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Figure 6 Effect of knockdown of FKBPS on the transient replication, colony formation, and viral infection. (A) Levels of expression of FKBP8
and B-actin in Huh7N and Huh7 FKBP8KD cell lines bearing plasmids encoding shRNA for control mRNA (lane 1) and for FKBPS mRNA (lane
2), respectively. (B) Each cell line was transfected with in vitro-transcribed HCV replicon RNA, pFK-1;49 hRL/NS3-3'/NKS.1 (HCVRNA), or a
replication-negative mutant, pFK-lags hRL/NS3-3'/NKS.1GND (HCV/GND). The fold increase in replication was determined by the increase in
luciferase activity at 48 h compared with that observed 4 h after standardization, as based on the activity of the replication-deficient HCV/GND
replicon. (C} Huh?N and Huh? FKBPBKD cell lines were transfected with in vitro-transcribed replicon RNA {pFK389 neo/NS3-3'/NKS.1) and
the cells were incubated for 4 weeks. The remaining cells were fixed with 4% paraformaldehyde and then were stained. (D) Huh?.5.1 cells
were transfected with either of siIRNA 1argeted to FKBP8 (Target 1) or nontarget control at a concentration of 80nM. The cells were inoculated
with HCVce at 24 b after transfection and cells and culture supernatants were harvested every day. Intracellular viral RNA (upper) and HCV
core protein in the supernatant (lower) were determined. The data shown in each panel are representative of three independent experiments.

noted that the remaining bands detected in the samples could
not be reliably identified (Figure 7A).

In order to elucidate the interaction of Hsp90 with FKBPS in_
mammalian cells, Flag-FKBP8 was coexpressed with HA-Hsp90
and immunoprecipitated by anti-Flag or anti-HA antibody. HA-
Hsp90 and Flag-FKBP8 were co-precipitated with each other by
either of the antibodies but no interaction was observed
between HA-Hsp90 and Flag-NSSA (Figure 7B). To examine
the interplay among NSSA, FKBPS, and Hsp90, HA-Hsp90 was
coexpressed with EE-FKBP8 and/or Flag-NSSA (Figure 7C).

_ Co-immunoprecipitation of Hsp90 and NSSA was clearly de-
tected in the presence but not in the absence of FKBPS. The
increase in NS5A expression had no effect on the interaction
between FKBP8 and Hsp90 (Supplementary Figure 3). These
results suggest that Hsp90 does not directly bind to NS5A but
forms complex with NS5A through the interaction with FKBPS.

FKBPS interacts with NS5A and Hsp90 via different sites
in the TPR domain

Crystal structure of the TPR domain of Hop, an adaptor
chaperone that binds both Hsp70 and Hsp90, revealed that
C-terminal MEEVD motif of Hsp90 is held by amino-acid
residues of the two-carboxylate clamp positions within the
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TPR domain (Scheufler et al, 2000; Brinker et al, 2002; Clifi
et al, 2006). To examine the role of the C-terminal MEEVD
motif of Hsp90 on the interaction with FKBPS, Hsp90 mutant
lacking the MEEVD motif (HA-Hsp90AMEEVD) was co-
expressed with Flag-FKBP8 (Figure 84). Wild-type Hsp90 but
not the mutant Hsp90 was co-precipitated with FKBPS, indi-
cating that the FKBPS interacts with Hsp90 via the C-terminal
MEEVD motif. Lys3*” and Arg®" residues in the two-carbox-
ylate clamp positions of FKBP8 were conserved among the
TPR domain of other immunophilins, such as FKBPS2 and
CypD (Figure 8B). To examine the role of the two-carboxylate
clamp positions of FKBP8 for the interaction with Hsp90 and
NSSA, FKBP8 mutant replaced Lys*®” and Arg®® with Ala,
designated as FKBPSTPRmut, was coexpressed with HA-Hsp90
or HA-NSSA (Figure 8C). FKBPSTPRmut exhibited no interac-
tion with Hsp90, but still retained the capability of binding to
NSSA, indicating that FKBPS interacts with Hsp90 and NSSA
through the conserved two-carboxylate damp residues and
other region in the TPR domain, respectively.

Hsp90 participates in the replication of HCV RNA
To examine the role of Hsp90 in the replication of HCV RNA,
FKBP8TPRmut lacking the ability to bind to Hsp90 was
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Figure 7 FKBP8 forms complex with NSSA and Hsp90. (A) An
N-terminally myc-TEV-Flag-tagged FKBP8 was expressed in 293T
cells and immunoprecipitated. The precipitated proteins were
applied to SDS-PAGE and then stained with silver staining. Hsp30
and FKBP8 were identified by LC-MS/MS. (B) HA-Hsp90 was
coexpressed with Flag-FKBP8 or Flag-NSSA in 293T cells, and was
immunoprecipitated by anti-HA or anti-Flag antibody. Precipitates
were analyzed by Western blotting. (C) HA-Hsp90 was coexpressed
with EE-FKBP8 and/or Flag-NSSA in 293T cells and was immuno-
precipitated with anti-HA antibody. Precipitates were analyzed by
Western blotting by anti-EE, -HA or -Flag antibody.

expressed in HCV replicon cells (Figure 8D). Expression
of FKBPSTPRmut resulted in 30% reduction of HCV RNA
replication, suggesting that FKBPSTPRmut works as a domi-
nant negative. Geldanamydin is well known to bind to the
ATP/ADP binding site of Hsp90 and specifically inhibits
the enzymatic activity of Hsp90, resulting in the promotion
of the degradation of client proteins for Hsp90 (Neckers,
2002). To determine the effects of Hsp90 inhibition induced
by geldanamycin on the replication of HCV RNA, HCV
replicon cells were treated with various concentrations of
geldanamycin. Treatment with geldanamycin clearly reduced
the levels of HCV RNA replication (Figure 8E); moreover,
this treatment led to the slight suppression of NSS5A
without reducing the levels of FKBP8 expressed in the HCV
replicon cells (Figure 8F). Although the inhibition of
cleavage at the NS2/NS3 junction by geldanamycin has
been demonstrated in both in vitro and in vivo assays
(Waxman et al, 2001), the effects of geldanamycin on the
replication of HCV RNA have not yet been examined in
replicon cells. The HCV replicon cell line used in the present
study does not contain an NS2-coding region, and NS2
has been shown to be unnecessary for the replication of
HCV subgenomic replicon (Lohmann et al, 1999). There-
fore, the observed reduction in RNA replication in the HCV
replicon celis by treatment with geldanamycin was not due
to an inhibition of HCV polyprotein processing. In vitro
pull-down assays revealed that geldanamycin inhibited
the binding of FKBP8 to Hsp90 and/or NSSA domain I
(Supplementary Figure 4). Thus, geldanamycin may inhibit
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HCV replication by disruption of NSSA/FKBP8/Hsp90
complex. These results suggest that a protein complex
composed of FKBP8, Hsp90, and NSSA is involved in HCV
RNA replication. ’

Discussion

HCV NS5A is a multifunctional protein involved in viral
replication and pathogenesis (Macdonald and Harris, 2004).
In this study, we demonstrated that NSSA specifically binds
to FKBPS, but not to other homologous immunophilins
such as FKBPS2 and CypD, and that FKBP8 forms both a
homomultimer and a heteromultimer with Hsp90. Mutation
analyses of FKBP8 and Hsp90 suggest that FKBP8 intermedi-
ates between NS5A and Hsp90 via the different position in
the TRP domain. FKBPS has been shown to be expressed in
several human tissues, including the liver (Lam et al, 1995);
moreover, it has been demonstrated that FKBP8-knockout
mice exhibit unusual morphological changes in brain devel-
opment in the embryonic stage (Nielsen et al, 2004).
However, the physiological function of FKBP8 has not been
clarified to date.

