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Abstract

Upon binding to RNA structures from invading viruses, RIG-|
and MDAS5 are recruited to mitochondria to interact with
VISA and initiate antiviral type | interferon (IFN) responses.
How this process is mediated is less understood. In this re-
port, we demonstrate that ECSIT is an essential scaffolding
protein that mediates the association of VISA and RIG-I or
MDADS5. Overexpression of ECSIT potentiated virus-triggered
activation of IFN-regulatory factor 3 (IRF3) and expression of
IFNB1, whereas knockdown of ECSIT impaired viral infection-
induced activation of IRF3 and expression of IFNB1 as well as
cellular antiviral responses. Mechanistically, ECSIT was asso-
ciated with VISA on mitochondria and important for bridg-
ing RIG-1 and MDAS5 to VISA. Our findings suggest that ECSIT
mediates virus-triggered type | IFN induction by bridging
RIG-I and MDA5 to the VISA complex, and provide new in-
sights into the molecular events of innate antiviral immune
responses. © 2014 S. Karger AG, Basel

Introduction

The germ line-encoded pattern recognition receptors
recognize invading viral RN As or their replication inter-
mediates, and initiate a series of signaling events leading
to the induction of hundreds of effector proteins that are
involved in the inhibition of viral replication and clear-
ance or apoptosis of infected cells [1-3]. Various pattern
recognition receptors have so far been identified, such
as membrane-bound Toll-like receptors (TLRs), cyto-
plasmic nucleic acid sensors RIG (retinoic acid-induc-
ible gene)-I and MDA5 (melanoma differentiation-as-
sociated gene 5), Lsm14A, cyclic GMP-AMP synthase
(cGAS) and RNA polymerase III [4-8]. RIG-I and
MDAS5 are collectively called RIG-I-like receptors
(RLRs), which contain two N-terminal tandem caspase
activation and recruitment domains (CARDs) and a C-
terminal DexD/H box RNA helicase domain [9]. The
RNA helicase domains of RLRs bind to viral RNAs,
which leads to conformational changes and transloca-
tion of RLRs to the mitochondria, where RLRs interact
with the mitochondrial adaptor VISA (virus-induced
signaling adaptor, also known as MAVS, IPS-1 and Car-
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dif) by their CARDs. VISA further recruits multiple pro-
teins to form a signalosome, leading to the activation of
IKK kinase family members, such as TBK1 (TANK-
binding kinase 1) and IKKp (IkB kinase {), the down-
stream transcription factors interferon (IFN)-regulato-
ry factor 3 (IRF3), nuclear factor (NF)-«xB and the induc-
tion of type I IFNs [10-13].

It has been demonstrated that the translocation of
RLRs to mitochondria for the association with VISA rep-
resents an essential step in type I IFN induction upon vi-
ral infection, and several proteins have been reported to
mediate this process. The mitochondrial targeting chap-
eron protein 14-3-3¢ interacts with RIG-I and TRIM25 to
form a ‘translocon’ complex that directs RIG-I and
TRIM25 to MAM (mitochondria-associated membrane),
where 14-3-3e stabilizes RIG-I-TRIM25 interactions and
facilitates K63-linked ubiquitination of RIG-I by TRIM25
[14, 15]. In addition, the assembly and up-regulation of
actin and tubulin on mitochondria is required for the
translocation of RIG-I to mitochondria and the interac-
tion between RIG-I and VISA [16]. On the other hand,
gC1qR (receptor for globular head domain of comple-
ment component C1q) disrupts the RLR-VISA interac-
tion on mitochondria, thereby inhibiting virus-triggered
type I IFN signaling [17]. Thus, whether and how other
proteins regulate the RLR-VISA interaction is of great in-
terest.

