transfected with the empty vector or the expression plasmid for
FLAG-tagged GPI-hTLRS8 using Lipofectamine 2000 in 12-well
plates. Twenty-four hours after transfection, cells were washed and
incubated with anti-FLAG M2 mAb or mouse IgGl in the
presence of human IgG for 30 min at 4 C in FACS buffer (DPBS
containing 0.5% BSA and 0.1% sodium azide). Cells were washed
twice in FACS buffer and incubated with FITG-labeled secondary
antibody (American Qualex) for 30 min at 4 C. For intracellular
staining, cells were permeabilized with permeabilizing solution
(BD) for 10 min at room temperature, and then stained with anti-
FLAG mAb in the presence of 10% goat serum and FITC-labeled
secondary Ab. Cells were analyzed using a FACS Calibur (BD).
Shaded histogram: control mouse IgG 1 staining; thick line: anti-
FLAG mAb staining. Inset values indicate the mean fluorescent
intensities specific for the anti-FLAG mAb.

(EPS)

Figure 82 Forced expression of TLR8 mutants affects the
endosomal localization of wild-type TLR8. 4, Confocal images
show Hela cells co-expressing HA-tagged wild-type TLR8 and
FLAG-tagged TLR8 mutants. Cells were fixed and stained with
anti-FLAG mAb and anti-HA pAb, followed by Alexa568-labeled
goat anti-mouse Ab and Alexa488-labeled goat anti-rabbit Ab.
TLR8 mutants delCYT and delTIR were anchored on plasma
membrane and did not merge with wild-type TLR8. Red, TLR8
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mutants; green, wild-type TLR8; blue, nuclei stained with DAPI;
bar, 10 pm. B, Cells were transfected with FLAG-tagged wild-type
TLR8 alone (upper panels), together with FLAG-tagged delCYT
(middle panels) or FLAG-tagged delTIR (lower panels), and
stained with anti-FLAG mAb and anti-EEAl pAb, followed by
Alexa568-labeled goat anti-mouse Ab and Alexa488-labeled goat
anti-rabbit Ab. Wild-type TLR8 was expressed intracellularly and
colocalized with EEA1 (upper panels). When delCYT or delTIR
was expressed with wild-type TLR8, colocalization between TLRS
and EEA1 was decreased (middle and lower panels). Red, TLRS;

green, early endosome marker’ EEA1; blue, nuclei stained with
DAPI; bar, 10 um.
(EPS)
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The TLR3/TICAM-1 Pathway Is Mandatory for Innate
Immune Responses to Poliovirus Infection

Hiroyuki Oshiumi,*' Masaaki Okamoto,*' Ken Fujii," Takashi Kawanishi,*
Misako Matsumoto,* Satoshi Koike,” and Tsukasa Seya*

Cytoplasmic and endosomal RNA sensors recognize RNA virus infection and signals to protect host cells by inducing type I IFN.
The cytoplasmic RNA sensors, retinoic acid inducible gene I/melanoma differentiation-associated gene 5, actually play pivotal roles
in sensing virus replication. IFN-f promoter stimulator-1 (IPS-1) is their common adaptor for IFN-inducing signaling. Toll/TL-1R
homology domain-containing adaptor molecule 1 (TICAM-1), also known as TRIF, is the adaptor for TLR3 that recognizes viral
dsRNA in the early endosome in dendritic cells and macrophages. Poliovirus (PV) belongs to the Picornaviridae, and melanoma
differentiation-associated gene 5 reportedly detects replication of picornaviruses, leading to the induction of type I IFN. In this
study, we present evidence that the TLR3/TICAM-1 pathway governs IFN induction and host protection against PV infection.
Using human PVR transgenic (PVRtg) mice, as well as IPS-1~/~ and TICAM-1""~ mice, we found that TICAM-1 is essential for
antiviral responses that suppress PV infection. TICAM-1""" mice in the PVRtg background became markedly susceptible to PV,
and their survival rates were decreased compared with wild-type or IPS-1"'" mice. Similarly, serum and organ IFN levels were
markedly reduced in TICAM-1"/"/PVRtg mice, particularly in the spleen and spinal cord. The sources of type I IFN were CD8«*/
CD11c" splenic dendritic cells and macrophages, where the TICAM-1 pathway was more crucial for PV-derived IFN induction than
was the IPS-1 pathway in ex vivo and in vitro analyses. These data indicate that the TLR3/TICAM-1 pathway functions are

dominant in host protection and innate immune responses against PV infection. The Journal of Immunology, 2011, 187: 5320-5327.

hen RNA viruses infect mammalian cells, type I IFN

\ ’\/ is generated to suppress viral infection. IFN-inducing
pathways evoked by viral dsRNA have been identified

in humans and mice, and the possible involvement of these
pathways in protection against viruses has been examined using
gene-disrupted mice and various virus species (1). The sensing of
dsRNA by the innate immune system is accomplished either by
TLR3 or by cytoplasmic sensors such as dsRNA-dependent pro-
tein kinase (so-called PKR), retinoic acid inducible gene I (RIG-I),
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and melanoma differentiation-associated gene 5 (MDAS) (2). In
virus-infected cells, RIG-I and MDAS mainly participate in type I
IFN induction in conjunction with the adaptor molecule IFN-B
promoter stimulator-1 (IPS-1; also known as MAVS, Cardif, or
VISA) (1). The role of these molecules in host cell protection has
been clearly delineated in RNA virus infection.

Tol/IL-1R homology domain-containing adaptor molecule 1
(TICAM-1; also called TRIF) is the adaptor of TLR3 (3-5). When
TLR3 senses dsRNA on the endosomal membrane, it induces type
T IFN (6, 7). The adaptor TICAM-1 plays a pivotal role in TLR3-
mediated IFN-a/f induction. Once dsRNA stimulates TLR3,
TICAM-1 transiently couples with TLR3 and forms a multimer,
translocating to a distinct region of the cytoplasm (8). In its multi-
meric form, TICAM-1 recruits the kinase complex to activate IFN
regulatory factors (IRF)-3 and -7, which induce type I IFN pro-
duction (7, 9). Historically, this IFN-inducing pathway was iden-
tified earlier than the cytoplasmic RIG-I/MDAS pathway (10, 11).
Many reports have mentioned the possibility that the TLR3/
TICAM-1 pathway is involved in the anti-viral IFN respense (12),
but no definitive evidence of the anti-viral properties of this pathway
has been obtained using TICAM-1""" mice (13). Only a DNA virus,
mouse CMV (MCMYV), has been shown to infect TICAM-1"""
mice, and thus mouse cells are partly protected from MCMYV by the
TICAM-1 pathway (5, 14).

Poliovirus (PV) is a positive strand ssRNA virus that produces
dsRNA intermediates during viral replication (15), modified with
5' terminal Vpg protein (16), a characteristic feature of picorna-
viruses. It is generally accepted that picornaviruses are recognized
by MDAS but not RIG-I in infected cells, presumably due to the
generation of this unusual dsRNA. This concept was confirmed
by the finding that MDAS5 ™~ mice fail to induce type I IFN in re-
sponse to encephalomyocarditis virus (EMCV) and permit severe
EMCYV infection (13, 17). However, another picornavirus, coxsackie
B virus (CBV) serotype 3, is recognized by TLR3 in infected cells
and induces IFN-y as an effector for suppressing CBV infection

281

7107 ‘7 ATenigqa uo 10’ [ounuwwif MMM TWOIJ PIPROJUMO(]



The Journal of Immunology

(18). In this study, we analyzed in vivo infection of a popular pi-
cornavirus, PV, using PVR transgenic (PVRtg) mice, which show
a neurotropic phenotype during PV infection similar to humans (19,
20). Using this mouse model, in combination with TICAM-17"" or
IPS-17"" mice, we present evidence that the host TICAM-1 path-
way, particularly in macrophages (Mf), serves as a source of type I
IFN induction and protects host PVRtg mice from PV infection
and paralytic death. Thus, the strategy for host protection against
picomaviruses is not simply based on the MDAS-dependent dsRNA
recognition, but is variable depending on picornavirus species.

Materials and Methods
Mice

All mice were backcrossed with C57BL/6 mice more than seven times
before use. TICAM-1""" (21) and IPS-1"" mice (this study) were generated
in our laboratory. TLR3 ™™ (4), IRF-37"", and IRF-77" mice (22) were
provided by Drs. S. Akira (Osaka University, Osaka, Japan) and T. Taniguchi
(University of Tokyo, Tokyo, Japan). PVRtg mice were provided as reported
previously (20). All mice were maintained under specific pathogen-free
conditions in the Animal Facility at Hokkaido University Graduate School
of Medicine (Sapporo, Japan). Animal experiments were performed ac-
cording to the guidelines set by the Animal Safety Center, Japan.

