Immunity

The Adaptor Protein MITA Links Virus-Sensing
Receptors to IRF3 Transcription Factor Activation

Bo Zhong,! Yan Yang,! Shu Li," Yan-Yi Wang, Ying Li," Feici Diao,' Caoqi Lei,! Xiao He,! Lu Zhang,! Po Tien,’

and Hong-Bing Shu'-

1College of Life Sciences, Wuhan University, Wuhan 430072, China
*Correspondence: shuh@whu.edu.cn

DOI 10.1016/j.immuni.2008.09.003

SUMMARY

Viral infection triggers activation of transcription fac-
tors such as NF-kB and IRF3, which collaborate to
induce type | interferons (IFNs) and elicit innate anti-
viral response. Here, we identified MITA as a critical
mediator of virus-triggered type | IFN signaling by ex-
pression cloning. Overexpression of MITA activated
IRF3, whereas knockdown of MITA inhibited virus-
triggered activation of IRF3, expression of type |
IFNs, and cellular antiviral response. MITA was found
to localize to the outer membrane of mitochondria
and to be associated with VISA, a mitochondrial pro-
tein that acts as an adaptor in virus-triggered signal-
ing. MITA also interacted with IRF3 and recruited the
kinase TBK1 to the VISA-associated complex. MITA
was phosphorylated by TBK1, which is required for
MITA-mediated activation of IRF3. Our results sug-
gest that MITA is a critical mediator of virus-triggered
IRF3 activation and IFN expression and further
demonstrate the importance of certain mitochondrial
proteins in innate antiviral immunity.

INTRODUCTION

Viral infection triggers a series of signaling events that lead to
induction of type | interferons (IFNs), including IFN-$ and IFN-o
family cytokines (Akira et al., 2006; Fitzgerald et al., 2003;
Hiscott, 2007; Honda et al., 2006; Katze et al., 2002). Type |
IFNs activate the JAK-STAT signal transduction pathways, lead-
ing to transcriptional induction of a wide range of genes, such as
those that encode IRFs, PKR, IP10, ISGs, and OAS. These
downstream gene products mediate inhibition of viral replication
and clearance of virus-infected cells, leading to innate antiviral
response (Durbin et al., 2000; Levy and Garcia-Sastre, 2001;
Levy and Marie, 2004).

Transcriptional induction of type | IFN genes requires the coor-
dinate activation of multiple transcription factors and their coop-
erative assembly into transcriptional enhancer complexes
in vivo. For example, the enhancer of the IFN-B gene contains
a kB site recognized by NF-«kB, a site for ATF-2-c-Jun, and two
IRF-E (also known as PRDIII or ISRE) elements recognized by
phosphorylated IRF3 and/or IRF7. It has been shown that tran-
scriptional activation of the IFN-B gene requires coordinate and
cooperative assembly of an enhanceosome that contains all of
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these transcription factors (Honda et al., 2006; Maniatis et al.,
1998; Wathelet et al., 1998).