ECSIT (evolutionarily conserved signaling intermedi-
ate in Toll pathways) is a component critically involved
in Toll/IL-1-induced activation of MEKK1 (MEK ki-
nase 1) and NF-kB and required for BMP signaling and
mesoderm formation during mouse embryogenesis [18,
19]. It has been demonstrated that ECSIT localized to mi-
tochondria through its N-terminal domain and it is im-
plicated in the assembly and stability of the mitochon-
drial respiratory complex [20]. Recently, ECSIT has been
found to induce mitochondrial reactive oxygen species
(mROS) generation downstream of TLR1, TLR2 and
TLR4, which is critical for mouse macrophage bacteri-
cidal activity [21]. Although it has been reported that
TRIM59 inhibits VISA-induced activation of IRF3 and
NF-«B by interacting with ECSIT [22], it is unclear how
ECSIT is involved in virus-triggered type I IFN signaling.
In this report, we found that ECSIT acted as an essential
scaffolding protein that bridged RIG-I and MDAS5
to VISA, and thereby plays an essential role in RLR-me-
diated type I IFN induction and cellular antiviral respons-
es. Our findings provide new information on the molecu-
lar mechanisms of RLR-mediated cellular antiviral re-
sponses.
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Materials and Methods

Constructs

ISRE, NF-kB and IFN-f promoter luciferase reporter plasmids,
mammalian expression plasmids for BID-GFP, Sec61p3-GFP, HA-
or Flag-tagged RIG-I, MDAS5, VISA, TLR3, TRAF3, TRAF6, MITA
and their truncations were previously described [8, 23, 24]. Cher-
ry-, Flag- or HA-tagged cGAS, ECSIT and its mutants were con-
structed by standard molecular biology techniques.

Reagents and Antibodies

Recombinant human IFN-B (PeproTech), mouse monoclonal
antibodies against Flag, HA and B-actin (Sigma), rabbit monoclonal
antibody against p-IRF3 (S396; CST), mouse monoclonal antibody
against p-IkBa (CST), mouse antibody against p-tubulin (Invitro-
gen), mouse polyclonal antibody against LMNBI and rabbit poly-
clonal antibody against IRF3 (Santa Cruz Biotechnology) were pur-
chased from the indicated manufacturers. Rabbit anti-ECSIT, rabbit
anti-VISA, mouse anti-IkBa, mouse anti-RIG-I and mouse anti-
MDAS5 antisera were raised against recombinant human ECSIT,
VISA, IkBa, RIG-I and MDAS, respectively. Sendai virus (SeV), ve-
sicular stomatitis virus (VSV), GFP-Newcastle disease virus (NDV)
and GFP-VSV [8, 25, 26] and the herpes simplex virus-1 (HSV-1)
D305A, a DNA virus, were described previously [27]; HSV-1 D305A
was provided by Dr. Chunfu Zheng (Soochow University).

Transfection and Reporter Gene Assays

Human embryonic kidney 293 (HEK293) cells (~1 x 10°) were
seeded on 24-well plates and transfected on the following day using
the standard calcium phosphate precipitation method. In the same
experiment, empty control plasmid was added to ensure that each
transfection receives the same amount of total DNA. To normalize
for transfection efficiency, 0.01 pug of pRL-TK Renilla luciferase
reporter plasmid was added to each transfection. Luciferase assays
were performed using a dual-specific luciferase assay kit (Prome-
ga), and firefly luciferase activities were normalized based on Re-
nilla luciferase activities [26].

Co-Immunoprecipitation and Western Blot Analysis/Cell
Fractionation Experiments
These experiments were performed as described [23, 24, 26, 28].

Real-Time PCR

Total RNA was isolated from cells using TRIzol reagent (Ta-
kara, Japan) and subjected to real-time PCR analysis to determine
mRNA expression. mRNA levels of specific genes were normalized
to GAPDH mRNA. Gene-specific primer sequences were as listed
in the following:

IFNBI1: TTGTTGAGAACCTCCTGGCT (forward),

TGACTATGGTCCAGGCACAG (reverse);

Rantes: GGCAGCCCTCGCTGTCATCC (forward),

GCAGCAGGGTGTGGTGTCCG (reverse);

ISG15: AGGACAGGGTCCCCCTTGCC (forward),

CCTCCAGCCCGCTCACTTGC (reverse);

IL-8: AGGACAGGGTCCCCCTTGCC (forward),

CCTCCAGCCCGCTCACTTGC (reverse);

MCPI1: AGGACAGGGTCCCCCTTGCC (forward),

CCTCCAGCCCGCTCACTTGC (reverse);