Generation of IPS-1-deficient mice

The IPS-1 gene was amplified by PCR using genomic DNA extracted from
embryonic stem cells. The targeting vector was constructed by replacing
the second and third exons with a neomycin-resistance gene cassette
(Neo), and an HSV thymidine kinase driven by the PGK promoter was
inserted into the genomic fragment for negative selection. After the tar-
geting vector was transfected into 129/Sv mice-derived embryonic stem
cells, G418 and ganciclovir doubly resistant colonies were selected and
screened by PCR. The targeted cell line was injected into C57BL/6 blas-
tocysts, resulting in the birth of male chimeric mice. These mice were then
backcrossed with C57BL/6 mice. The disruption of the IPS-1 gene was
confirmed by PCR for the long and short arms. The abolishment of IPS-1
mRNA expression was confirmed by real-time quantitative PCR (RT-
gPCR).

Cells, viruses, and reagents

Wild-type (WT) and TICAM-1 ~/~ mouse embryonic fibroblasts (MEF) were
prepared from 12.5- to 13.5-d-old embryos. PV, strain Mahoney, was am-
plified in Vero cells, and the viral titer was determined by a plaque assay.
Bone marrow (BM) cells were prepared from the femur and tibia. The cells
were cultured in RPMI 1640 (Invitrogen, New York, NY) supplemented with
10% FCS, 100 pM 2-ME, and 10 ng/ml murine GM-CSF or the culture
supernatant of NIH3T3 cells expressing M-CSF. After 6 d, cells were col-
lected and used as bone marrow-derived dendritic cells (BM-DC) or BM-
derived macrophages (BM-Mf). For the preparation of BM-DC and BM-M{,
the medium was changed every 2 d. Splenic DC and NK cells were isolated
using the MACS system (Miltenyi Biotec, Auburn, CA).

Experimental infection of mice

Five- to 8-wk-old C57BL/6 female mice were used throughout this study.
Mice of different genotypes were i.p. or i.v. infected with PV at the doses
indicated. The viability of the infected mice was monitored for 2 wk. We
collected sera from the mice at different time points to measure viral titers
by a plaque assay and cytokine levels by an ELISA. To determine the tissue
viral titer, mice were euthanized and organs were aseptically removed and
frozen by liquid nitrogen. Because the organs were not perfused before
organs were removed, virus titers were determined including blood.
Specimens were homogenized in 2 ml PBS on ice, and titers were deter-
mined by a plaque assay.

ELISA

Culture supernatants of cells (105) seeded on 24-well plates or sera were
collected and analyzed for cytokine levels with ELISA. ELISA kits for
IFN-a and IFN-B were purchased from PBL Biomedical Laboratories.
ELISA was performed according to the manufacturer’s instructions.

qPCR

For gPCR, total RNA was extracted with TRIzol (Invitrogen), and 0.2-0.5
g RNA was reverse-transcribed using a high-capacity cDNA transcription
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kit (Applied Biosystems, Piscataway, NJ) with random primers according
to the manufacturer’s instructions. gPCR was performed using a Step One
real-time PCR system (Applied Biosystems).

In vivo blocking of NK activity

Mice (PVRtg and PVRtg/I‘ICAM—I" 7) were ip. injected with 250 pg
anti-NK1.1 Ab, asialoGM1 Ab, or control PBS as described previously
(21). One day later, the mice were i.p. inoculated with 10* PFU PV. One to
7 d after PV injection, depletion of peripheral NK1.1¥ cells was confirmed
by flow cytometry. Then, the mortality of the mice was monitored. In some
experiments, the spleen cells were harvested and NK cells (DX5" cells)
were positively isolated using the MACS system (Miltenyi Biotec). The
DX5" NK cells were suspended in RPMI 1640 containing 10% FCS and
mixed with *'Cr-labeled B16D8 cells at the indicated B:T ratios. After 4 h,
the supernatants were harvested and [°Cr] release was measured.

Statistical analysis

Statistical significance of differences between groups was determined by the
Student ¢ test, and survival curves were analyzed by the log-rank test using
Prism 4 for Macintosh software (GraphPad Software). Student # tests and
x> goodness-of-fit tests were performed using Microsoft Excel software
and a ¥ distribution table.

Results

TICAM-1 is essential for protection of PVRtg mice against PV
infection

Mice lacking the mda-5 gene abrogate the production of type I
IFN in response to EMCV infection and are more susceptible to
infection with EMCV (13, 17). Because EMCV is a picornavirus,
it has been proposed that MDAS is critical for sensing picorna-
virus infection. In infected cells, picornaviruses efficiently gen-
erate long dsRNA, which is recognized by the cytoplasmic dsRNA
sensor MDAS (23). The 5’ end of the PV genomic RNA is linked
to a VPg protein (16), not to a 5'-triphosphate, a major ligand for
another cytoplasmic RNA sensor, RIG-I (24, 25). Thus, we first
tested, using the PVRtg mouse model (20), whether the mortality
of PV-infected mice is affected by disruption of IPS-1 (Fig. 14).
Approximately 70% of WT (PVRtg) mice and ~40% of IPS-1~/~
mice survived >10 d postinoculation at an i.p. dose of 2 X 10*
PFU. No statistical significance between these two groups was
detected (Fig. 14). In the same experiments, TICAM-1"/" mice
died within 5 d by paralysis (Fig. 1B).

We next investigated the effect of the route of PV infection on
mortality in this mouse model. PV (2 X 10® PFU) was injected i.p.
or i.v. into WT and TICAM-1 mice and their mortality was ex-
amined (Fig. 1C, 1D). All TICAM-1""" mice died by paralysis
within 7.5 d irrespective of the injection route. The significance
of this early mortality rate of PV-infected TICAM-1""" mice was
supported by statistical analysis. The mortality rates were slightly
high in WT mice compared with IPS-17'" mice when PV loads in
mice were not very high (Supplemental Fig. 1A4). This tendency
seemingly diminished by early death of IPS-1~'" mice with high
doses of PV input. These data suggested that TICAM-1, rather
than IPS-1 (or the sensors RIG-I and MDAS), is a critical factor in
protecting mice from PV-mediated paralytic death. This conclu-
sion was confirmed using RIG-1”~ and MDA5 ™"~ mice with a
PVRtg background (S. Abe, K. Fujii, and S. Koike, submitted for
publication).

These results showed a discrepancy with previous indications
that MDAS5 is critical in picornavirus protection (13). We therefore
tested the dose dependence of PV in the survival of WT versus
TICAM-1""" mice. Surpri§ingly, high doses of PV (2 X 10° and
2 X 10° PFU) induced paralytic death in all WT as well as
TICAM-1""" mice within 6 d (Fig. 24, 2B). Thus, high doses of
PV (>2 X 10° PFU) appear to overpower the TICAM-1 PV-
protective activity in vivo, which confirmed previous findings
using other picornaviruses (13). TICAM-1 was most effective in
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the survival against PV infection at low dose (<2 X 10* PFU)
(Figs. 1B, 1C, 2C). Similar results were obtained with the PV
infection study (S. Abe, K. Fujii, and S. Koike, submitted for
publication) when TICAM-1 '~ mice were substituted with
TLR3 ™" or IRF-3/7 double-knockout (KO) mice. Results were
confirmed using IRE-37"" and IRF-7~/~ mice (26). These results
are essentially consistent with previous reports using a PVRig/
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FIGURE 2. High doses of PV disable the protective effect of TICAM-1.
WT and TICAM-1 KO mice (n = 6) were i.p. infected with 2 X 108 (A),
2 X 10° (B),or2 X 102 PFU (C) PV and survival was monitored for 14 d.

IFNAR ™~ mouse model (27), in which type I IFN is critical for
PV permissiveness, particularly in the intestine of PVRtg mice.

TICAM-1-dependent type I IFN induction in PVRtg mice

PV titers in various organs were measured with WT and TICAM-1"""
mice i.p. injected with 2 X 10* PFU PV. In most organs, PV titers
were higher in TICAM-1""" mice than in WT mice at day 3 post-
infection (Fig. 34). The PV titer ratio in TICAM-1""" versus WT
mice was also high in the lung (Fig. 3A). In most organs except for
the large intestine, high PV titers were harvested in TICAM-1"""
mice compared with WT mice. The difference in local PV titers
between WT and TICAM-1""" mice was culminated in the lung and
spinal cord (Fig. 34). Serum PV titers were increased within 48 h

7 B PVR Tg,
BTICAM-1 KO, PVR Tg
G 6
3
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FIGURE 3. Viral titers in organs and serum following PV infection. WT
and TICAM-1 KO mice were infected i.p. with 2 X 10* PFU PV. The viral

titers in each organ (A) and sera (B) were measured by a plaque assay. Data
are shown as means * SD of three independent samples.
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after PV i.p. injection in TICAM-1""" mice compared with WT mice
(Fig. 3B).

- IFN-o/B levels were measured with sera from WT, 1PS-1777,
and TICAM-1"'" mice, but they were barely detected in these PV-
infected mice (Supplemental Fig. 1B). Only i.v. injection of high
PV titers (an example shows >4 X 108 PFU) allowed WT mice to
release type I IFN within 12 h (Supplemental Fig. 1B). No IFN
was detected in blood in TICAM-1"/" and IPS-1~/~ mice even in
this high-dose setting. However, IFN-a production was repro-
duced in a cell type level (peritoneal Mf) in vitro (Supplemental
Fig. 1C). PV infection-mediated cell death (28) and degradation of
MDAS protein (29) may be major causes for this undetectable
type 1 IFN production during in vivo PV infection.