Recently, the in vitro replication of the fulllength HCV
genome of genotype 2a (JFH1) isolated from an HCV-infected
patient who developed fulminant hepatitis was reported
(Lindenbach et al, 2005; Wakita et al, 2005; Zhong et al,
2005). Although binding of NS5A of the JFH1 clone to FKBP8
was weaker than that of genotypes la and 1b (Figure 24),
siRNA-mediated knockdown of FKBP8 impaired produc-
tion of infectious HCV particles in JFH1 cell culture system
(Figure 6D). In spite of a weaker interaction between FKBPS
and NSSA, these results suggest that FKBPS is still required
for HCV replication in the cell culture system of JFHI.
The involvement of FKBP8 in mitochondria-mediated apop-
tosis remains controversial. Shirane and Nakayama (2003)
reported that FKBP8 binds to Bcl-2 and that the Bcl-2/FKBPS8
complex was sequestered in the mitochondria in order to
suppress apoptosis. However, Edlich et al (2005) reported
that FKBPS8 binds to calmodulin via elevations in the calcium
concentration, which in turn leads to the promotion of apop-
tosis in neuronal tissues. Knockdown of FKBP8 led to
impaired HCV RNA replication, which was restored by the
expression of an RNAi-resistant FKBP8 mutant. These results
suggest that the impairment of HCV RNA replication induced
by the knockdown of FKBP8 was not due to an induction
of apoptosis, nor to any side effects of RNA transfection.
The modulation of apoptosis by FKBP8 might be diverse in
different tissue types and cell lines.

FKBPS belongs to the FKBP family due to sequence simi-
larity, but neither FKS06 binding nor PPlase activity has been
detected in the case of FKBP8 thus far (Lam et al, 1995).
Apoptosis was induced in the SH-SYSY neuroblastoma cell
line by the treatment with mitochondria-mediated proapop-
totic drugs, but was inhibited by the knockdown of FKBP8
and was enhanced by treatment with GP11046, a nonimmuno-
suppressive FK506 derivative, whereas this result was not
obtained with FKS06 (Edlich et al, 2005). The inhibition
constant of FKBP8 to FK506 was 50 times higher than that
of FKBP12 to FK506 (Edlich et al, 2005), which suggests that
the binding affinity of FKBP8 to FK506 is low. Furthermore,
cydosporin A, but not FK506, was shown to suppress HCV
RNA replication via the interaction of NS5B with CypB
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Figure 8 FKBPS interacts with NS5A and Hsp90 via different sites in the TPR domain and participates in HCV replication. (A) Flag-FKBP8 was
coexpressed with HA-Hsp90 or HA-Hsp90AMEEDV lacking the C-terminal MEEDV residues and was immunoprecipitated by anti-HA or anti-
Flag antibody. Precipitates were analyzed by Western blotting. (B) Sequence alignment of TPR domains of FKBP8, FKBPS52, and CypD. The two
bold characters (K and R) indicate amino-acid residues substituted to Ala in FKBPSTPRmut. {C) Flag-FKBPS or Flag-FKBPSTPRmut substituted
Lys’” and Arg™ to Ala was coexpressed with HA-Hsp90 (lef) or HA-NS5A (right) in 293T cells, and was immunoprecipitated by anti-HA or
anti-Flag antibody. Precipitates were analyzed by Western blotting. (D) Flag-FKBPS, Flag-FKBPSTPRmut, or empty plasmid was transfected
into the replicon cells and HCV RNA was determined by real-time PCR after 48 h transfection. Relative replication was expressed as % increase
after being normalized with the expression of B-actin mRNA. (E} The effect of geldanamycin on HCV RNA replication. HCV replicon cells (9-13
cells) were treated with 1, 3, 10, and 30 nM of geldanamycin and after 24 h treatment, HCV RNA replication was determined by real-time PCR.
Relative replication was expressed as % replication after standardized by the expression of B-actin (closed circles). Cell viabilities were
determined by trypan blue staining (closed triangles). {F) The effect of geldanamycin on the expression of NS5A and FKBPS. The replicon cells
were examined by immunoblotting after treatment with various concentrations of geldanamycin. The data shown in each panel are
representative of three independent experiments.

(Watashi et al, 2003, 2005). These results support the notion
that FKS06 preferentially binds to FKBP members other than
FKBPS8 in vivo, and that it does not participate in the inhibi-
tion of HCV replication.

Cellular and viral chaperones are implicated in the proces-
sing of viral proteins and viral assembly (Maggioni and
Braakman, 2005; Mayer, 2005). The NS2 protein of bovine
viral diarrhea virus (BVDV), a member of the Flaviviridae
family as is HCV, exhibits autoprotease activity that leads
to cleavage at the NS2 and N$3 junction (Lackner et al, 2005).
A noncytopathogenic strain of BVDV is unable to cleave the
NS2/3 junction in the absence of the interaction of a mole-
cular chaperone, J-domain protein interacting with viral
protein (Jiv); these previous findings suggest that Jiv is
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necessary for the replication of a noncytopathogenic strain
of BVDV and is involved in the establishment of persistent
infection (Lackrer et al, 2005). Furthermore, FKBP52, which
shares a high homology with FKBP8, was shown to regulate
replication of adeno-associated virus type 2 by interacting
with viral DNA (Qing et al, 2001). In this study, we demon-
strated that HCV NSSA binds to FKBP8 and forms a complex
with Hsp90. FKBP8 could directly bind to NS5A domain 1
in vitro {Supplementary Figure 1), suggesting that Hsp90 is
not required for interaction between NSS5A and FKBPS.
FKBP52 forms a homodimer, binds to Hsp90 through TPR
domain, and regulates chaperone activity of Hsp90
(Silverstein et al, 1999; Scheufler et al, 2000; Wu et al,
2004). FKBP8 may act as cochaperone of Hsp90 to regulate

©2006 European Molecular Biology Organization



HCV genome replication by interaction with NS5A. Hsp90 s a
molecular chaperone that is highly expressed in most cell
types in various organisms (Neckers, 2002). Here, Hsp90 was
found to be able to bind to FKBP8 and form a complex with
HCV NSSA. The suppression of NS5A, but not that of FKBPS,
was observed in replicon cells treated with geldanamycin,
thus suggesting that Hsp90 regulates the replication of HCV
RNA via the interaction with FKBP8. It is well known that
several host proteins such as VAPs and FBL2 interact with the
HCV replication complex and regulate HCV RNA replication
(Evans et al, 2004; Gao et al, 2004; Hamamoto et al, 2005;
Wang et al, 2005). The TPR domain of FKBP8 is composed of
220 amino acids and is too long to determine the critical
residues responsible for interaction with NSSA. Therefore, we
tried to make a chimeric mutant carrying the TPR of FKBP52
to determine the critical amino-acid residues for binding to
NSSA in FKBP8. However, expression of a chimeric FKBP8
possessing TPR of FKBP52 was much lower than the native
form, suggesting that TPR domain is critical for stability and

conformation of FKBP8. Amino-acid residues responsible for.

the binding to NS5A must be different from the two-carbox-
ylate positions responsible for Hsp90 binding and locate
within the TPR domain. The ternary complex consists of
NSSA, FKBP8 and Hsp90 may be involved in the replication
of HCV. FKBP52 possesses PPlase activity and chaperone
activity in domain 1 (amino acids 1-148) and domain 3 (TPR
domain, amino acids 264-400), respectively (Pirkl et al, 2001).
Therefore, it is reasonable to speculate that the TPR domain is
responsible for the chaperone activity of FKBPS, and that the
FKBP8 and NS5A complex transports Hsp90 to the appropriate
clients, including viral and host proteins, which in turn leads
to the stabilization of the replication complex and the en-
hancement of HCV RNA replication.