GAPDH: GAGTCAACGGATTTGGTCGT (forward),

GACAAGCTTCCCGTTCTCAG (reverse).
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Fig. 1. Overexpression of ECSIT potentiates virus-triggered IFN-[3
induction. a ECSIT potentiates SeV-induced activation of ISRE
and the IFN-P promoter in a dose-dependent manner. HEK293
cells (1 x 10°) were transfected with the IFN-B promoter, ISRE
(0.1 pg) and NF-xB (0.01 pg) luciferase reporter and the indicated
amounts of ECSIT expression plasmids. Twenty hours after trans-
fection, cells were infected with SeV or left uninfected for 10 h be-
fore reporter assays were performed. b ECSIT potentiates SeV-
induced expression of IFNBI and downstream genes. HEK293
cells (4 x 10°) were transfected with control or ECSIT expression

VSV Plaque Assays

HEK293 cells were grown in 24-well plates and transfected with
the indicated plasmids. Twenty-four hours after transfection, cells
were transfected with Lipofectamine with polyinosinic-polycyti-
dylic acid [poly(I1:C)] and B-DNA (1 pg) or control buffer for an-
other 24 h prior to VSV infection. One hour after infection, cells
were washed with warm PBS and then fresh medium was added.
The supernatant was harvested 24 h later and used to infect
confluent cultured Vero cells. Plaque assays were then performed
as described [23, 24, 26].

Virus Manipulation

Cells were grown in 24-well plates and transfected with the in-
dicated plasmids prior to virus infection. The culture medium was
replaced by serum-free DMEM containing NDV-GFP or VSV-
GFP virus (multiplicity of infection, MOI = 0.1). One hour later,
cells were washed with PBS and then supplemented with DMEM
containing 10% FBS. NDV-GFP or VSV-GFP replication was vi-
sualized by monitoring GFP expression using fluorescence mi-
croscopy [26].

ECSIT Mediates Innate Antiviral
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plasmids (1 pg) for 20 h. Cells were then infected with SeV or left
uninfected for 10 h before real-time PCR analysis was performed.
¢ ECSIT does not affect TLR3-mediated activation of IFN-f pro-
moter. 293-TLR3 cells (1 x 10°) were transfected with IFN-f pro-
moter luciferase reporter plasmids (0.1 pg) and the indicated
amounts of ECSIT expression plasmids. Twenty hours after trans-
fection, cells were left untreated or treated with poly(I:C) (25 ug/
ml) for 12 h before luciferase assays were performed. Means + SD,
n=3.%p<0.05**p<0.0l.

RNAi

Double-strand oligonucleotides corresponding to the target se-
quences were cloned into the pSuper.Retro RNAi plasmid (Oligoen-
gine Inc.). The following sequences were targeted for human ECSIT:

No. 1: GCAACAAGTGTGTGTATTA;

No. 2: GTGTATTACCACATCCTCA;

No. 3: GCCACATTGACTTCATCTA.

Results

Overexpression of ECSIT Potentiates Virus-Triggered

IEN-B Induction

To examine whether ECSIT is involved in the regula-
tion of RLR-mediated IFN induction, we performed re-
porter assays. We found that overexpression of human
ECSIT potentiated SeV-triggered activation of the IFN-f
promoter in HEK293 cells (fig. 1a). Since activation of the
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IFN-B promoter requires coordinated and cooperative
activation of IRF3 and NF-«B, we further determined
whether ECSIT potentiated virus-induced activation of
ISRE and NF-kB. The results indicated that overexpres-
sion of ECSIT also potentiated SeV-triggered activation
of ISRE and NF-«B (fig. 1a). Results from real-time PCR
experiments indicated that overexpression of ECSIT po-
tentiated SeV-triggered transcription of downstream
genes, including IFNB1, CCL5, ISG15, IL-8 and MCPI
(fig. 1b). In contrast, ECSIT did not potentiate TLR3-me-
diated activation of the IFN-P promoter (fig. 1c). These
results suggest that overexpression of ECSIT potentiates
virus-triggered IFN induction.