TICAM-1 pathway contributes to IFN-B induction in WT mice
with low PV titers

We next determined the mRNA levels of type I IFN in each organ
extracted from PV (2 X 10* PFU)-infected WT and TICAM-1""~
mice. IFN-B mRNA was upregulated in all of the organs tested in
WT mice within 12 h in response to PV injection (i.p.) (Fig. 4A).
In contrast, only a low increase in IFN- mRNA was detected in
the organs of TICAM-1""" mice (Fig. 44). IFN-a2 mRNA was
upregulated in the organs of TICAM-1""" and WT mice to similar
extents in response to PV injection (2 X 10* PFU, i.p.) (Fig. 4B).
Notable decreases in IFN-a2 mRNA were observed in the
TICAM-1"'" spleen and spinal cord compared with WT controls
(Fig. 4B). The mRNA levels of genes associated with type I IFN
induction were evaluated by qPCR, and no unique differences
were observed between the splenocytes from PV-injected TICAM-
17/~ and IPS-17'" mice (Supplemental Fig. 1D). Hence, type I
IFN mRNA is generally upregulated via TICAM-1 in the local
organs of PVRtg WT mice during PV infection.

The mRNA levels of IFN-inducible genes and other cytokines
were determined in spleen cells after PV infection. IFN-\ and IFN-
vy-induced protein 10 (IP-10) mRNA were upregulated in the
spleen cells of WT, but not TICAM-1""" mice, after PV infection
(multiplicity of infection [MOI] of 1) (Fig. 4C), with profiles
similar to that of IFN-B mRNA (Fig. 4C). A sensor for 5'-
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triphosphorylated RNA, IFN-induced protein with tetratripeptide
repeats 1 (IFIT-1), was also upregulated through PV infection (Fig.
4C). TNF-a, IL-10, IL-12p40, and IFN-y, which may be associ-
ated with infectious cell death, were barely upregulated in spleen
cells in response to PV infection (Supplemental Fig. 1E).

TICAM-1—dependent type I IFN induction by PV depends on
Mf in PVRtg mice

The types of cells that participate in type I IFN induction in the
spleen were examined by sorting spleen cells. IFN-B and IFN-a2
were found to be induced in WT CD11c* DC (Fig. 54), whereas
CD11c™ cells barely induced type I IFN. Furthermore, IFN-8 and
IFN-:2 were barely induced in TICAM-1""~ CD11c* cells (Fig.
5B). Participation of IPS-1 in type I IFN induction in CD11c*
myeloid cells is less compared with that of TICAM-1 (Fig. 5B).

Splenic CD8a*CD11c* and CD4*CD11c* cells were separated
by MACS beads and their response to PV (MOI of 1) was ana-
lyzed by determining the mRNA levels of type 1 IFN (Fig. 5C).
CD8a*CD11c* cells, but not the CD4*CD11c* cells, of WT mice
were responsible for type I IFN induction by PV. There was
a CD47CD8«~ population of DC in the spleen and this type of
cells did not induce type I IFN in response to PV (Supplemental
Fig. 2). The generation of the mRNA of type I IFN and IFIT-1 by
PV infection was abrogated in the TICAM-17/~ CD8«*CD11¢*
splenic DC (Fig. 5D). Also, CD4/8a double-negative DC failed to
express type I IFNs (Supplemental Fig. 2). Thus, CD8a*CD11c*
DC, which reportedly express TLR3 (30), are the source of type
1 IFN in PV-infected PVRtg mice.

We finally confirmed that type I IFN is locally induced in TLR3*
myeloid cells during PV infection. BM-Mf and BM-DC were
prepared from mouse BM and challenged with PV (MOI of 1).
These cells express TLR3 in the endosome as previously reported
about mouse BM-DC (30) and human monocyte-derived DC (31).
BM-Mf showed similar profiles of type I IFN mRNA to those
of PV-infected splenocytes (Figs. 4C, 6A). However, IFN-A and
1IP-10 mRNA were not detectable in PV-infected BM-MI, the

~ reason for which remains unclear (Fig. 64). IL-12p40, a repre-

sentative TICAM-1-dependent gene, was transiently upregulated
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FIGURES. The expression of type I IFN in splenic DC. A, were isolated from WT spleens using the MACS system. CD11c* or CD11c™ cells (5 X 10%)
were infected with PV (MOI of 1), and the mRNA expression of type I IFNs was measured by RT-qPCR. B, WT, TICAM-1, and IPS-1 knockout splenic
CD11c” cells were infected with PV, and the expression of type I IFNs was measured by RT-qPCR. C, CD8a*CD11c* cells and CD4*CD11c* cells were
isolated from WT spleens and infected with PV (MOI of 1). The expression of type I IFNs was measured by RT-qgPCR. D, CD8a*CD1 I¢* splenic cells were
isolated from WT and TICAM-1 KO mice and infected with PV (MOI of 1). The expressions of type I IFNs and IFIT-1 were measured by RT-gPCR. Data
are shown as means * SD and are representative of three independent experiments.

in BM-Mf ~4 h after PV infection (Supplemental Fig. 3). Simi-
larly, but less prominently, the profiles of type I IFN and IL-12p40
were observed in BM-DC (Fig. 64, Supplemental Fig. 3) and
CD11c¢"CD8* splenic DC (Fig. 5D). Therefore, taken together,
these results indicate that IL.-12 and IFN-o/B are only minimally
upregulated in splenic DC in a PV-dependent manner.

The production of IFN-a was determined by ELISA in the
supernatant of PV-infected BM-Mf and BM-DC (Fig. 6C). BM-Mf
prepared from WT mice generated higher amounts of IFN-a than
did those from TICAM-1"/" mice. Although similar results were
obtained with BM-DC, the effect of TICAM-1 depletion was not
statistically significant (Fig. 6C).

NK cells and MEF do not play major roles in protection
against PV infection

Using NK1.1-depleted mice, we tested the possible participation of
NK cells in the protection of PVRtg mice from PV infection (Fig.
7). NK1.1* cells were depleted from mouse blood 1 d after in-
jection (i.p.) of NK1.1 Ab into WT (Fig. 7A) and TICAM-1""~
mice. After PV challenge, WT mice inoculated with control saline
and NKI.1 Ab survived similarly, whereas TICAM-1"'" mice
were all killed by PV within 7.5 d irrespective of NKI1.1 pre-
treatment (Fig. 7B). Hence, NK cell activation does not affect PV-
derived death. The lack of TICAM-1 was also found to have no
effect on the NK cell-mediated rescue of PV-infected mice.
Mouse fibroblasts are known to be a potential source of type [
IFN (13). We therefore checked whether MEF induce type I IFN
and protection against PV (Supplemental Fig. 4). MEF from WT

PVRtg mice were susceptible to PV, with cell death being ob-
served at an MOI of 1. MEF from TICAM-1""" PVRtg mice were
1 log more susceptible to PV, with cell death occurring at an MOI
of 0.1 (Supplemental Fig. 44). IFN-B was upregulated in PV-
infected MEF to only a slightly higher level in PVRtg MEF
than in TICAM-1 ~/~ PVRtg MEF (Supplemental Fig. 4B). These
results suggested that the large difference in the PV survival rate
between WT and TICAM-1""" mice is not caused by NK cells or
type I IEN induction by fibroblasts. The TICAM-1 pathway plays
a key role for producing IFN-a/f in Mf/DC, but not in fibroblasts,
during PV infection in PVRtg mice.

Discussion

In this study, we demonstrated that PV infection is exacerbated
in TICAM-1""" PVRtg mice. There are a number of RNA-sensing
molecules that serve as anti-virus agents and function in a cell
type-specific manner. Based on trials using gene-disrupted mice
and human viruses, RIG-I has been reported to be essential for
sensing infection by rhabdoviruses, influenza viruses, para-
myxoviruses, and flaviviruses, whereas MDAS is important for
sensing picomavirus infection (13, 33). In previous studies on
picornaviruses, however, only EMCV and several species of
picornaviruses have been employed for the KO mice analyses
(13). The essential role of type I IEN in PV tropism has been well
characterized in PVRtg mice (34). To our knowledge, this study
is the first to investigate the sensor that detects PV infection in
PVRtg PV-sensitive mice. Because RIG-1 and MDAS5 use the
adaptor 1PS-1, we constructed an IPS-1"'" mouse strain for this
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study. Unéxpectedly, however, IPS-1 was dispensable for protec-
tion against PV infection in vivo. This study, taken together with
other reports (33, 35, 36), suggests that each virus species has its
own strategy to evade host immune attack. This is true even in
picornavirus subspecies. Although the IPS-1 pathway involving
RIG-I and MDAS5 is important for sensing and preventing cyto-
plasmic virus replication, other steps also participate in critical
regulation of virus replication. PV infection is the case where
MDAS5 is not absolutely critical, but TICAM-1 is essential, for
virus protection.