In this study, we identified human FKBP8 as a binding
partner of HCV NSSA. Our results suggest that the interaction
between FKBP8 and HCV NSS5A is essential for HCV replica-
tion. The NSSA protein forms a complex with FKBP8 and
Hsp90, and an inhibitor of Hsp90 was shown to reduce the
efficiency of HCV replication. The elucidation of the molecu-
lar mechanisms underlying the formation of the NSSA/
FKBP8/Hsp90 complex may lead to the development of
new therapeutics for chronic hepatitis C.

Materials and methods

Yeast two-hybrid assays

Screening for the gene-encoding host protein that interacts
with HCV NSS5A was performed with a yeast two-hybrid
system, Matchmaker two-hybrid system 3 (Clontech, Palo Alto,
CA), according to the manufacturer’s protocol. Human fetal brain
and liver libraries were purchased from Clontech. The ¢DNA of
NSSA-encoding amino acids 1973-2419 of an HCV polyprotein
of the J1 strain (genotype 1b) (Aizaki et al, 1998) was amplified by
PCR and was cloned into the pGBKT? vector (Clontech) (Tu et al,
1999; Hamamoto et al, 2005).

Plasmids

DNA fragments encoding NSSA were amplified from HCV genotype
1b strains J1 and Conl (provided by Dr Bartenschlager), genotype
1a strain H77C (provided by Dr Bukh), and genotype 2a strain
JFH-1 (provided by Dr Wakita) by PCR using Pfu turbo DNA
polymerase (Stratagene, La Jolla, CA). The fragments were cloned
into pCAGGs-PUR/N-HA, in which the sequence encoding an HA
tag is inserted at the 5'-terminus of the cloning site of pCAGGs-PUR
(Niwa et al, 1991). The DNA fragment encoding human FKBP8 was
amplified from the total.cDNA of Huh? cells by PCR, and this
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fragment was introduced into pEF-FLAG pGBK puro {Huang er al,
1997), pCAGGs-PUR/NHA, pcDNA3.1-N-HA (Tu et al, 1999;
Hamamoto et al, 2005), and pcDNA3.1-N-EE, in which an Glu-Glu
(EE) tag is inserted in the §'-terminus of the cloning site of
pcDNA3.1 (+) (Invirogen, Carisbad, CA). The DNA fragments
encoding haman Hsp90, FKBPS2, and CypD were amplified from a
human fetal brain library (Clontech) by PCR, and were introduced
into pcDNA3.1-N-HA. The genes encoding the deletion mutants of
human FKBP8 were amplified and cloned into pCAGGs~PUR/NHA
The gene encoding an FKBPS mutant replaced Lys*” and Arg™
with Ala, designated as FKBP8TPRmut, was generated by the
method of splicing by overlap extension and introduced into pEF-
Flag pGBKpuro. The gene encoding an Hsp90 mutant lacking the
C-terminal MEEVD motif of Hsp90, designated as Hsp9OAMEEVD,
was amplified and cloned into pcDNA3.1-N-HA. All PCR products
were confirmed by sequencing by an AB! PRSM 310 genetic
analyzer (Applied Biosystems, Tokyo, Japan).

Cell lines

Human embryonic kidney 293T cells and the human hepatoma cell
lines Huh? and FLC-4 were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) (Sigma, St Louis, MO) containing 10%
fetal calf serum (FCS), whereas the Huh 9-13 cell line, which
possesses an HCV subgenomic replicon (Lohmann et al, 1999), was
cultured in DMEM supplemented with 10% FCS and 1 mg/mi G418.
All cells were cultured at 37°C in a humidified atmosphere with
5% CO,.

Antibodies

Mouse monoclonal antibodies to the HA and EE tags were
purchased from Covance (Richmond, CA). Anti-Flag mouse
antibody M2, horseradish peroxidase-conjugated M2 antibody,
and anti-f-actin mouse monoclonal antibody were purchased
from Sigma. Mouse monoclonal antibody to NSSA was from
Austral Biologicals (San Ramon, CA). Mouse monoclonal anti-
bodies 1o NS4B and NSSB have been described previously
(Kashiwagi et al, 2002). Rabbit polyclonal antibody to NS5A was
prepared as described previously (Hamamoto et al, 2005). Rabbit
polyclonal antibody to thioredoxin was described previously
{Moriishi et al, 1999).

Transfection, immunoblotting, and immunoprecipitation

The transfection and immunoprecipitation test were carried out
by a previously described method (Hamamoto et af, 2005). The
immunoprecipitates boiled in the loading buffer were subjected to
12.5% SDS-PAGE. The proteins were transferred to polyvinylidene
difluoride membranes (Millipore, Bedford, MA) and were reacted
with the appropriate antibodies. The immune complexes were
visualized with Super Signal West Femto substrate (Pierce, Rock-
ford, IL) and they were detected by an LAS-3000 image analyzer
system (Fujifilm, Tokyo, Japan). The density of protein band was
determined by using IMAGE-PRO PLUS 5.1 software (Media
Cybernetics, Silver Springs, MD).

Gene silencing by siRNA

The siRNA targeted to FKBP8, Target-1: 5-GAGUGGCUGGACAUUC
UGG-3, and negative control siRNA, that is, siCONTROL Non-
Targeting siRNA-2, were purchased from Dharmacon (Lafayette,
CO). Target-2, 5'-UCCCAUGGAAGUGGCUGUU-¥, and Target-3,
$'-GACAACAUCAAGGCUCUCU-3' were purchased from Qiagen
{Tokyo, Japan). The Huh? cells harboring a subgenomic HCV
replicon grown on six-well plates were transfected with 80 or
160nM of siRNA with siFECTOR (B-Bridge Intemnational, Sunny-
vale, CA). The cells were grown in DMEM containing 10% FCS and
were then harvested at 48 or 72 h post-transfection.

Real-time PCR :
Total RNA was prepared from cell lines by using RNeasy mini kit
(Qiagen). First-strand cDNA was synthesized by using a first-strand
cDNA synthesis kit (Amersham Pharmacia Biotech, Franklin Lakes,
NJ) and random primers. Each cDNA was estimated by Platinum
SYBR Green qPCR SuperMix UDG (Invitrogen) according to the
manufacturer's protocol. Fluorescent signals were analyzed by
an ABI1 PRISM 7000 (Applied Biosystems). The HCV NSSA, human
B-actin, and human FKBP8 genes were amplified using the primer
pairs of 5-AGTCAGTTGTCTGCGCTTTC-¥ and
S'-CGGGGAATTTCCTGGTCTTC-3,
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5-TGGAGTCCTGTGGCATCCACGAAACTACCTTCAACTC-3!

and 5'-CGGACTCGTCATACTCCTGCTTGCTGATCCACATC-3,

and 5-GGCTGTTGAGGAAGAAGACG-3'

and 5-CTTGGAGTCAGCAGTGACCA-¥, respectively. The FKBPS
primers are located at different exons in order to prevent the
false-posidve amplification of contaminated genomic DNA. The
values of the HCV genome and FKBP8 mRNA were normalized
with those of p-actin mRNA. Each PCR product was detected as a
single band of the correct size upon agarose gel electrophoresis
(data not shown).