ECSIT Is Required for Virus-Triggered Expression of

IFNBI

Because overexpression of ECSIT potentiated virus-
triggered induction of IFNBI, we next determined
whether endogenous ECSIT is required for virus-trig-
gered IFN-B induction. We constructed three RNAi
plasmids (pSuper-ECSIT-RNAi Nos. 1-3) targeting
ECSIT mRNA and detected their effects on knockdown
of ECSIT expression. As shown in figure 2a, the ECSIT-
RNAi-1 and -2 constructs could inhibit endogenous ex-

Fig. 2. ECSIT is required for virus-triggered expression of IFNBI.
a Effects of ECSIT-RNAi plasmids on the expression of transfected
ECSIT. HEK293 cells (4 x 10°) were transfected with control or the
indicated ECSIT-RNAI plasmids (2 pg each). Thirty-six hours lat-
er, cells were lysed and the cell lysates were analyzed by immunob-
lot with the indicated antibodies. b Effects of ECSIT-RNAi plas-
mids on SeV-induced activation of the IFN-B promoter. HEK293
cells (1 x 10°) were transfected with the indicated ECSIT-RNAi
(0.5 ug) and IEN- reporter (0.1 pg) plasmids. Thirty-six hours
after transfection, cells were left uninfected or infected with SeV
for 10 h before luciferase assays were performed. ¢ Effects of
ECSIT-RNAi plasmids on SeV-induced expression of IFNBI gene.
HEK293 cells (4 x 10°) were transfected with control or ECSIT-
RNAI plasmids (22 ug). Thirty-six hours after transfection, cells
were left uninfected or infected with SeV for the indicated time
points before real-time PCR analysis was performed. d Effects of
ECSIT-RNAI plasmids on SeV-induced activation of the ISRE.
HEK293 cells (1 x 10°) were transfected with the indicated ECSIT-
RNAI (0.5 pg) and ISRE (0.1 pg) plasmids. Thirty-six hours after
transfection, cells were left uninfected or infected with SeV for 10 h
before luciferase assays were performed. e Effects of ECSIT-RNAi
plasmids on SeV-induced activation IRF3. HEK293 cells (4 x 10°)
were transfected with control or ECSIT-RNAI plasmids (2 pug).
Thirty-six hours after transfection, cells were left uninfected or in-
fected with SeV for 6 h. Cell lysates were separated by native (top)
or SDS (bottom three panels) PAGE and analyzed with the indi-
cated antibodies. f Effects of ECSIT-RNAi plasmids on SeV-in-
duced activation of NF-xB. HEK293 cells (1 x 10°) were transfect-
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pression of ECSIT in HEK293 cells, whereas the ECSIT-
RNAi-3 had no marked effect on ECSIT expression. In
reporter assays, ECSIT-RNAi-1 and -2 but not ECSIT-
RNAi-3 constructs could significantly inhibit SeV-trig-
gered activation of the IFN-P promoter, which was cor-
related with their effects on ECSIT expression (fig. 2b;
we selected the ECSIT-RNAI-2 construct for additional
experiments described below; similar results were ob-
served with ECSIT-RNAi-1). Knockdown of ECSIT also
inhibited GFP-VSV- and GFP-NDV-triggered activa-
tion of the IFN-B promoter (online suppl. fig. 1; for
all online suppl. material, see www.karger.com/
doi/10.1159/000365971). Consistently, results from re-
al-time PCR experiments confirmed that knockdown of
ECSIT inhibited virus-triggered transcription of IFNBI
and downstream genes (fig. 2c and data not shown). In
addition, we also found that ECSIT-RNAI significantly
inhibited SeV-induced ISRE activation, IRF3 phosphor-
ylation and dimerization, which are hallmarks of IRF3
activation (fig. 2d, e). Furthermore, knockdown of
ECSIT markedly inhibited SeV-induced NF-«B activa-
tion in reporter assays in HEK293 cells (fig. 2f). Consis-
tently, knockdown of ECSIT also impaired virus-trig-
gered IkBa phosphorylation and degradation (fig. 2g).