The TICAM-1 pathway participates in driving NK/CTL acti-
vation in DC/MT (21, 37). This pathway is involved in type I IFN
induction, as in the IPS-1 pathway, but cells expressing TLR3 are
limited. The TLR3 distribution profile by flow cytometry confirms
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FIGURE 7. Effect of NK cells on mortality of PV-infected TICAM-1""~
PVRtg mice. A, To block the NK cell activity in mice, NK1.1 Ab or PBS
(control) was i.p. injected into WT mice (n = 6). After 24 h, spleen cells
were isolated from the mice and the fraction of NK1.17 cells was measured
by FACS analysis. B, NK1.1 Ab or PBS was i.p. injected into WT and
TICAM-1 KO mice. After 24 h, the mice were infected i.p. with PV, and
survival was monitored for 15 d.
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its expression in myeloid cells in mice (30). The TICAM-1
pathway converges with the IPS-1 pathway via the molecular com-
plex of IRF-3-activating kinases (38), and therefore activation
of the TICAM-1 pathway induces type I IFN and other IFN-
inducible genes (39). Nevertheless, gene induction profiles differ
between the TICAM-1 and IPS-1 pathways (40), which may ex-
plain the functional distinction between the sensor that is triggered
in the virus-infected cells: (MDAS/IPS-1) and the sensor that is
required for DC/Mf to mount immune responses. Studying these
gene functions will be an important issue for functional discrim-
ination-between the intrinsic versus extrinsic sensors.

RIG-1/MDAS5 are distributed over almost all organs, including
MI/DC. An interesting point concerns what the function is of the
IPS-1 pathway in Mf/DC. Without conditional KO mice, we have
an experimental limit to discriminate between their intrinsic
function that is triggered in PV-infected cells and the extrinsic
function leading Mf/DC to driving the innate immune response.
Because the TLR3/TICAM-1 pathway is conserved in Mf/DC, the
CNS, fibroblasts, and epithelical cells, it is reasonable that their
functions are rather specified in Mf/DC and the neuronal system
in PV infection.

However, except several examples such as rhabdovirus (41) and

hepatitis C virus (HCV) (32), no definitive evidence has been
reported supporting the role of TLR3/TICAM-1 in anti-RNA vi-
rus function using KO mice, unlike IPS-1 (35, 36). In previous
studies, we used RNA viruses and their mouse models of measles
virus, respiratory syncitial virus, vesicular stomatitis virus, influ-
enza virus, and rotavirus infection (12), but we were unable to
demonstrate solid antiviral function of the TLR3/TICAM-1 path-
way in these models (12). Accordingly, which type I IFN, IFN-
inducible gene, NK cell, or CTL is an effector for antagonizing
viral replication still remains uncharacterized. To our knowledge,
the results of our present study first demonstrated that the TLR3/
TICAM-1 pathway is indispensable for induction of the type I IFN
effector, but not NK cell activation, which is a critical event in
the elimination of virus-infected cells and host protection against
PV. IL-12 and IFN-v are not upregulated in splenic DC in a PV-
dependent manner. Furthermore, CTL are unlikely to be involved
in our present model, since they would not function within the
time scale of several days after initial infection (42).
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How PV circumvents host-inducible type I IFN is an intrigu-
ing point. Three lines of evidence have supported the presence of
unique mechanisms by which PV infection abrogates MDAS-
mediated type I IFN production by infected cells and accelerates
TLR3-mediated DC maturation through phagocytosis of PV-
infected cell debris. First, proteases encoded in the PV genome
process the PV polyprotein to produce functional viral proteins
(43). PV 2A and 3C proteases also contribute to the degradation
of elF4G (44) and TATA-binding protein (45), respectively, the
cleavage of which induces the translational and transcriptional
“shutoff” of host protein synthesis (28). Thus, blocking the syn-
thesis of host cell proteins by PV involves stopping IFN pro-
duction. Second, MDAS is degraded in PV-infected cells in a
proteasome- and caspase-dependent manner, resulting in the lack
of type I IFN production (29). Third, PV-mediated apoptosis
occurs in a caspase-dependent manner to disable infected cells
from inducing an IFN response (46), with the MDAS5-dependent
innate response to PV infection becoming minimal within 3 h
postinfection. Additionally, RIG-I is also cleaved by the viral
protease 3C (47), and additional RIG-I functions are subsequently
disrupted. Hence, the RIG-I/MDAS functional time frames should
be narrow and ineffective in PV-infected cells.

The hijacked cells release virions and die irrespective of block-
ing of the IPS-1 pathway. These infected cells are degrading into
apoptotic debris containing virus dsRNA when RIG-UMDAS is
ineffective at inducing IFN (48). Phagocytic internalization of this
infected debris containing viral dsSRNA into endosomes in Mf/DC
is a critical event for TLR3 stimulation (37). If this is the case in
PV-infected PVRtg mice, dsRNA-containing debris produced by
apoptosis of PV-infected cells may play a major role in the acti-
vation of the TICAM-1 pathway in myeloid cells, as is the case for
another positive-stranded RNA virus, HCV (32). In HCV studies,
dead cells act as carriers of viral dsRNA to the endosomes of DC
(32). HCV induces cellular immunity including NK activation dri-
ven by the DC TICAM-1 pathway. PV, however, barely induces
NK cell activation.

The results of the present study were obtained using the PVRtg
mouse model for human PV infection. Possible limitations of this
model may include the fact that PV natural infection in humans
occurs postinfection of the intestine by a low dose of PVand the PV
mouse model is unable to reproduce this infectious route (27). The
difference in PV infection between human and the PVRtg mouse
might reflect the difference of the IFN-inducing system in humans
and mice. However, the response to neurovirulence and death by
PV infection occurs similarly in mice and humans. PVRtg mice
are susceptible to neuronal infection and the IFNAR ™~ pheno-
type further enhances systemic PV infection (27, 34). The G
(Sabin vaccine) and A forms (WT) of PV, which harbor G or A
residues in their stem-loop V structures, respectively, show dif-
ferent levels of toxicity or neurovirulence (49). The lower toxicity
of the vaccine strain is due to suppression of PTB-mediated pro-
tein synthesis in the G form. These results are essentially repro-
ducible in the PVRtg mouse model (50). Our findings further
indicate the essential role of the TICAM-1 pathway in the PVRtg
model system for the PV-mediated induction of type I IFN in vivo.
How this finding is associated with PV-mediated paralytic death
and aberrance in the neuronal system is an open question for
further understanding the PV neurovirulence and host defense.

In studies on virus infection in neurons, there was no difference
between TLR3 '~ and WT mice in the brain of reovirus infection
(S1). TLR3™'" mice have less severe neuroinvasiveness and sur-
vive longer than do WT mice in rabies virus infection (41). Fur-
ther extensive studies have been performed with West Nile virus
(WNV). TLR3™/" or TICAM-1""" mice became more resistant to

TICAM-1 IN PV INFECTION

WNV infection than did WT mice (52). Compared to these earlier
results, a recent report showed that lack of TLR3 enhances WNV
mortality and increases viral burden in the brain (53). TNF-a and
IL-6 are induced for inflammation, and high IL-10 production
causes an increase of mortality in WNV-infected mice (54).
TICAM-1 signaling is undoubtedly involved in the modulation of
these cytokine productions and WNV replication in the nervous
system (53, 54). In patients with herpes simplex encephalitis,
functional deficiency of TLR3 or TICAM-1 is a critical factor for
disease progression (55). The TLR3 responses in the CNS may
differ from those in the immune system we examined (54, 56).
How PV infection modulates IFN/cytokine-inducing signaling in
the nervous system is an interesting issue. The possibility remains
that cytokines, such as TNF-a, IL-10, IL-12p40, and IFN-y, might
be associated with the removal of infectious cells as in other
virus infections, and the antiviral function of TLR3 ligands in
PV-infected mice requires further elucidation.

A picornavirus CBV activates the TLR3/TICAM-1-IFN-y axis
in host-infected cells to induce type 1l IFN (18). It is possible that
CBV promotes TLR3-dependent IFN-y induction in lymphocytes
rather than the type I IFN-inducing pathway. In the model of PV
infection, however, the TICAM-1 pathway does not contribute to
type Il IFN induction. These findings indicate that picornaviruses,
that is, EMCV, CBV and PV, have independently evolved to adapt
to the host innate immune system and cope with the IFN-inducing
system. If this is the case, host responses against picornaviruses
may not be unimodally raised by MDAS but may provide differ-
entially adapted strategies. EMCV tropism reported previously
(13) is clearly distinct from those of other picornaviruses. In this
article, we present evidence that PV infection is protected by the
TICAM-1 pathway that extrinsically induces type I IFN. Virus-
produced dsRNA may differentially act on host cells depending on
each virus species and accomplish circumvention from host innate
sensing systems, maintaining virus tropism.
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The cytoplasmic viral RNA sensors RIG-I and MDAS are important for the production of type I interferon
and other inflammatory cytokines. DDX60 is an uncharacterized DEXD/H box RNA helicase similar to
Saccharomyces cerevisiae Ski2, a cofactor of RNA exosome, which is a protein complex required for the integrity
of cytoplasmic RNA. Expression of DDX60 increases after viral infection, and the protein localizes at the
cytoplasmic region. After viral infection, the DDX60 protein binds to endogenous RIG-I protein. The protein
also binds to MDAS and LGP2 but not to the downstream factors IPS-1 and IiB kinase ¢ (IKK-€). Knockdown
analysis shows that DDX60 is required for RIG-I- or MDAS-dependent type I interferon and interferon-
inducible gene expression in response to viral infection. However, DDX60 is dispensable for TLR3-mediated
signaling. Purified DDX60 helicase domains possess the activity to bind to viral RNA and DNA. Expression of
DDX60 promotes the binding of RIG-I to double-stranded RNA. Taken together, our analyses indicate that
DDX60 is a novel antiviral helicase promoting RIG-1-like receptor-mediated signaling.