Establishment of cell lines expressing an siRNA-resistant
FKBP8 mutant and knockdown FKBP8 expression

A, G, and T at nucleotides 273, 276, and 288 from the 5’ end of the
open-reading frame of human FKBPS were replaced with G, A, and
C, respectively, according to a splicing method achieved by overlap
extension; these silent mutations were then cloned into pEF-Flag
pGBKpuro. The resulting plasmid encoding a mutant FKBPS
resistant to knockdown by siRNA was transfected into Huh? cells
harboring the HCV RNA replicon. The culture medium was replaced
with DMEM supplemented with 10% FCS and 2 ug/ml of puromycin
(Nakarai Tesque, Tokyo, Japan) at 24 h post-transfection, and the
cells were cultured for 7 days. The surviving cells were used for the
FKBP8 knockdown experiments. The shRNAs targeted to FKBPS,
the target sequences of which were 5-GATCCGCTGGAACCTTCCA
ACAAGTTCAAGAGACTTGTTGGAAGGTTCCAGCTTA-Y, and S-A
GCTTAAGCTGGAACCTTCCAACAAGTCTCTTGAACTTCTTGGAAGG
TTCCAGCG-¥, were annealed and introduced between the BamHi
and Hindlll sites of pSilencer™ 2.1-U6 hygro (Ambion, Austin, TX)
according to the manufacturer's protocol. An HCV replicon cell line
cured with IFN-a was transfected with Spg of the plasmid by
electroporation. The culture medium was replaced with DMEM
supplemented with 10% FCS and 500ug/ml of Hygromycin B
(Wako, Tokyo, Japan) at 24h post-transfection. The remaining cells
were re-seeded in 98-well plates and cloned for the colony
formation and transient replication assays.

Colony formation assay

The plasmid pFK-I3g9 neo/NS3-3'/NK5.1 {Pietschmann et al, 2002)
was obtained from R Bartenschlager. The plasmid cleaved at the
Scal site was transcribed in vitro using the MEGAscript T? kit
(Ambion) according to the manufacturer’s protocol. The linearized
plasmid (10pug) was introduced into Huh? cells at 4 million cells/
0.4 ml by electroporation at 270V and 960 uF using a Gene Pulser™
(Bio-Rad, Hercules, CA). Electroporated cells were suspended at a
final volume of 10ml of culture medium. Three-milliliter aliquots
of cell suspension were mixed with 7ml of culture medium and
then the cells were seeded on culture dishes (diameter: 10 cm). The
culture medium was replaced with DMEM containing 10% FCS
and 1mg/ml of G418 (Nakarai Tesque) at 24 h post-transfection.
The medium was exchanged weekly for fresh DMEM containing
10% FCS and 1 mg/ml G418. The remaining colonies were fixed
with 4% paraformaldehyde at 4 weeks after electroporation, and
the cells were stained with crystal violet.
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Transient replication assay

The cDNA encoding Renilla luciferase was introduced between the
Asd and Pmel sites of the plasmid pFK-aas neo/NS3-3'/NKS.1, in
place of the neo gene. The resulting plasmid, pFK-1y55 hRL/NS3-3'/
NKS.1, was cleaved with Scal and was transcribed in vitro using
a MEGAscript T7 kit (Ambion). Huh? cells were suspended at 10
million cells/ml and the suspensions were mixed with 10ng of
in vitro-transcribed RNA at a 400-ul volume; the cells were then
electroporated at 270V and 960 uF by a Gene Pulser™ (Bio-Rad).
The electroporated cells were suspended in 25 ml of culture medium
and then were seeded at 1mi/well on 12-well culture plates.
Luciferase activity was measured at 4 and 48h post-transfection
using a Renilla Luciferase assay system (Promega, Madison, WI)
according to the manufacturer's protocol. Luciferase activity at 4h
after electroporation was used to determine the transfection
efficiency.

Generation of infectious HCV particles )

The viral RNA of JFH1 was introduced into Huh?.5.1 according to
the method of Wakita et al (2005). The supernatant was collected
at 7 days post-transfection and used as HCV particles that are
infectious in cell culture (HCVcc). The naive Huh?.5.1 cells
were transfected with siRNA of nontarget control or FKBPS-Target
1 at a concentration of 80 nM. The siRNA-treated Huh?7.5.1 cells
were inoculated with HCVcc at 24 h post-transfection. Infected cells
and culture supernatants were harvested every day until 5 days
post-infection.

Determination of FKBP8-binding proteins

MEF purification was carried out by a previously described method
(Ichimura et al, 2005). The FKBPS gene was amplified by PCR and
introduced into pcDNA3.1 encoding the myc-TEV-Flag epitope tag
(Ichimura et al, 2005). The resulting plasmid was transfected into
293T cells, which were then subjected to MEF purification. FKBPS-
binding proteins were separated by SDS-PAGE and visualized by
silver snaining. The stained bands were excised, digested in gels
with Lys-C, and analyzed by the direct nanoflow LC-MS/MS system
{(Ichimura et al, 2005).

Supplementary data )
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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Supplementary Figure 1. NSSA directly binds to FKBPS

Purified thioredoxin, Trx-NS5A (A) and His-FKBP8 (B) in gel were stained with
Coomassie brilliant blue G-250. These proteins were mixed and subjected to
immunoprecipitation with anti-FKBPS antibody. Precipitates were immunoblotted
with anti-thioredoxin antibody (C) and stained with Coomassie brilliant blue G-
250 (D).
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Supplementary Figure 2. Lack of apoptosis in FKBPS-
knockdown cells

Huh7 9-13 cells were transfcted with siRNA fr the non-target control
or FKBP8-Target 1 at a concentration of 80 nM, which was able to
suppress the expression of FKBP8 (Fig. 5). Some cells were treated
with 0.5pg/ml staurosporin as a control for apoptosis. The cells were
stained using the Vybrant apoptosis assay kit 1 (Molecular Probes,
‘Eugene, OR).
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Supplementary Figure 3. Interaction of NSSA, FKBPS and Hsp90
EE-FKBP8 was co-expressed with Hsp90-HA and Flag-NS5A in

293T cells and immunoprecipitated with anti-EE antibody.

Precipitates were analyzed by Westem blotting by anti-EE, -HA or -
Flag antibody. Efiect of increase of Flag-NSSA expression on the
association of FKBP8 with Hsp90 was examined by transfction with
0.1, 0.2 or 0.4 pg of Flag-NS5A expression plasmid.
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Supplementary Figure 4. Disruption of NSSA/FKBP8/Hsp90
complexes by geldanamycin

Pusified His-FKBPS8, Hsp90 and/or Trx-NS5A were mixed with
DMSO or geldanamycin (GA) (100 nM) and subjected to
immunoprecipitation with anti-FKBPS8 antibody. Precipitates were
immunoblotted with antibody to Hsp90, thioredoxin, or FKBPS.
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Supplementary materials and methods

Preparation of monoclonal antibody to FKBPS

Glutathione-S-transferase-fused human FKBP8 (GST-FKBP8) was expressed in Eschérichia
coli strain JM109 transformed with pGEX-4T3 containing FKBP8 gene. GST-FKBP8 was
purified with Glutathione-conjugated Sepharose Affinity Matrix (Amersham Pharmacia
Biotech, Franklin Lakes, NJ). Purified GST- FKBP8 was immunized to Balb/c mouse.
Lymphonodus cells were obtained after 5 boost immunizations and were fused to mouse
myeloma PAI cells. The resulting hybridomas were screened by enzyme-linked
immuno-sorbent aséay using GST and GST-FKBPS. The selected clones were further
screened by flow cytdmetry using 293T cells expressing HA-FKBP8 (O'Reilly et al., 1998).
Among several positive clones, two clones strongly reactive to human FKBP8 were
designated as KDM-11 and 19 (IgG2b). Antibodies were purified from supernatants of cell
culture by Protein G Sepharose 4B beads (Amersham).