ed with the indicated ECSIT-RNAi (0.5 pg) and NF-kB reporter
(0.02 ug) plasmids. Thirty-six hours after transfection, cells were
left uninfected or infected with SeV for 10 h before luciferase assays
were performed. g Effects of ECSIT-RNAIi plasmids on SeV-in-
duced phosphorylation and degradation of IkBa. HEK293 cells
(4 x 10°) were transfected with control or ECSIT-RNAi (2 pg).
Thirty-six hours after transfection, cells were left uninfected or in-
fected with SeV for the indicated time points. Cell lysates were
separated by SDS-PAGE and analyzed with the indicated antibod-
ies. h Effects of ECSIT-RNAI plasmids on cytoplasmic B-DNA-
and poly(I:C)-induced activation of IFN-B promoter. HEK293
cells (1 x 10°) were transfected with ECSIT-RNAi (0.5 pg) and
IEN-p reporter (0.1 pg) plasmids. Thirty-six hours after transfec-
tion, cells were mock-transfected or transfected with B-DNA and
poly(I:C) (1 pg) with Lipofectamine 2000 for 12 h before luciferase
assays were performed. i Effects of ECSIT-RNAi plasmids on
TLR3-mediated activation of IFN- promoter. The 293-TLR3 cells
(1 x 10°) were transfected with control or ECSIT-RNAi plasmids
(0.5 pg) and the IFN- reporter plasmids (0.1 pg). Thirty-six hours
after transfection, cells were left untreated or treated with poly(I:C)
(25 pg/ml) for 12 h before luciferase assays were performed.
j Effects of ECSIT-RNAI plasmids on TNFa- and IL-1B3-induced
NF-kB activation. HEK293 cells (1 x 10°) were transfected with
ECSIT-RNAI (0.5 pg each) and NF-«B luciferase reporter (0.02 pg)
plasmids. Thirty-six hours after transfection, cells were left un-
treated or treated with TNFa (20 ng/ml) and IL-1P (10 ng/ml) for
10 h before luciferase assays were performed. Means + SD, n = 3.
*p <0.05**p<0.01. (For figure see next page.)
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In reporter assays, ECSIT-RNAI also inhibited activa-
tion of the IFN-p promoter triggered by cytosolic
poly(I:C) and B-DNA, which were recognized by RIG-I
in the cytosol (fig. 2h). In contrast, ECSIT-RNAi had
minimal effects on TLR3-mediated or the DNA virus
HSV-1 (D305A)-triggered activation of the IFN-f pro-
moter as well as TNFa- and IL-1B-triggered activation
of NF-«B (fig. 2i, j; online suppl. fig. S2A). Collectively,
these results suggest that endogenous ECSIT plays a key
role in the induction of virus-triggered activation of
IRF3 and type I IFNS.

ECSIT Is Essential for Cellular Antiviral Responses

Because ECSIT plays a key role in virus-triggered type
I IFN expression, we next determined whether ECSIT
was involved in the regulation of cellular antiviral re-
sponses. In plaque assays with VSV, we observed that
higher VSV titers were produced from ECSIT knock-
down compared with control cells. In addition, transfec-
tion of cytosolic poly(I:C) and B-DNA enhanced cellular
antiviral responses and led to a reduction in VSV titers
in the control but not ECSIT knockdown cells (fig. 3a).
To directly detect viral replication, we infected ECSIT-
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Fig. 3. ECSIT is essential for cellular antiviral response. a Effects of
ECSIT-RNAi on VSV replication. HEK293 cells (1 x 10°) were
transfected with ECIST-RNAIi plasmid (0.5 pg). Thirty-six hours
later, cells were mock transfected or transfected with B-DNA and
poly(I:C) (1 ug) for 16 h and then infected with VSV (MOI = 0.05).
The supernatants were harvested 24 h after infection for standard
plaque assays. b Effects of ECSIT-RNAi on NDV-GFP replication.
HEK293 (1 x 10°) cells were transfected with ECSIT-RNAI plas-
mid (0.5 pg). Thirty-six hours later, cells were infected with GFP-
NDV (MOI = 0.2) for 24 h and imaged by microscopy. ¢ Effects of
ECSIT-RNAi on VSV-GFP replication. HEK293 (1 x 10°) cells
were transfected with ECSIT-RNAI plasmid (0.5 pg). Thirty-six
hours later, cells were infected with GFP-VSV (MOI =0.1) for 24 h
and imaged by microscopy. Means + SD, n = 3. ** p < 0.01.

