, we selected hydrophobic amino acids, which were
located on the solvent-exposed side in the ol and a4 helices, as
amino acid residues responsible for the binding to host proteins.
Amino acid substitutions in each of the a-helices shown in Fig. 8B
were designed in the context of FLAG-Core (Mal and Ma4), and
the interaction of FLAG-Core mutants with Caprin-1 was exam-
ined by immunoprecipitation analysis. WT and Mal, but not
Moad4, core proteins were immunoprecipitated with Caprin-1
(Fig. 8B). To determine the amino acids responsible for interac-
tion with Caprin-1, further alanine substitutions were introduced
in the a4 helix, and the interaction was examined by immunopre-

with either siCaprin-1 or siNC, Huh7/Caprin-1-AcGFP cells were inoculated
with JEV at an MOI of 0.5. The cellular localizations of SG-associated factors
and JEV NS2B were determined at 24 h postinfection (72 h posttransfection)
by immunofluorescence analysis with mouse anti-G3BP MAb and rabbit anti-
NS2B PAb, rabbit anti-eIF4B PADb, or goat anti-TIA-1 PAb, followed by
AF633-conjugated anti-mouse IgG and AF594-conjugated anti-rabbit IgG or
AF594-conjugated anti-goat IgG, respectively. (C) Numbers of G3BP-positive
fociin 30 cells prepared as described in panel B were counted. Lines, boxes, and
error bars indicate the means, 25th to 75th percentiles, and 95th percentiles,
respectively. The significance of differences between the means was deter-
mined by a Student’s t test. *, P < 0.01.
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