Preparation of recombinant proteins

His,-tagged FKBPS (His-FKBP8) and thioredoxin-fused NS5A (aa 25-213, domain I)
(Trx-NS5A) were generated from recombinant Escherichia coli. Either pET30a encoding
FKBPS or pET32a encoding NS5A (aa 25-213) was introduced into E. coli strain BL21(DE3).
Ten milliliter of overnight culture was added into 1 L of 2 x YT medium and was incubated at
37°C. When the absorbance of culture supernatant indicated 0.4 ODgy, isopropyl
beta-thiogalactoside (IPTG) was added at final concentration of 0.4 mM and was then
incubated at 20°C overnight. After centrifugation, the cell pellet was washed once with 10 ml
phosphate buffered saline (PBS). The washed cell pellet was suspended in 40 ml lysis buffer
(50mM phosphate buffer [pH 8.0] containing 150mM NaCl, 1% Triton X-100 and 0.2 pg/ml
lysozyme) and was incubated at 4°C for 2h. After freezing and thawing, the mixture was

sonicated at 4°C for 5 min and was treated with 0.02 mg/ml of DNase at room temperature for

5 min. The cell lysates were centrifuged at 10,000 x g for 5 min. The resulting supernatant
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was mixed with 0.5 ml of Nickel agarose beads (Sigma, St. Louis, MO) and was rotated at
4°C for 60 min. The Nickel beads were wasﬁcd twice with PBS containing 10 mM imidazole.
The recombinant protein was eluted from Nickel beads with PBS containing 0.25 M
imidazole. Bovine Hsp90 was purchased from Sigma. BO;JiIlC Hsp90-a shares 99.5% amino

acid identity to human Hsp90-a.

Reference
O'Reilly, L.A., Cullen, L., Moriishi, K., O'Connor, L., Huang, D.C. and Straﬁser, A. (1998)
Rapid hybridoma screening method for the identification of monoclonal antibodies to

low-abundance cytoplasmic proteins. Biotechniques, 25, 824-830.
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Differential roles of MDAS and RIG-I helicases in
the recognition of RNA viruses

Hiroki Kato'**, Osamu Takeuchi'?*, Shintaro Sato?, Mitsutoshi Yoneyama®*, Masahiro Yamamoto®,
Kosuke Matsui', Satoshi Uematsu', Andreas Jung', Taro Kawai’, Ken J. Ishii’, Osamu Yamaguchi®, Kinya Otsu®,
Tohru Tsujimura®, Chang-Sung Koh’, Caetano Reis e Sousa®, Yoshiharu Matsuura?, Takashi Fujita®
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The innate immune system senses viral infection by recognizing a
variety of viral components (including double-stranded (ds)RNA)
and triggers antiviral responses'”. The cytoplasmic helicase pro-
teins RIG-1 (retinoic-acid-inducible protein 1, also known as
Ddx58) and MDA5 (melanoma-differentiation-associated gene 5,
also known as lfihl or Helicard) have been implicated in viral
dsRNA recognition®”. In vitro studies suggest that both RIG-1 and
MDAS detect RNA viruses and polyinosine-polycytidylic acid
(poly(I:C)), a synthetic dsRNA analogue®. Although a critical
role for RIG-1 in the recognition of several RNA viruses has been
darified®, the functional role of MDAS5 and the relationship
between these dsRNA detectors in vivo are yet to be determined.
Here we use mice deficient in MDAS (MDAS ~/~) to show that
MDAS and RIG-I recognize different types of dsRNAs: MDA5
recognizes poly(1:C), and RIG-I detects in vitro transcribed
dsRNAs. RNA viruses are also differentially recognized by RIG-1
and MDAS. We find that RIG-1 is essential for the production of
interferons in response to RNA viruses including paramyxo-
viruses, influenza virus and Japanese encephalitis virus, whereas
MDAS iscritical for picornavirus detection. Furthermore, RIG-1 ™/~
and MDAS ~/~ mice are highly susceptible to infection with these
respective RNA viruses compared to control mice. Together, our
data show that RIG-1 and MDA distinguish different RNA viruses
and are critical for host antiviral responses.

Host pattern recognition receptors, such as Toll-like receptors
(TLRs) and helicase family members, have an essential role in the
recognition of molecular patterns specific for different viruses,
including DNA, single-stranded (ss)RNA, dsRNA and glyco-
proteins'*'®. dsRNA can be generated during viral infection as a
replication intermediate for RNA viruses. TLR3, which localizes in
the endosomal membrane, has been shown to recognize viral dsRNA
as well as the synthetic dsRNA analogue poly(I:C) (refs 11, 12). The
cytoplasmic proteins RIG-1 and MDAS have also been identified as
dsRNA detectors® ">, RIG-I and MDA contain two caspase-recruit-
ment domains (CARDs) and a DExD/H-box helicase domain. RIG-1
recruits a CARD-containing adaptor, IPS-1 (also known as MAVS,
VISA or Cardif)'". IPS-1 relays the signal to the kinases TBK1 and
IKK-i, which phosphorylate interferon-regulatory factor-3 (IRF-3)
and IRF-7, transcription factors essential for the expression of type-I

interferons'*™, In contrast, TLR3 activates TBK1 and IKK-i through
the TIR-domain-containing adaptor TRIF (also known as Ticam1) "2,

Invitro studies have shown that both RIG-1and MDAS can bind to
poly(I:C) and resPond to poly(I:C) and RNA viruses®. We have
generated RIG-1"'" mice, and show that RIG-I is essential eliciting
the immune responses against several RNA viruses, including
Newcastle disease virus (NDV), Sendai virus (SeV) and vesicular
stomatitis virus (VSV), in various cells except for plasmacytoid
dendritic cells (pDCs)®. Hepatitis C virus and Japanese encephalitis
virus are also reported to be recognized by RIG-1 in vitro®>*.

The in vivo functional relationship between RIG-I and MDAS
remains to be determined. To investigate a functional role for MDAS
in vivo, we generated MDAS ™/~ mice and investigated viral recog-
nition (Supplementary Fig. 1). In contrast to RIG-I ™/~ mice, which
are mostly embryoniclethal, MDAS5 ~/~ mice are born ina mendelian
ratio, grow healthily and do not show gross developmental abnorm-
alities until 24 weeks of age. Flow cytometric analysis of leukocytes
from the spleen and lymph nodes (staining for CD3, B220 and
CDl Ic) revealed that the composition of lymphocytes and dendritic
cells is similar in wild-type and MDAS5 ™'~ mice (data not shown).

TLR3, RIG-I and MDAS have been implicated in the recognition of
poly(I:C) and the subsequent induction of antiviral responses.
However, their exact contribution to in vivo responses against
dsRNA has yet to be darified. We therefore examined the in vivo
responses to poly(I:C) in mice lacking RIG-I, MDAS or TRIF, or both
MDAS and TRIFE. Administration of poly(I:C) led to rapid induction
of the cytokines interferon-« (IFN-at), IFN-B, interleukin-6 (IL-6)
and IL-12 in sera of both wild-type and RIG-I"'~ mice (Fig. 1a and
Supplementary Fig. 2a). In contrast, MDA5™'~ mice failed to
produce IFN-a and IFN-§ in response to poly(I:C), and production
of IL-6 and 1L-12p40 was also significantly impaired (Fig. 1b).
Although Trif '~ mice produced normal amounts of IFN-a, they
also showed severely impaired production of IL-12p40 and partial
impairment in IL-6 production. MDA5 ~/~; Trif "/~ double-knock-
out mice failed to induce IFN-a, IL-6 and IL-12p40 in response to
poly(I:C). These results indicate that MDAS is essential for poly(I:C)-
induced IFN-a production and TLR3 signalling is critical for IL-12
production, whereas both MDAS5 and TLR3 regulate IL-6 pro-
duction.
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When bone- marrow-derived dendritic cells generated by granulo-
cyte-macrophage colony-stimulating factor (GMCSF) were incu-
bated in the presence of poly(I:C), production of IFN-c and IFN-8
was severely impaired in MDA5 ™/, but not in RIG-1"'~ or Trif /-,
GMCSF-DCs (Fig. 1c and Supplementary Fig. 2b). Even when
poly(I:C) was transfected into GMCSF-DCs using lipofectamine,
poly(I:C) induced IFN- production in an MDAS5-dependent, but
not a RIG-I- or TRIF-dependent, manner (Fig. 1d). IFN-8 pro-
- duction ‘in response to poly(I:C) was also impaired in MDAS ™/~
mouse embryonic fibroblasts (MEFs) (Fig. le), indicating that
poly(L:C) is primarily recognized by MDAS5, not RIG-1 and TLR3,
in these cells.