RNAIi or control cells with GFP-tagged NDV or VSV,
and found that knockdown of ECSIT greatly increased
GFP signals of infected cells (fig. 3b, c). Collectively,
these data suggest that ECSIT is essential for cellular an-
tiviral responses.
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ECSIT Localizes to Mitochondria

Having established that ECSIT is crucial for virus-trig-
gered type I IFN induction and cellular antiviral respons-
es, we further examined how ECSIT was spatially related
in virus-triggered signaling. We analyzed subcellular lo-
calizations of ECSIT by confocal microscopy and cell
fractionation assays. As shown in figure 4a, ECSIT-Cher-
ry overlapped with mitochondria but not endoplasmic
reticulum (ER). In cell fractionation experiments, we ob-
served that ECSIT was mostly detected in the mitochon-
drial fraction but not in other fractions, such as ER, cyto-
sol and nucleus, and this distribution was not significant-
ly changed after virus infection (fig. 4b). These data
suggested that ECSIT localized to mitochondria to regu-
late virus-triggered signaling.

ECSIT Regulates Virus-Triggered Signaling at

RLR-VISA Level

Because ECSIT localized to mitochondria and potenti-
ated virus-triggered IFN induction, we further examined
the relationships between ECSIT and VISA-associated
components in virus-triggered signaling pathways. In re-
al-time PCR experiments, we found that ECSIT knock-
down markedly inhibited RIG-I- and MDA5-mediated
IFNBI expression, but had a minor effect on VISA-medi-
ated IFNBI expression (fig. 5a), indicating that ECSIT
acted upstream of VISA but downstream of RIG-I and
MDADS. In transient transfection and co-immunoprecip-
itation experiments, we found that ECSIT interacted with
RIG-I, MDAS5 and VISA, but not TLR3 and TRAF3
(fig. 5b). In similar experiments, ECSIT did not interact
with cGAS or MITA, which is a critical sensor or adaptor
for DNA virus-triggered signaling (online suppl. fig.
S2B). Furthermore, overexpression or knockdown of
ECSIT did not markedly affect cGAS- and MITA-medi-
ated activation of the IFN-f promoter (online suppl. fig.
S2C, D). These data suggest that ECSIT was not involved
in DNA sensor-mediated IFN induction.

Since ECSIT is specifically involved in RLR-mediated
signaling pathways, we examined endogenous associa-
tions between ECSIT and VISA, RIG-I or MDAS5. The
results indicated that ECSIT was constitutively associated
with VISA but not RIG-I and MDAS5 in the absence of
virus infection. However, the interaction between ECSIT
and RIG-I or MDA5 could be detected after virus infec-
tion for different times, whereas the interaction between
ECSIT and VISA was not changed after virus infection
(fig. 5¢). These results suggest that ECSIT is constitutive-
ly associated with VISA, whereas its association with
RIG-I and MDAS5 is dependent on viral infection.
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BID-GFP

Fig. 4. ECIST localized to the mitochon-
dria. a Colocalization of ECSIT with mito-
chondria. HEK293 cells (1 x 10°) were
transfected with Cherry-ECSIT (0.1 pg)

Sec61B-GFP

ECSIT-Cherry

ECSIT-Cherry DAPI Merge

and the indicated GFP-tagged organelle Mitochondria ER Cytosol Nucleus

marker plasmids (0.1 pg). Twenty-four

hours after transfection, cells were fixed Sev: 0 3 6 9 0 3 6 9 0 3 6 9 0 3 6 9h
with 4% (wt/vol) paraformaldehyde and —— -ECSIT
then subjected to confocal microscopy. —
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GFP = ER marker. b Immunoblot analysis T ' 'y M _KDEL
of the subcellular fractions. HEK293 cells ' e =

(4 x 10°) were infected with SeV for the in- [—— —cIAP1

dicated time points. Cell fractionations
were performed and the fractions were an-
alyzed by immunoblotting with the indi-

R -LMINB 1

cated antibodies.