RIG-I and MDAS are cytoplasmic viral RNA sensors be-
longing to the group of RIG-I-like receptors (RLRs), which
includes LGP2 (57-59). RIG-I recognizes RNAs from vesicu-
lar stomatitis virus (VSV), hepatitis C virus (HCV), Sendai
virus (SeV), and influenza A virus (21, 36, 37), while MDAS
recognizes RNA from picornaviruses such as encephalomyo-
carditis virus and poliovirus (PV) (3, 19, 21). RLRs are also
involved in the recognition of cytoplasmic B-DNA. RNA poly-
merase III transcribes cytoplasmic AT-rich double-stranded
DNA (dsDNA), and the transcribed RNA is recognized by
RIG-I (1, 6). In contrast, Choi et al. have reported that RIG-1
associates with dsDNA (7).

When RIG-I or MDAS is activated by viral infection, the
N-terminal caspase recruitment domains (CARDs) associate
with the adaptor protein IPS-1 (also called MAVS/Cardif/
VISA) on the outer mitochondrial membrane (22, 26, 42, 55).
After this association occurs, IPS-1 activates TBK1 and 1kB
kinase € (IKK-¢) and signals interferon (IFN) regulatory factor
3 (IRF-3)- and NF-«kB-responsive genes, such as those for type
I TFNs or other inflammatory cytokines (22, 23, 26, 42, 44, 55).

Both the helicase and C-terminal domain (CTD) of RIG-1 bind
to RNA, but it is the CTD that is responsible for the recognition
of the 5" triphosphate double-stranded structure typical of viral
RNA (16, 39, 40). Recently, Rehwinkel et al. showed that the
physiological ligand of RIG-I during influenza A virus or SeV
infection is the full-length viral genomic single-stranded RNA
(ssRNA), which possesses base-paired regions or defective inter-
fering (DI) genomes (35). In contrast to RIG-I, MDAS recog-
nizes long viral double-stranded RNA (dsRNA) (21). The RNA
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binding activity of the MDAS5 CTD is relatively weak compared
with that of the RIG-I CTD, because the basic surface of the
MDAS CTD has a more extensive flat region than the RIG-I
CID (8, 45, 46). Although the RNA binding activity of the
MDAS CTD is weak, this protein plays a pivotal role in the
recognition of picornavirus RNA (20, 21).

For the efficient recognition of viral RNA, RIG-I and
MDAS require protein modification and association with up-
stream factors. LGP2 is one of the upstream factors. LGP2
lacks an N-terminal CARD; thus, LGP2 itself cannot transmit
the signal in the absence of RIG-I or MDAS (36, 38, 49). The
CTD of LGP2, which binds to the terminal region of viral
double-stranded RNA, is more similar to the CTD of RIG-I
than to that of MDAS (24, 33, 45). LGP2 knockout studies
have revealed that LGP2 is essential for type I IFN production
by MDAS but plays only a minor role in type I IFN production
by RIG-I (38, 49). RIG-I requires modification of K63-linked
polyubiquitination by TRIM25 and Riplet/REUL ubiquitin li-
gases for its full activation (11, 13, 30, 31). High-mobility-group
box (HMGB) proteins also act as upstream factors of RLRs.
Recently, Yanai and colleagues reported that HMGBI,
HMGB?2, and HMGBS3 serve as sentinels for the nucleic acids
required for both RIG-I and MDAS recognition of viral RNA
(56). Hayakawa and colleagues reported that ZAPS associates
with RIG-I to promote oligomerization and ATPase activity of
RIG-I (15). Another factor interacting with RLRs is DDX3, a
DEXD/H box RNA helicase, which is similar to LGP2 in that
it does not contain a CARD but promotes signaling by forming
a complex with either RIG-I or MDAS (32). DDX3 also plays
important roles in TBK-1- and IKK-e-mediated IRF activation,
and Schréder et al. and Soulat et al. were the first to describe
results showing that DDX3 is a non-RLR helicase involved in
innate immune responses (41, 43).

DDX60, a DEXD/H box helicase, was annotated in a ge-
nome project, and the protein function is unknown. The pro-
tein is weakly similar to SKIV2L and SKIV2L2 and is the
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human homolog of Saccharomyces cerevisine (budding yeast)
Ski2, a cofactor of the RNA exosome (9, 18). The RNA exo-
some is a macromolecular protein complex that includes ribo-
nucleases and helicases and controls the quality of host RNA
molecules in both the nucleus and cytoplasm (17). It is com-
posed of nine core components and several cofactor proteins
(18). In budding yeast, the RNA exosome and Ski2 together
exhibit antiviral activity (53, 54); similarly, the mammalian
RNA exosome, together with its cofactors, shows antiviral ac-
tivity against Moloney leukemia virus and Sindbis virus (5, 14).
Our microarray analysis has shown that DDX60 is upregulated
in human dendritic cells during infection with measles virus
{MV) (our unpublished results). Thus, we expected DDX60 to
be a novel antiviral protein and found that DDXG60 is involved
in RIG-I-like receptor-dependent antiviral pathways.

Here, we show that DDX60 is induced during viral infection
and suppresses viral replication. DDX60 was found to form a
complex with RLRs, promoting signaling; the results of knock-
down experiments indicated that DDX60 is involved in RLR-
dependent pathways. Moreover, the DDX60 helicase domain
was observed to bind to viral RNA and DNA. Furthermore,
DDXG60 is required for type I IFN expression after DNA virus
infection. These data indicate that DDX60 is a novel antiviral
helicase involved in RLR-dependent pathways.

MATERIALS AND METHODS

Cell cultures. HEK293 and Vero cells were cultured in Dulbecco’s modified
Eagle’s medium with 10% heat-inactivated fetal calf serum (Invitrogen), and
HelLa cells were cultured in minimum Eagle’s medium with 2 mM L-glutamine
and 10% heat-inactivated fetal calf serum (JRH Biosciences). HEK293FT cells
were maintained in Dulbecco’s modified Eagle’s high-glucose medium contain-
ing 10% heat-inactivated fetal calf serum (Invitrogen). RAW 264.7 cells were
cultured in RPMI 1640 medium with 10% heat-inactivated fetal calf serum
(Invitrogen). Mouse bone marrow-derived dendritic cells (BM-DCs) were in-
duced as described in reference 2. PV receptor (PVR)-transgenic mice were
provided by S. Koike (Tokyo Metropolitan Institute for Neuroscience).

Plasmids. Full-length human DDX60 cDNA was obtained from HelLa cell
total RNA by reverse transcription-PCR (RT-PCR). The obtained cDNA frag-
ments were sequenced, and we confirmed by PCR that the obtained cDNA
clones do not contain nucleotide mutations. The DDX60 cDNA clone was
cloned into Xhol and Notl restriction sites of pEF-BOS, and a hemagglutinin
(HA) tag sequence was inserted just before the stop codon. EXOSC1, EXOSC4,
or EXOSCS5 was amplified by RT-PCR from HeLa cell total RNA. The obtained
cDNA fragment was cloned into XhoI and NotI restriction sites of pEF-BOS
vector, and the FLAG tag was fused at the C-terminal end. The DDX6 cDNA
carrying a full-length open reading frame (ORF) was amplified by RT-PCR using
primers DDX6-F (GGC CGC TCG AGC CAC CAT GAG CAC GGC CAG
AAC AGA G) and DDX6-R (GGC GGG GTA CCC CAG GTT TCT CAT
CTT CTA CAG). The fragment was cloned into Xhol and Notl sites of pEF-
BOS vector. For in vitro viral RNA synthesis, we amplified VSV-G region cDNA
by PCR using primers VSV-G-F and VSV-G-R. The obtained cDNA fragment
was cloned into pGEM-T Easy vector. The primer sequences are as follows: for
VSV-G-F, ACAGGAGAATGGGTTGATTC; and for VSV-G-R, ATGCAAA
GATGGATACCAAC. Vectors expressing full RIG-I or RIG-I fragments were
described before (30). The plasmids expressing TLR3 or TICAM-1 are described
in reference 29. The pl25luc reporter plasmid was a gift from T. Taniguchi
(University of Tokyo, Tokyo, Japan). Mutant DDX60 expression constructs were