dsRNAs transcribed in vitro (Supplementary Fig. 2¢) also stimu-
lated MEFs to produce IFN-8. Unlike for poly(1:C), wild-type and
MDAS5 '~ MEFs produced comparable amounts of [FN-g (Fig. le)
in response to in vitro transcribed dsRNAs. In contrast, RIG-1 ™/~
MEFs-did not produce detectable amounts of IFN-B, indicating that
RIG-1is essential for the detection of in vitro transcribed dsRNAs. As
RIG-1, but not MDAS, is responsible for [FN-§ production in
response to dsRNAs of various lengths, these helicases probably
distinguish nucleotide structure or sequence, but not length.
Together, these results indicate that MDA5 and RIG-1 are involved
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Figure 1| Roles of MDAS, RIG-] and TRIF in the recognition of synthesized
dsRNAs and dsRNA analogues. a, b, RIG-I"'~ and littermate RIG-I*/~
mice (a) or wild-type (WT), MDAS ™/~ Trif '~ or MDA5 ™'~ Trif '~
double-knockout mice (b) were injected intravenously with 200 pg poly(1:C)
for the indicated periods, and IFN-o, IL-6 and 11-12p40 production was
measured in serum by ELISA. Data show mean = s.d. ¢, GMCSF-DCs from

RIG-1"'~, MDAS ™", TRIF ™'~ and littermate control mice were incubated

in the presence of 50 or 250 pg ml™* poly(E:C) for 24 h. IFN- production in
the cell culture supernatants was measured by ELISA. Med, medium only.
d, GMCSE-DCs ware treated with 1 pgml™ poly(1:C) complexed with or
without lipofectamine 2600 for 24 h, and IFN-§ production was measured.
e, Wild-type, RIG-I™'~ and MDAS5 ™'~ MEFs were treated with poly(I:C) or
in vitro transcribed dsRNAs of indicated lengths complexed with
lipofectamine 2000 for 12h, and IFN-§ production was measured. Error
bars indicate s.d. of triplicate wells in a single experiment; data are
representative of three independent experiments. ND, not detected.
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in the detection of poly(I:C) and in vitro transcribed dsRNAs,
respectively.

This finding led us to hypothesize that RIG-1 and MDAS are
involved in the detection of different RNA viruses. We have previously
shown that a set of negative-sense RNA viruses are recognized
by RIG-I%. We first examined IFN-§ and IFN-a production in
MDAS "/~ MEFs in response to a set of negative-sense ssRNA viruses,
including NDV, SeV, VSVand influenza virus. As infection with most
of the wild-type viruses {except NDV) failed to induce type-I
interferons in MEFs, owing to suppression of interferon responses
by viral proteins (data not shown), we also used mutant viruses
lacking viral interferon-inhibitory proteins. As shown in Fig. 2a and
Supplementary Fig. 4b, wild-type MEFs produce IFN-§ and IFN-« in
response to these mutant viruses. Production of type-I interferons
was severely impaired in RIG-I""~ MEFs compared to wild-type
cells, but MDAS was dispensable for the production of type-I
interferons. Japanese encephalitis virus (JEV), a positive-sense
ssRNA virus belonging to the flavivirus family, also required RIG-],
but not MDAS, for IFN-8 production (Fig. 2b).

We then examined the interferon responses of MEFs to encephalo-
myocarditis virus (EMCV), a positive-sense ssRNA virus belonging
to the picornavirus family. EMCV-induced IFN-8 production was
abrogated in MDA5 ™'~ MEFs (Fig. 2¢). In contrast, wild-type and
RIG-1"'~ MEFs produced comparable amounts of IFN-8, indicating
that EMCV is specifically recognized by MDAS. The induction of
genes encoding IFN-8, IP-10 and IL-6 in response to EMCV was
abrogated in MDAS ~'~ macrophages (Supplementary Fig. 3d). The
synthesis of cellular proteins in MDAS =/~ MEFs was progressively
inhibited during EMCV infection, to an extent and with kinetics
similar to wild-type MEFs (Supplementary Fig. 5), indicating that
the EMCV infection was established in wild-type and MDA5 ~/~
MEFs in a similar manner. Moreover, other viruses belonging to
the picomnavirus family (Theiler’s and Mengo viruses) also induced
TFN-a through MDAS (Supplementary Fig. 4d). Furthermore, the
production of IFN-8 in response to SeV and EMCV was impaired.in
RIG-I"' and MDAS5™'~ GMCSF-DCs, respectively (Fig. 2d, e),
indicating that conventional dendritic cells (cDCs) also use these
helicases for the differential recognition of viruses. EMCV-induced
production of IL-6 was also abrogatedin MDAS ™/~ ,but not RIG-I ™/~
<DCs (Supplementary Fig. 4c). Therefore, MDAS is critical for the
regulation of pro-inflammatory cytokines as well as type-l interferons
in response to EMCV.

We next examined whether viral RNAs derived from VSV and
EMCV recapitulate the production of interferons through MDAS
and RIG-1. When transfected into GMCSF-DCs by lipofection,
RNAs prepared from VSV or EMCV induced production of IFN-o
in a RIG-1- or MDA5-dependent manner, respectively (Fig. 2f). We
also performed reconstitution experiments by transfecting RIG-I or
MDAS expression vectors into RIG-I ~/~; MDA5 ™/~ MEFs, in which
IFN-8 induction was completely abrogated in response to infection
with EMCVor SeV Cm (SeV with a mutated C protein) (Fig. 2g). The
ectopic expression of human RIG-], but not MDAS, activated the Ifub
promoter in response to SeV Cm. Reciprocally, cells expressing
human MDAS, but not RIG-1, activated the Ifnb promoter in
response to EMCV in a dose-dependent manner (Fig. 2h). These

" results indicate that human RIG-I and MDAS recognize different

RNA viruses by recognizing viral RNAs.

Previous studies have shown that pDCs use mainly the TLR system
instead of RIG-1 in the recognition of several RNA viruses®. MyD88
is an adaptor protein essential for TLR signalling (except through
TLR3). We purified B220" pDCs from Flt3L-generated bone-
marrow-derived dendritic cells (FIt3L-DCs) and infected them with
EMCV. pDCs from Myd88~'~, but not MDA5™/~, mice showed a
profound defect in IFN-a production (Supplementary Fig. 6).
Reciprocalty, MDAS, but not MyD88, is required for the production
of IFN-a in B220™ ¢DCs purified from Fit3L-DCs (Supplementary
Fig. 6). These results indicate that both MDAS and RIG-I are

© 2006 Nature Publishing Group
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Flgure 2 | D¥ferentlal viral recognition by RIG-1 and MDAS. a, Wild-type,
RIG-I""" and MDAS ™'~ MEFs were exposed to negative-sense ssRNA

viruses, induding NDV, VSV lacking a variant of M protein (NCP), SeV with
amutated C protein (Cm), SeV lacking V protein (V™), and influenza virus

lacking the NS1 protein (ANS1) for 24 h. IFN-§ preduction in the culture

supernatants was measured by ELISA. b, ¢, Wild-type, RIG-17/" and
MDAS5 ™'~ MFFs were exposed to the positive-sense ssRNA viruses JEV (b)
and EMCYV (c), and IFN-§ production was measured. d, e, GMCSF-DCs
from RIG-I1™~ and MDA5 ™'~ mice and their littermate wild-type mice
were infected with an increasing m.od. of SeV V™~ (d) or EMCYV (e) for 24 h,
and IFN- production was measured. f, Wild-type, RIG-1"'" and MDA5 ™/~

dispensable for the viral induction of IFN-a in pDCs.