Ithasbeen reported that high molecular weight (HMW)
poly(I:C) is a ligand for MDAS5, whereas low molecular
weight (LMW) poly(I:C) is a ligand for RIG-I [29]. We ex-
amined the effects of ECSIT knockdown on the poly(I:C)-
HMW- and poly(I:C)-LMW-induced activation of the
IFN-f promoter. As shown in online suppl. fig. S3, knock-
down of ECSIT markedly inhibited IFN-P promoter acti-
vation triggered by both HMW and LMW poly(I:C). These
data suggest that ECSIT plays an important role in both
RIG-I- and MDA5-mediated IFN induction.

ECSIT Interacts at Different Domains

To further evaluate the domains of ECSIT responsible
for ECSIT-associated complex formation, we generated a
series of truncation mutants of ECSIT and VISA (fig. 6a,
b). The results indicated that the C-terminal region of
ECSIT (amino acids 268-431) was required and sufficient
for its ability to interact with RIG-I and MDAS5 (fig. 6c,
d). In contrast, we observed that all the truncation mu-
tants of ECSIT interacted with VISA (fig. 6e). Results
from real-time PCR experiments suggested that only full-
length but not ECSIT truncation mutants potentiated

ECSIT Mediates Innate Antiviral
Response

SeV-triggered expression of IFNBI and downstream
genes (fig. 6fand data not shown). These data suggest that
the C-terminal region of ECSIT is sufficient for its asso-
ciation with RIG-I and MDAS5, and the structural integ-
rity of ECSIT is required for its function in virus-trig-
gered signaling.

We further mapped the domains of VISA that interact
with ECSIT. As shown in figure 6g, only full-length VISA
and the mutants containing the C-terminal transmem-
brane domain interacted with ECSIT, indicating that
VISA interacts with ECSIT through its transmembrane
domain. RIG-I and MDA5 contained an N-terminal
CARD followed by a C-terminal helicase domain. As
shown in figure 6h, ECSIT interacted with CARD but not
the helicase domain of RIG-I or MDAS5. These data to-
gether suggest that ECSIT interacts with the CARDs of
RLRs and the transmembrane domain of VISA.