FIG. 1. The phylogenetic tree of DEXD/H box RNA helicase.
(A) Schematic diagram of DDX60. DDX60 encodes a peptide of 1,712
amino acids (aa) that contains a DEXD/H box (DEXDc; aa 760 to
956) and HELICc (aa 1247 to 1330). (B) The phylogenetic tree of
DEXD/H box RNA heliases. Ce, C. elegans. The bootstrap probabil-
ities and genetic distances are shown in red and black, respectively.
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FIG. 2. Expression of DDX60 mRNA. (A and B) Mouse BM-DCs were stimulated with poly(I - C) (A) or infected with MV in the presence
of anti-IFN-AR antibody (B). Total RNA was extracted from the cells, and microarray analysis was performed. The heat maps in the left column
show the expression profiles of the genes encoding the helicase domain. The heat maps in the right column show the genes encoding the helicase
domain whose expression levels changed more than 4-fold. (C) Northern blot of human DDX60 mRNAs in specified tissues. Northern blots of
human tissues were probed with DDX60 cDNA. (D and E) Mouse BM-DCs, HeLa cells, or RAW 264.7 cells were stimulated with 50 pg of
poly(I - C)/ml (D), 800 U of IFN-B/ml (E), 100 U of TNF-o/ml (E), or 1,000 U of IL-18/ml (E). Expression of DDX60, RIG-I, GAPDH
(glyceraldehyde-3-phosphate dehydrogenase), and B-actin mRNA was examined by RT-PCR. (F and G) HEK293 cells, RAW 264.7 cells, or HeLa
cells were infected with VSV at an MOI of 1 (F) or PV at an MOI of 0.1 (G). Expression of DDX60, IFN-8, 8-actin, and/or GAPDH was examined
by RT-PCR (F) or RT-qPCR (G). (H) PV was injected intraperitoneally (i.p.) into PVR-transgenic mice susceptible to PV. Tissue RNA extraction
was performed before or 3 days after infection, and RT-PCR was carried out on these samples.

amplified using primers for DDX60 (amino acids [aa] 1 to 169), (aa 169 to 334),
(aa 334 to 490), (aa 478 to 656), (aa 657 to 857), (aa 857 to 1054), (aa 1049 to
1256), (aa 1256 to 1409), (aa 1407 to 1543), and (aa 1543 to 1712). The primer
sequences are shown in Table S1 in the supplemental material.

Phylogenetic analysis. The amino acid sequences of the DEXD/H box domain
were aligned using ClustalW software on the NIG server. The phylogenetic tree was

drawn using the neighbor-joining method and GENETYX-MAC software (version
13.0.3).

Northern blotting. A human DDX60 644-bp cDNA fragment (from the region
at bp 3978 to 4621) was used for the probe for Northern blotting. The Northern
blot membranes (human 12-lane multiple-tissue Northern [MTN] blot and MTN
blot M) were purchased from Clontech. The probe was labeled using
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FIG. 3. Interactions between DDX60 and RNA exosome components. (A and B) HA-tagged DDX60 and FLAG-tagged EXOSC1 (A) and EXOSC4
(B) expression vector was transfected into HEK293FT cells. After 24 h, cell lysates were prepared and immunoprecipitation (IP) was performed with
anti-FLAG antibody. The samples were analyzed by SDS-PAGE and detected by Western blotting (WB) using anti-HA or anti-FLAG antibodies. WCE,
whole-cell extract (WCE). (C) HA-tagged DDX60 partial fragments and/or FLAG-tagged EXOSC4 expression vectors were transfected into HEK293FT
cells, and immunoprecipitation was carried out as described for panel A in the presence of RNase A. (D) HA-tagged DDXG60 fragment-expressing vectors
were transfected into HeLa cells. The cells were stained with anti-HA antibody and DAPI and then observed by confocal microscopy.

32

[a-**P]dCTP and a Rediprime II random prime labeling system (GE Health-
care). The labeled probe was hybridized to the membrane by the use of Ex-
pressHyb hybridization solution (Clontech) at 68°C for 1 h. The membrane was
washed with washing solution I (2X SSC [1X SSC s 0.15 M NaCl plus 0.015 M
sodium citrate], 0.05% sodium dodecyl sulfate [SDS]) for 40 min and then

washed with washing solution II (0.1X SSC, 0.1% SDS) for 40 min. DDX60
mRNA bands were detected with X-ray film.

RT-PCR and real-time PCR. Total RNA was extracted with TRIzol reagent
(Invitrogen), and then the samples were treated with DNase I to remove the
DNA contamination. The reverse transcription reaction was carried out using a

302

ALISHIAINN OQIVMYOH Ad 2102 ‘g Arenige uo /Bio"wise qouwy//:dly wol} pspeojumoq



3806 MIYASHITA ET AL.

(A)  polyl:C (50pug/mi)
Ohr

3hr 6hr

o-HA pAb
Hela

DiC

el cx0sc1-FLAG

(F)

(H)  Early endosome

Merge"
Mock §

vsv

303

vsv

Mot. CELL. BioL.

(B) vsvmoI=10
ghr __2hr ___4h

, ! a-HA pAb
Hel.a|

DIC

) Autophagosome
Mock [

SeV

diy wouj pepeojumo(

ALISHIAINN OQIVIMOH Aq 210z ‘2 Aenige uo /Bio wse qowy/



VoL. 31, 2011

high-capacity cDNA reverse transcription kit (ABI). Quantitative PCR (QPCR)
analysis was performed using Step One software version 2.0 (ABI) and SYBR
Green Master Mix (ABI). The primer sequences for gPCR and PCR are de-
scribed in Table S2 and S3 in the supplemental material, respectively.

Microarray analysis. Mouse bone marrow-derived dendritic cells were stim-
ulated with poly(I- C) or infected with MV with anti-IFN-AR antibody (Ab)
(see Fig. 2A). Total RNA was extracted from the cells, and we performed
microarray analysis using Affimetrix GeneChip Mouse 430.2 software (10). The
data were analyzed by GeneSpring GX 11 software.

RNA interference. RNA interference (RNAI) vectors were constructed by the
insertion of oligonucleotides into the Xbal and PstI site of the pH 1 vector. The
target sequence for DDXG60 is 5-CTTTACCACTTTCCTACGA-3', the target
sequence for EXOSC4 is 5'-TATAGTTCAGCGACCTT-3', and the target se-
quence for EXOSCS5 is 5'-GGATCCTACATCCAAGCAA-3'. Hela cells or
HEK?293 cells were transfected with RNAi vector (0.5 ug) by the use of 24-well
plates and FuGENE HD (Roche). After incubation for 24 h, cells were recov-
ered and suspended in 12 ml of medium and then seeded to a 24-well plate. At
24 h after incubation, puromycin (1.0 pg/ml) was added. The medium containing
puromycin was changed every 5 days, puromycin-resistant colonies were recov-
ered, and the mRNAs of endogenous DDX60 or EXOSC4 and EXOSC5 were
checked by RT-PCR. The sequences of the primers used for RT-PCR are
described in Table S3 in the supplemental material. Small interfering RNA
(siRNA) for DDX60 was purchased from Ambion and was transfected with
Lipofectamine 2000 reagent (Invitrogen). The target sequence was 5'-GGC TAA
CAA ACT TCG AAA A3

Immunoprecipitation. HEK293FT cells were transfected in 6-well plates with
plasmids encoding FLAG-tagged RIG-I, MDAS, EXOSCI, EXOSC4, EXOSCS,
LGP2, IKK-g, and Ubcl3- and/or HA-tagged DDX60. The plasmid amounts
were normalized by the addition of empty plasmid. At 24 h after transfection,
cells were lysed with lysis buffer (20 mM Tris-HCI [pH 7.5], 150 mM NaCl, 1 mM
EDTA, 10% glycerol, 1% Nonidet P-40, 30 mM NaF, 5 mM Na,;VO,, 20 mM
iodoacetamide, 2 mM phenylmethylsulfonyl fluoride), and then proteins were
immunoprecipitated with rabbit anti-HA polyclonal antibody (Sigma) or anti-
FLAG M2 monoclonal antibody (Sigma). The precipitates were analyzed by
SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and stained with anti-HA
polyclonal or anti-FLAG M2 monoclonal antibody or monoclonal antibody to
RIG-I (Alme-1) (Alexis Biochemicals).

Confocal microscopy. HeLa and HEK293 cells were plated onto Micro Cover
glass sheets (Matsunami) and poly-L-lysin-coated cover glass sheets (eBiosci-
ence), respectively, in a 24-well plate. The following day, cells were transfected
with the indicated plasmids. At 24 h after transfection, cells were infected with
VSV or transfected with poly(I - C) by the use of 0.5 pg/ml DEAE-dextran for
4 h and then fixed using 3% formaldehyde-phosphate-buffered saline (PBS) for
30 min and permeabilized with 0.2% Triton X-100 for 15 min. Fixed cells were
blocked in 1% bovine serum albumin (BSA)-PBS for 10 min and labeled with
the indicated primary Abs (5 pg/ml) for 60 min at room temperature. Alexa-
conjugated secondary Abs (1:400) were used to visualize staining of the primary
Abs for 30 min at room temperature, and the mixture was mounted onto glass
slides by the use of PBS containing 2.3% 1,4-diazabicyclo[2.2.2]octane and 50%
glycerol or Prolong Gold antifade reagent with DAPI (4',6'diamidino-2-phe-
nylindole; Invitrogen). Cells were visualized at a magnification of X63 with an
LSM510 Meta microscope (Zeiss). To stain the mitochondria, endoplasmic re-
ticulum (ER), early endosome, and autophagosome, we used Mitotracker (In-
vitrogen), anti-calnexin polyclonal antibody (Stressgen), anti-EEA1 polyclonal
antibody (ABR), and anti-LC3 polyclonal antibody (MBL), respectively.