We next examined the in vivo roles of MDAS and RIG-I in host
defence against viral infection. Although most RIG-I"’~ mice are
embryonic lethal’, we could efficiently obtain live adult mice by
intercrossing the RIG-I*'~ mice obtained after RIG-I*'~ x ICR
crosses (Supplementary Table 1). When the mice were infected with
JEV, serum IFN-o levels were markedly decreased in RIG-I ~~ mice
compared to littermate RIG-I*'~ mice. In contrast, MDAS ™'~ mice
did not show a defect in JEV-induced systemic IFN-a production
(Fig. 3a). IFN-a production was partially impaired in Myd88~/~
mice compared to wild-type mice, but the extent of this impairment
was far less than in RIG-I ™'~ mice (Fig. 3a). These data suggest that
the TLR system is not critical for the induction of serum IFN-a in vivo
in response to JEV, Consistent with this finding, RIG-I ™'~ mice, but
not MDAS ™'~ or Myd88 ™'~ mice, were more susceptible to JEV
infection than control mice (Fig. 3b). Furthermore, RIG-I “'~ mice,
but not MDAS ™/~ mice, succumbed to VSV infection, consistent
with abrogated interferon responses (Supplementary Fig. 7). Thus,
RIG-1-mediated recognition of a specific set of viruses has a critical
role in antiviral host defence in vivo.

We next challenged the mice with EMCV as a model virus that is
recognized by MDAS. Induction of IFN-§, IFN-a, RANTES and 1L-6
was severely impaired in the sera of MDAS ™~ mice (Fig. 4a and
Supplementary Fig. 8). MDAS ~'~ mice and mice null for the IFN-ou/§
receptor (Ifnarl ~'~) were highly susceptible to EMCV infection
(viral titre of 1 X 10* plaque-forming units (p.fu.)) compared to
littermate controls (P < 0.01) (Fig. 4b). In contrast, deficiency of
neither RIG-I nor TLR3 affected the survival of mice infected with

_EMCV. Consistent with a previous report®?, Myd88 ~/~ mice were

modestly susceptible to EMCV infection compared to wild-type
mice, implying that pDC-mediated responses are not critical for
eliminating EMCV (Fig. 4b).
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GMCSFE-DCs were treated with RNAs directly prepared from VSV and
EMCYV (complexed with lipofectamine 2000) for 24 h, and IFN-o
production was measured. g, Wild-type and RIG-1~/"; MDA5 ™/~ MEFs
were transiently transfected with a reporter construct containing the Ifnb
promoter and exposed to SeV Cm or EMCV for 24 h. Cell lysates were then
prepared and subjected to a luciferase assay. h, RIG-1™/"; MDAS ™/~ MEFs
were transiently transfected with the Ifnb promoter construct together with
expression plasmids encoding human RIG-1 or MDAS. The cells were then
infected with EMCV or SeV Cm for 24 h and were subjected to a luciferase
assay. Error bars in a-g indicates.d. of triplicate wells in a single experiment;
data arer epr ive of three ind P dent exper 1 ts. ND, not detected.

It is known that EMCYV preferentially infects cardiomyocytes and
causes myocarditis. Consistent with increased susceptibility to
EMCV, viral titre in the heart was much higher in MDAS ™'~ mice
compared to control mice (Fig. 4c). Histological analysis of hearts
two days after EMCV infection revealed that focal necrosis of
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Figure 3 | Susceptibility of RIG-1~"~ and MDAS ™/~ mice to JEV infection.
a8, RIG1*", RIG-I™'~, MDAS*'~ and MDA5 ™'~ mice (n = 8), and
Mydss*'* or Myd88 ™'~ mice (n = 6), were injected intravenously with

2 % 107 p£u. JEV. Sera were collected 24 h after injection, and IFN-o
production levels measured by ELISA. Cirdes represent individual mice,
bars indicate mean values. Asterisk, P < 0.05 versus controls (#-test). b, The
survival of 6-week-old mice (genotypes as indicated) infected intravenousty
with 2 X 107 p£u. JEV. Mice were monitored for 15 days (P < 0.01 between
RIG-1""" mice and their littermate controls, generalized Wilcoxon test).
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Figure 4 | Role of MDAS in host defence against EMCV infection.

3, MDA5™ ™ and MDA5 ™'~ mice (n = §) were inoculated intravenousdy
with 1 % 107 pf.u. EMCV. Sera were prepared 4 h after injection and IFN-a
production levels determined by ELISA. b, The survival of 6-week-old mice
(genotypes as indicated) infected with 1 X 10° p.fu. EMCV intraperitoneally
was monitored every 12 h for six days (P < 0.01 between MDA5 ™/~ or
Ifnar! ™'~ mice and their littermate controls, generalized Wilcoxon test).
¢, MDAS™'~ and MDA5 ™'~ mice were infected intraperitoneally with

1 X 10* p.fu. EMCYV. After 48 h, mice were killed and virus titres in hearts
were determined by plaque assay. d, Heart sections of MDAS ™™ and
MDA5 ™'~ mice, two days after infection, were assessed for histological
changes using haematoxylin and eosin staining. Arrow indicates the focal
necrosis of cardiomyocytes. ¢, Cardiac function of mice 48 h after EMCV
infection was assessed by echocardiography (see Supplementary Fig. 8b).
The fractional shortening (FS) after infection determined by transthoracic
M-mode echocardiographic tracings is shown. Asterisk, P < 0.05 versus
MDA5'™ mice (t-test).

cardiomyocytes had developed in MDA5~'~ mice, but wild-type
hearts showed no histological abnormalities at this time point
(Fig. 4d). Notably, no infiltration of immune cells was observed in
either wild-type or MDAS5 ™'~ heart sections at this time point.
However, when cardiac performance was analysed by echocardio-
graphy two days after infection (Fig. 4e), cardiac contractility was
severely depressed in MDA5 ~'~ mice (fractional shortening
48.2 * 4.9% in MDA5™'™ mice, 21.2 % 5.8% in MDA5 '~ mice),
indicating that MDAS5 ™/~ mice developed severe heart failure due to
virus-induced cardiomyopathy. Thus, MDAS5-mediated recognition
of EMCV is a prerequisite for triggering antiviral responses as well as
for prevention of myocardial dysfunction. )
Together, our results demonstrate that RIG-1 and MDAS5 have
essential roles in the recognition of different groups of RNA viruses,
as well asin the subsequent production of type-! interferons and pro-
inflammatory cytokines. We have found that poly(I:C) and in vitro
transcribed dsRNA are recognized by MDAS and RIG-], respectively;
this is in contrast to results from previous in vitro studies. RIG-I
probably recognizes dsRNA generated over the course of RNA virus
replication, as all in vitro transcribed dsRNAs tested except for
poly(I:C}) induced type-l interferons through RIG-1. In contrast,
the endogenous ligand of MDAS remains enigmatic. Moreover,
how RIG-1 and MDAS differentially recognize natural dsRNAs is
undetermined. Given that the helicase domains of RIG-T and
MDAS bind to dsRNA, analyses of the crystal structures of these
domains should to help achieve a better understanding of the
molecular mechanisms underlying this differential recognition.
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Furthermore, it is still possible that unknown dsRNA-binding
proteins also function as direct receptors for viral RNAs.

Finally, the picomavirus family contains several viruses that are
pathogenic for humans, including poliovirus, rhinovirus and the
virus causing foot-and-mouth-disease. Our studies suggest that
human MDAS and RIG-I also recognize RNA viruses. Thus, identi-
fication of therapeutic agents that modify RIG-I or MDAS may lead
to antiviral strategies against selected viruses.