ECSIT Is Essential for the RLR-VISA Association

Because ECSIT interacts with RLRs and VISA, and
functions downstream of RLRs and upstream of VISA, we
hypothesized that ECSIT might mediate RLR-VISA inter-
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action. Results from transient transfection and co-immu-
noprecipitation assays indicated that knockdown of
ECSIT impaired RIG-I- or MDAS5-VISA interaction
(fig. 7a). In similar experiments, knockdown of ECSIT had
minor effects on TRAF3- or TRAF6-VISA interaction, an
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interaction involved in RLR-mediated signaling down-
stream of VISA (fig. 7b). Furthermore, virus-induced
VISA-RIG-I or VISA-MDAS interaction was severely im-
paired in ECSIT knockdown cells (fig. 7c). These data in-
dicate that ECSIT mediates the RLR-VISA interaction.
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of full-length VISA, its mutants and their abilities to interact with
ECSIT. c Interaction between full-length RIG-I and ECSIT trunca-
tions. HEK293 cells (2 x 10°) were transfected with the indicated
plasmids. Twenty hours after transfection, co-immunoprecipita-
tion was performed with anti-HA or control IgG. The immuno-
precipitates were analyzed by immunoblotting with anti-Flag or
anti-HA (upper panel). The lysates were analyzed by immunoblot-
ting with anti-Flag or anti-HA (lower panels). d Interaction be-
tween full-length MDAS5 and ECSIT truncations. The experiments
were performed as in c. e Interaction between full-length VISA
and ECSIT truncations. The experiments were performed as in c.
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f Effects of wild-type or truncated ECSIT on SeV-induced tran-
scription of the IFNBI gene. HEK293 cells (4 x 10°) were trans-
fected with the indicated expression plasmids (2 ug each) for 20 h.
Cells were then infected with SeV or left uninfected for 10 h before
real-time PCR analysis was performed. g Interaction between full-
length ECSIT and VISA truncations. HEK293 cells (2 x 10°) were
transfected with the indicated plasmids. Twenty hours after trans-
fection, co-immunoprecipitation was performed with anti-HA or
control IgG. The immunoprecipitates were analyzed by immunob-
lotting with anti-Flag or anti-HA (upper panel). The lysates were
analyzed by immunoblotting with anti-HA (lower panels). h Inter-
action between full-length ECSIT and RIG-I or MDA5 trunca-
tions. The experiments were performed as in g.
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Fig.7. ECSIT is essential for the RLR-VISA
interaction. a Knockdown of ECSIT im-
paired RIG-I- or MDA5-VISA interaction.
HEK293 cells (2 x 10°) were transfected
with control or ECSIT-RNAI plasmids (12
pg). Thirty-six hours after transfection,
cells were further transfected with the indi-
cated plasmids by Lipofactamine 2000. Co-
immunoprecipitation was performed with
anti-Flag or control IgG. The immunopre-
cipitates were analyzed by immunoblotting
with anti-HA or anti-Flag (upper panel).
The lysates were analyzed by immunoblot-
ting with anti-Flag or anti-HA (lower pan-
els). b Knockdown of ECSIT did not affect
TRAF3- or TRAF6-VISA interaction. The
experiments were performed as in a.
¢ Knockdown of ECSIT impaired SeV-trig-
gered RIG-I- or MDAS5-VISA interaction.
ECSIT-RNAi stable cells were left uninfect-
ed or infected with SeV for the indicated
time points. Cells were lysed and the lysates
were immunoprecipitated with anti-VISA.
The immunoprecipitates were analyzed by
immunoblotting with the indicated anti-
bodies (upper panel). Expression levels of
the endogenous ECIST, RIG-I, MDAS5,
VISA and fB-tublin were analyzed by im-
munoblotting (lower panels).
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critical for the initiation of virus-triggered induction of
type I IFNs. In the present study, we identified ECSIT as an

Uponrecognition of viral dsSRNAs, RIG-Tand MDA5un-  essential scaffolding protein mediating recruitment of RIG-I
dergo conformational changes and are recruited to mito- and MDAS5 to the VISA complex on the mitochondria.
chondria to interact with the adaptor protein VISA, leading Overexpression of ECSIT potentiated virus-triggered
to the formation of the VISA signalsome. This process is activation of the IFN-p promoter and induction of the
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endogenous IFNBI gene, whereas knockdown of ECSIT
had opposite effects, suggesting that ECSIT is an impor-
tant component of virus-triggered type I IFN induction
pathways. Several lines of evidence suggest that ECSIT
functions by bridging the recruitment of RIG-I and
MDAS5 to the mitochondrial-associated VISA complex.
Firstly, ECSIT mostly localized to the mitochondria, and
this localization was not significantly changed after viral
infection. Second, ECSIT is constitutively associated with
VISA, whereas its association with RIG-I and MDAS5 oc-
curs after viral infection. Moreover, knockdown of ECSIT
impaired the RIG-I- or MDAS5-VISA interaction. Third,
knockdown of ECSIT inhibited RIG-I and MDA5- but
not VISA-mediated induction of the IFNBI gene.

Although it has been reported that SeV RNA is sensed
by RIG-I rather than MDAS5 [30], in several later studies
MDAS5 also played an important role in SeV-triggered
signaling [31-33]. It is likely that SeV infection activates
RIG-I-mediated signaling, which induces the expression
of MDAS5, and the accumulation of MDA5 further ampli-
fies antiviral signaling by recruiting VISA signalosomes.
In our study, we found that ECSIT was required for the
RIG-I-VISA or MDA5-VISA interaction. Thus, it is pos-
sible that ECSIT mediates SeV-triggered signaling by
promoting the recruitment of RIG-I or MDAS5 to VISA
signalosomes at the early and late phases of infection, re-
spectively.

The mitochondrial targeting chaperon 14-3-3¢ is re-
ported to interact with TRIM25 and RIG-I to form a
translocon that directs RIG-I to mitochondria upon viral
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