Reporter gene analysis. HEK293 cells were transiently transfected using 24-
well plates and FuGENE HD (Roche) with expression vectors, reporter plas-
mids, and an internal control plasmid coding Renilla luciferase. The total
amounts of plasmids were normalized with empty vector. For poly(I - C) stim-
ulation, at 24 h after transfection, cells were stimulated with medium containing
poly(I-C) (50 pg/ml) and DEAE-dextran (0.5 pg/ml) for 1 h, and then the
medium was replaced with normal medium and incubation was performed for an
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additional 3 h. dsRNA was transfected using Lipofectamine 2000 (Invitrogen).
Cells were lysed with lysis buffer (Promega) and luciferase, and Renilla luciferase
activities were measured using a dual-luciferase assay kit (Promega). Relative
luciferase activities were calculated by normalizing luciferase activity by control
experiments in which only empty vector and reporter and internal control plas-
mids were transfected.

Viruses. VSV (Indiana strain), poliovirus (Mahoney strain), herpes simplex
virus 1 (HSV-1) (K strain), and SeV (HVJ strain) were amplified using Vero
cells. To determine the virus titer, we performed plaque assays using Vero cells.
To observe the cytopathic effect (CPE), virus-infected cells were fixed at indi-
cated times using 10% formaldehyde-PBS for 10 min and then stained using 1%
crystal violet-PBS for 5 min at room temperature.

DDX60 helicase recombinant protein. The DDXG60 helicase domain (bp 2254
to 4047) was amplified by PCR using primers DDX60 helicase-F and DDX60
helicase-R. The obtained cDNA fragment was cloned into Kpnl and Sall
restriction sites of pCold II DNA vector. The primer sequences were as
follows: for DDX60 helicase-F, CGGGGTACCATGAGAAAAGACCCAG
ATCCCAG; and for DDX60 helicase-R, GACGCGTCGACTTTTCCTATT
TTGGGGAATG. The DDX6 helicase domain (aa 114 to 429) was amplified by
RT-PCR using primers F (GGC GGG GTA CCA TGG GCT GGG AAA AGC
CAT C) and R (GGA CGC GTC GAC ACC AAA GCG ACC TGA TCT TC).
The ¢cDNA fragment was cloned into the KpnI and Sall sites of pCold II DNA
vector. Expression vectors were introduced into Escherichia coli BL21-competent
cells and cultured in 10 ml of LB medium with ampicillin added for 12 h at 37°C
and then added to 250 ml of LB medium and cultured for 3 h at 37°C. The cells
were incubated at 15°C for 30 min, and protein expression was induced by the
addition of 1 mM IPTG (isopropyl-B-D-thiogalactopyranoside). The cells were
then cultured at 15°C for 24 h. The culture fluid was centrifuged for 10 min at
10,000 rpm and 4°C, and the E. coli cells were recovered. The cells were sus-
pended in 5 ml of Tag binding buffer (20 mM Tris-HCI [pH 7.4], 0.5 M NaCl, 20
mM imidazol, 10% glycerol), 5 mg of lysozyme was added for 30 min on ice, and
the mixture was subjected to shaking for 10 min; 500 .l of 10% Triton X-100 was
then added, and the mixture was incubated for 10 min and centrifuged for 30 min
at 5,000 rpm. The reaction was conducted at 4°C. The supernatant was subjected
to filtration using a 0.45-pm-pore-size filter. The protein was purified using a
HisTrap HP column (GE Healthcare) in accordance with the manufacturer’s
protocol. The protein was eluted with elution buffer (20 mM Tris-HCI [pH 7.4],
0.5 mM NaCl, 200 mM imidazol, 10% glycerol). We then collected the nonab-
sorbed fraction (that sample that had dropped out after the mixture was applied
to the column), the wash fraction (the sample that dropped out -after washing
using the binding buffer was performed), and 500 pl each of elute fractions 1 to
10. The obtained samples were checked for purification by SDS-PAGE and
detected by Coomassie brilliant blue (CBB) staining.

RNA synthesis. VSV-G RNA was synthesized from plasmids by using Ribo-
probe combination system SP6/T7 RNA polymerase (Promega) in accordance
with the manufacturer’s protocol. VSV RNA was produced from PCR products
by the use of VSV G-pGEM-T Easy for its template and amplified by using a 5’
primer containing the T7 promoter (TAATACGACTCACTATAGGG) and a 3’
primer containing the SP6 promoter (GATTTAGGTGACACTATAG). The
dsRNA was made by mixing equal amounts of positive strand (SP6) and negative
strand (T7). The obtained ssSRNA or dsRNA was added to 10 U of DNase I
(Promega) at 37°C for 30 min and purified by phenol-chloroform treatment.

Gel shift assay. The components and final concentrations of the reaction
solution were BSA (0.02 mg/ml), MgCl, (10 mM), dithiothreitol (DTT; 0.1 mM),
glycerol (20%), NaCl (200 mM), Tris-HCI (20 mM), and ssRNA (0.6 wg),
dsRNA (0.24 wg), or dsDNA (0.1 pg); we then added DDX60 or DDXG6 helicase
recombinant protein. The total volume was adjusted to 20 pl by adding water.
The reaction solution was incubated at 30°C for 30 min; 1% agarose gel elec-
trophoresis was then performed at 4°C for 90 min, and we observed the RNA
results by the use of ethidium bromide (EtBr).

Pulldown assay. The RNA used for the assay was purchased from JBioS. The
RNA sequences were as follows: for the sense strand, AAA CUG AAA GGG

FIG. 4. Intracellular localization of DDX60. (A and B) HA-tagged DDX60 expression vector was transfected into HeLa cells, and transfected
cells were stimulated with 50 pg/ml poly(I - C) (A) or infected with VSV at an MOI of 10 (B). The cells were fixed and stained with anti-HA
antibodies and observed using confocal microscopy. DIC, differential interference contrast; pAb, polyclonal antibody. (C to E) HA-tagged DDX60
was transfected into HeLa cells together with FLAG-tagged EXOSC1 (C), EXOSC4 (D), or EXOSCS (E). Transfected cells were fixed and stained
with anti-HA and anti-FLAG antibodies and observed using confocal microscopy. mAb, monoclonal antibody. (F to 1) HEK293 cells stably
expressing DDX60-HA were infected with VSV or SeV. DDX60-HA was stained with anti-HA antibody. The ER, mitochondria, early endosome,
and autophagosome were stained with calnexin (F), Mitotracker Red (G), anti-EEA1 antibody (H), and anti-LC3 antibody (I).
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FIG. 5. Antiviral activity of RNA exosome. (A and B) HeLa cells were transfected with expression vectors containing EXOSC1, EXOSC4, and
EXOSCS, and 24 h later, the transfected cells were infected with VSV at an MOI of 1 or 0.5. One day after infection, the cells were fixed
and stained with crystal violet (A). Viral titers of culture media after 76 h were measured by a plaque assay (B). (C) Expression of EXOSC4 and
EXOSCS in stable HeLa clones, which express siRNA for EXOSC4, EXOSCS, or GFP, was examined by RT-PCR (upper panel), RT-gPCR
(middle panel), and Western blotting (lower panel). The amounts of EXOSC4 and EXOSCS cDNA in each sample were normalized by dividing
by the amount of GAPDH. (D and E) Cell growth rates of stable HeLa clones, which express shRNA for EXOSC4, EXOSC5, DDX60, or GFP,
were determined (D). The cells were infected with VSV at an MOI of 0.1 for 48 h, and viral titers of culture media were determined by a plaque
assay (E). (F) FLAG-tagged EXOSC4- and HA-tagged DDX60-expressing vectors were transfected into HEK293FT cells. After VSV or mock
infection, the immunoprecipitation was performed with anti-HA antibody. .
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FIG. 6. Antiviral activity of DDX60. (A and B) HeLa cells (A) or the cells stably expressing shRNA for EXOSCS5 or GFP (B) were transiently
transfected with empty, DDX60-expressing, and/or RIG-I-expressing vectors. After 24 h, cells were infected with VSV at an MOI of 0.1 for 30 h.
Cells were fixed and stained with crystal violet. (C and D) HEK293 clones stably expressing DDX60 or RIG-I (C) and HeLa cells subjected to mock
treatment or transiently expressing DDX60 (D) were infected with VSV at an MOI of 0.1 for 24 h (C) or 48 h (D). Viral titers of culture media
were measured by plaque assay. (E) Empty or DDX60-expressing vectors were transfected into HeLa cells, and 24 h after transfection, cells were
infected with PV at an MOI of 0.1 for 26 h. Viral titers of culture media were measured by a plaque assay. (F) DDX60-expressing vector was
transfected into HeLa clones stably expressing shRNA for GFP or DDXG60, and the protein results were observed by Western blotting. (G) Control
or DDX60 knockdown cells were infected with VSV at an MOI of 0.1 for 12 h, and viral titers of the culture media were measured by a plaque
assay. (H) Control and DDX60 knockdown cells were infected with VSV at the indicated MOI for 12 h. The cells were fixed and stained with crystal
violet. (I and J) Empty or DDX60-expressing vectors were transfected into HeLa cells with negative-control siRNA or siRNA for IPS-1. The cells
were infected with VSV at an MOI of 1. After 24 h, cells were stained with crystal violet (I), and the viral titers of culture media were determined
by a plaque assay (J).