METHODS

Mice, cells and reagents The generation of MDA5 ™'~ mice is described in the
Supplementary Information. Myd88 ~~, Tir3™'~ and Trif 7~ mice have been
described previously”. Ifnar! ™'~ mice have also been described previously™.
RIG-I'"™ mice in a 1295v X C57BL/6 background were crossed with ICR mice,
and the resulting RIG-I'*'" mice were further intercrossed. Interbreeding of
these RIG-I*'~ mice produced healthy and fertile RIG-I ™~ ofspring, although
their number was less than half that of RIG-I™™* progeny (Supplementary
Table 1). RIG-I"'" and RIG-I*'" littermate mice were used for in vivo
experiments. RIG-I~'~; MDAS ™~ mice in a 1295v X CS7BL/6 background
were kethal atembryonic day 12.5. Additional details regarding cells, reagents and
the preparation of in vitro transcribed dsRNA areprovided in the Supplementary

- Information.

Viruses. NDV (ref. 3), VSV, VSV lacking a variant of M protein (NCP) (ref. 8),
influenza virus lacking the NS1 protein (ANS1) (ref. 26), JEV (ref. 27) and
EMCV (ref. 3) have been described previausly. SeVand SeV lacking the V protein
(V™) or with mutated C proteins (Cm) were provided by A. Kato™.
Liciferase assay. Wild-type or RIG-I™/"; MDA5™'~ MEFs were transiently
transfected with a reporter construct containing the Ifnb promoter together with
an empty vector (mock), or RIG-I or MDAS expression vectors. As an internal
control, a Renilla luciferase construct was transfected. Transfected cells were
untreated or infected with EMCV or SeVCm (m.o.i. 20) for 24 h. The cells were
lysed and subjected to a luciferase assay using a dual-huciferase reporter assay
system (Promega) according to the manufacturer’s instructions.

Analysis of mice after EMCV infection. Methods for plaque assays, histological
analysis and echocardiography are described in the Supplementary Information.
Measurement of cytokine production. Cell culture supematants were collected
and analysed for IFN-8, IFN-a, IL-6 or IL-12p40 production using enzyme-
linked immunosorbent assays (ELISAs). ELISA kits for mouse IFN-« and IFN-8
were purchased from PBL Biomedical Laberatories, and those for IL-6, IL-12p40
and RANTES were obtained from R&D Systems.

Statistical analysis. Kaplan—Meier plots were constructed and a generalized
Wilcoxon test was used to test for differences in survival between control and
mutant mice after viral infection. Statistical significance of any differences in
cytokine concentration and ECMV titres was determined using Student's r-tests.
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I. Supplementary Materials and Methods

Generation of MDA 5™ mice

The MDAS gene was isolated from genomic DNA extracted from ES cells (GSI-I) by
PCR. The targeting vector was constructed by replacing a 4.3-kb fragment encoding the
MDAS ORF (including DExH box) with a neomycin-resistance gene cassette (7o), and a
herpes simplex virus thymidine kinase (HSV-TK) driven by PGK promoter wa§ inserted
into the genomic fragment for negative selection. After the targeting vector was
transfected into ES cells, G418 and gancyclovir doubly resistant colonies were selected
and screened by PCR and further confirmed by Southern blotting. Homologous
recombinants were micro-injected into C57BL/6 female mice, and heterozygous F1
progenies were intercrossed in order to obtain MDAS5™ mice. MDAS5™ and littermate

control mice were used throughout the experiments.

Cells and Reagents

RIG-T” or MDAS” MEFs were prepared from embryos under 129Sv and C57BL/6

background derived at 12.5 days postcoitum. RIG-I"MDAS™ MEFs were prepared

from embryos (129Sv X C57BL/6 background) at 11.5 days postcoituin. Bone marrow

derived DCs .were generated in RPMI 1640 medium containing 10% FCS, 50 mM
2-mercaptoethanol, and 10 ng/ml GM-CSF or 10 ng/ml Fit3L. pDCs and c¢cDCs were

isolated from FIt3L-DCs by MACS using anti-B220 and CD.llc microbeads from
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Miltenyi Biotech as described. Poly I:C was purchased from Amersham Biosciences.
For the synthesis of poly 1:C, poly I (152-539 bases) and poly C (319-1305 bases) have
been separately synthesized and then annealed. Therefore. the expected length of poly I.C
is 319-539 bps (Amersham Bisciences). Poly I:C was complexed with cationic lipids,
Lipofectamin 2000 reagents (Invitrogen), and added to MEFs. DCs were incubated with

or without Lipofectamine 2000 for stimulation.

Northem blot

PECs were treated with or without 1000 U/ml mouse IFN-B (Calbiochem) for 8 h, and
. total RNA was extracted using TRIzol reagent (Invitrogen). RNA was electrophoresed.

transferred to nylon membranes and then hybridized with indicated cDNA probes. To

detect the expression of MDAS mRNA, a 308 bp fragment (777-1084) was uged as a

probe. The same membrane was rehybridized with a B-actin probe.

Western blot analysis and an antibody

MEF were treated with 1000 U/ml IFN-B for 8 h. Cells were then lysed in a lysis buffer
containing 1.0% Nonidet-P40, 150 mM NaCl, 20 mM Tris-Cl (pH7.5), 1 mM EDTA and
protease inhibitor cocktail (Roche). Cell lysates were dissolved by SDS-PAGE and
transferred onto a PVDF membrane. The membrane was blotted with the specific
antibody to MDAS protein, and visualized with an enhanced chemiluminescence system
(Perkinermer). Polyclonal anti-MDAS antibody was raised against corresponding to

amino acids 1005-1019 of mouse MDAS.

Preparation of in vitro transcribed dsRNA
The mouse Lamin A/C cDNA sequence was amplified by PCR and cloned into the pT7
blue T vector (Novagen) and sequenced. Various lengths of dsRNAs corresponding to the

sequence of mouse Lamin A/C were generated using a T7 RiboMAX™ Express RNAi

2
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System (Promega) according to the manufacturer’s instruction. In brief, DNA
fragments tagged with T7 RNA polymerase promoters corresponding to parts of Lamm
A/C (50, 100, 200, 400, 600, 1000 bps) were amplified by a PCR reaction using Lamin
A/C cDNA as a template, and with following primers;

T7 Lamin. Forward, TAATACGACTCACTATAGGacugttggetgegeagge

T7 Lamin.50 reverse, TAATACGACTCACTATAGGtgagaagagcctcgaggtcctt

T7 Lamin.100 reverse, TAATACGACTCACTATAGGcaatgtgegctictcactgagageag

T7 Lamin.200 reverse, TAATACGACTCACTATAGGccactcgectcageatcteat

T7 Lamin.400 reverse, TAATACGACTCACTATAGGctgttccacctggtectcatg

T7 Lamin 600 reverse, TAATACGACTCACTATAGGtcctccaggtcacgeagettt

T7 Lamin. 1000 reverse, TAATACGACTCACTATAGGggacttgttgcgeagecgeacgaac

The PCR products were purified and used as templatés for in vitro transcription with T7
RNA polymerase. The product was annealed to form dsRNA followed by treatment with
DNase and RNase to digest ssRNA and DNA. The dsRNA was further purified by
isopropanol precipitation and resuspended in Nucrease-free water. The generation of
dsRNAs was visualized by Agarose gel electrophoresis (Supplementary Fig. 2b). To
stimulate MEFs, the dsSRNA was complexed with Lipofectamine 2000, then added to the

cells, and incubated for 24 hours.

Histological analysis
Hearts were taken from EMCV infected mice, and fixed with 3.7% formaldehyde.
Transverse sections through the heart (5 pm) were cut and stained with hematoxylin and

- eosin.

Plaque assay
Forty-eight hours after EMCV infection, Hearts were prepared and homogenized in PBS.

Virus titration in the virus containing PBS was determined by standard plaque assay as