AGA AGU GAA AGU G; and for the antisense strand, CAC UUU CAC UUC tors. The mixture was transferred into 400 ! of lysis buffer (20 mM Tris-HCI [pH
UCC CUU UCA GUU U. The biotin is conjugated at the U residue at the 3’ end 7.5], 150 mM NaCl, 1 mM EDTA, 10% glycerol, 1% NP-40, 30 mM NaF, 5 mM
of antisense strand (underlined). Biotinylated dsRNAs were phosphorylated by Na;VO,, 20 mM iodoacetamide, 2 mM phenylmethylsulfonyl fluoride [PMSF])
the use of T4 polynucleotide kinase (Takara). dsSRNA was incubated for 1 h at containing 25 wl of streptavidin Sepharose beads, rocked at 4°C for 2 h, collected
25°C with 10 pg of protein from the cytoplasmic fractions of cells that were by centrifugation, washed three times with lysis buffer, and resuspended in SDS
transfected with FLAG-tagged RIG-I and/or HA-tagged DDX60-expressing vec- sample buffer.
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RESULTS

Phylogenetic analysis of the DEXD/H box domain of
DDX60. The DDX60 protein contains a DEXD/H box RNA
helicase domain and long N- and C-terminal regions with no
typical domains or motifs (Fig. 1A). The DEXD/H box domain
is common in the human genome. Phylogenetic analysis using
amino acid sequences from this domain revealed that DDX60
is clustered within a group that includes RIG-I, MDAS,
DICERI1, and SKIV2L (bootstrap probability, 93%) and is
most closely related to SKIV2L (bootstrap probability, 90%)
(Fig. 1B). The functions of RIG-I and MDAS have been de-
scribed above. Dicer is an evolutionarily conserved protein
required for RNAI and is known to perform antiviral functions
in Drosophila melanogaster (12, 48, 51). SKIV2L is a homolog
of 8. cerevisiae Ski2, an antiviral protein that acts against
dsRNA virus. Thus, the DDX60 DEXD/H box domain is
found to cluster into a group composed of evolutionarily con-
served antiviral helicases.

Expression of DDX60 mRNA. We carried out the microarray
analysis using mouse bone marrow-derived dendritic cells
(BM-DCs) and found that RLRs and DDX60 were included in
the helicases whose expression had increased over 4-fold in
response to viral infection (Fig. 2A and B). We investigated the
expression profile of human DDX60 mRNA by Northern blot

analysis and detected a single mRNA band at approximately-

5.5 kb in the human brain, lymph node, prostate, stomach,
thyroid, tongue, trachea, uterus, skeletal muscle, spleen, kid-
ney, liver, and small intestine (Fig. 2C). Next, we examined the
regulation of DDX60 expression. DDX60 mRNA was detected
in unstimulated cells such as mouse BM-DCs, Hela cells,
HEK293 cells, and RAW 264.7 cells (Fig. 2D to F). DDX60
expression was upregulated by stimulation with poly(l - C)
(Fig. 2D) or IFN-B (Fig. 2E). However, DDX60 expression
was not increased by tumor necrosis factor alpha (TNF-o) or
interleukin-13 (IL-1B) stimulation (Fig. 2E). Interestingly,
DDX60 mRNA levels were increased by infection with VSV
(Fig. 2F) or PV (Fig. 2G and H). Thus, DDX60 is an interfer-
on-inducible gene and is upregulated during VSV or PV in-
fection.

DDX60 associates with the components of the RNA exo-
some. Since the sequence of DDX60 is similar to that of RNA
exosome cofactor SKIV2L, we examined whether the DDX60
protein associates with the RNA exosome core components in
the same manner as the cofactor proteins. The RNA exosome
core components form a tight protein complex (18); thus, it is
expected that one of the core components would be coimmu-
noprecipitated with other core components and cofactors of
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the RNA exosome. These core components include EXOSC1
and EXOSC4. DDX60 protein was observed to coimmunopre-
cipitate with EXOSC1 and EXOSC4 (Fig. 3A and B), indicat-
ing the physical interaction of DDX60 with EXOSC1 and
EXOSC4. We used partial DDX60 fragments to identify the
region of DDXG60 that binds to the RNA exosome. EXOSC4
was coimmunoprecipitated with the N-terminal 169-aa frag-

'ment of DDX60, indicating that the RNA exosome binds to

the N-terminal region of DDXG60 (Fig. 3C). All fragments were
localized in the cytoplasmic region (Fig. 3D).

Intracellular localization of DDX60. Next, we studied the
intracellular localization of the DDX60 protein by the use of
confocal microscopy. In resting cells, DDX60 was localized in
the cytoplasmic region but not in the nucleus before and after
poly(I- C) stimulation or viral infection (Fig. 4A and B).
EXOSC1, EXOSC4, and EXOSCS5 were localized at both the
cytoplasm and nucleus. The DDX60 protein was partially co-
localized with the RNA exosome components at cytoplasmic
region (Fig. 4C to E). To observe the intracellular localization
of DDXG60 after viral infection, we used HEK293 cell clones
stably expressing HA-tagged DDX60. Most DDXG60 staining
was not colocalized with mitochondria, the endoplasmic retic-
ulum (ER), LC3 (autophagosome marker), and endosome
markers (EEA1) (Fig. 4F to I). However, the DDX60-HA
protein was partially colocalized with the ER after VSV infec-
tion (Fig. 4F) and with the mitochondria after SeV infection
(Fig. 4G). ‘

Antiviral activity of DDX60 is independent of the RNA exo-
some. DDX60 expression was found to increase after viral
infection, and the RNA exosome plays an antiviral role in
lower eukaryotes such as budding yeast. Therefore, we as-
sessed the antiviral activity of both DDX60 and the RNA
exosome. Under our experimental conditions, 70% to 90% of
cells expressed the proteins encoded by the transfected plas-
mids. Overexpression of three core compenents (EXOSCI,
EXOSC4, and EXOSCS) suppressed the cytopathic effect
(CPE) (Fig. 5A) and reduced the viral titer in the case of a low
(0.1) multiplicity of infection (MOI) (Fig. 5B). Next, we per-
formed a short hairpin RNA (shRNA) knockdown assay. We
used shRNAs for EXOSC4 and EXOSCS, which were previ-
ously described as efficiently reducing expression of the target
mRNA (4). We confirmed that shRNAs for EXOSC4 and
EXOSC5 effectively reduced expression of their target
mRNAs and the proteins (Fig. 5C). A partial decrease in levels
of EXOSC4 in knockdown assays is known to reduce cell
growth (47). We observed that the presence of shRNA for
EXOSC4 and EXOSCS5 reduced cell growth (Fig. 5D); how-

FIG. 7. Association of DDX60 with RLRs. (A to C) Vectors expressing HA-tagged DDX60 were transfected into HEK293FT cells with
FLAG-tagged LGP2, RIG-I, MDAS, IPS-1, IKK-¢, and/or Ubc13, and cell lysates were prepared. The lysates were treated with RNase I1I (B) or
RNase A (C). Immunoprecipitation was carried out with anti-FLAG antibody, and the precipitates (IP) and 10% of whole-cell extract (WCE)
were analyzed using SDS-PAGE. Proteins were stained by Western blotting using anti-HA or anti-FLAG antibody. (D and E) HEK293FT cells
were transfected with empty or HA-tagged DDX60-expressing vectors, and cells were stimulated with dsRNA or infected with VSV. Cell
lysates were prepared at the indicated times, and immunoprecipitation was performed with anti-HHA antibody. The precipitates were analyzed using
SDS-PAGE, and Western blotting was carried out using anti-HA and anti-HMGBI (D) or anti-RIG-I (E) antibodies. (F and G) Vectors expressing
HA-tagged DDX60 and FLAG-tagged RIG-I (F) or MDAS (G) were transfected into HeLa cells. After 24 h, cells were fixed and stained with
anti-HA or anti-FLAG antibody and then observed using confocal microscopy. (H) The upper panel shows a schematic diagram of RIG-I partial
fragments. The lower panel shows results of an immunoprecipitation assay performed as described for panel A. DDX60 was found to bind to the

RIG-IC region.
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