Studies during the past decade have led to breakthrough
advances on the virus-triggered type | IFN signaling pathways.
The host has developed at least two distinct mechanisms for viral
RNA recognition, which represents the first step of innate antivi-
ral response. One is mediated by Toll-like receptors (TLRs), such
as TLRS, which recognizes viral dsRNA released by infected
cells (Alexopoulou et al., 2001). Engagement of TLR3 by dsRNA
triggers TRIF (an adaptor of the TLR pathway)-mediated signal-
ing pathways, thereby leading to IRF3 and NF-«B activation (Han
et al., 2004; Oshiumi et al., 2003; Yamamoto et al., 2003; Yama-
moto et al., 2002). The second mechanism involves two RNA
helicase proteins, RIG-I and MDA5, which function as cytoplas-
mic viral RNA sensors (Andrejeva et al., 2004; Yoneyama et al.,
2004). Both RIG-1 and MDA5 contain two CARD modules at their
N terminus and a DexD/H-box helicase domain at their C termi-
nus. The helicase domains of RIG-I and MDAS5 serve as intracel-
lular viral RNA receptors, whereas the CARD modules are
responsible for transmitting signals to downstream CARD-
containing adaptor protein VISA (also known as MAVS, IPS-1,
and Cardif) (Hornung et al., 2006; Kato et al., 2006; Kawai
et al., 2005; Meylan et al., 2005; Pichimair et al., 2006; Seth
et al., 2005; Xu et al., 2005). Gene-deletion studies indicate
that VISA is required for the activation of IRF3 and NF-kB, and
VISA-deficient mice exhibit severe deficiency in induction of
type | IFNs and proinflammatory cytokines and are susceptible
to RNA virus infection (Kumar et al., 2006; Sun et al., 2006). Inter-
estingly, the C terminus of VISA contains a transmembrane do-
main, which targets it to the outer membrane of mitochondria.
The mitochondrial localization of VISA is essential for triggering
downstream signaling, indicating a critical link between mito-
chondria and innate antiviral immunity (Seth et al., 2005).

Various studies have demonstrated that the 1B kinase (IKK)
family members are critically involved in virus-triggered and
VISA-mediated induction of type | IFNs. Although IKKa and
IKKB are essential for virus-triggered NF-«B activation, the non-
canonical IKK family members TBK1 and IKKe are responsible
for phosphorylating and activating IRF3 and IRF7 (Fitzgerald
et al., 2003; Hemmi et al., 2004; Matsui et al., 2006). The mech-
anisms on how VISA signals the activation of canonical and non-
canonical IKK family members, however, are less clear. VISA can
interact with tumor necrosis factor (TNF) receptor-associated
factor 6 (TRAF6) through its conserved TRAF6-binding motifs.
VISA-mediated NF-«kB but not IRF3 activation is diminished in
TRAF6-deficient fibroblasts, suggesting that TRAF6 acts down-
stream of VISA in the NF-kB but not IRF3-activation pathway
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Figure 1. Sequence and Expression Analysis of MITA
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(A) Alignment of human and mouse MITA amino acid sequences. Four putative transmembrane regions (TM) are indicated by bold lines. The asterisk marks the

serine residue of MITA whose phosphorylation is important for its function.
(B) RNA blot analysis of human MITA mRNA expression.

(C) Immunoblot analysis of human MITA expression in the indicated cell lines. Whole-cell lysates from the indicated cells were analyzed by immunoblotting with a
mouse polyclonal antibody against human MITA (aa 221-379). Ten times less lysate was loaded for the Flag-MITA-transfected 293 cell sample. The experiments

were repeated for three times with similar results.

(Xu et al., 2005). Other studies indicate that the TNF receptor
associated signaling components, including TRADD, FADD, and
RIP, interact with VISA and are required for VISA-mediated
NF-kB and IRF3 activation (Kawai et al., 2005; Michallet et al.,
2008). Gene-deletion studies also suggest a role of TRAF3 in
virus-triggered induction of type | IFNs (Oganesyan et al., 2006;
Saha et al., 2006).

In this study, we identified an uncharacterized protein, which
we designate as MITA. MITA localized to the outer membrane
of mitochondria and associated with VISA. MITA acted as an
adaptor protein to recruit TBK1 and IRF3 to VISA, and knock-
down of MITA abolished virus-triggered IRF3 activation, IFNB1
expression, and cellular antiviral response. Our findings provide
amolecular mechanism on VISA-mediated IRF3-activation path-
way and further illustrate the importance of certain mitochondrial
proteins in innate antiviral immunity.

RESULTS
Identification of MITA by Expression Cloning

To identify additional proteins involved in virus-triggered IRF3
activation, we performed expression cloning experiments using

a reporter construct driven by five copies of IRF-E of the ISG54
gene promoter, which has previously been shown to be
activated by IRF3 (Nakaya et al., 2001; Navarro et al., 1998).
From ~2 x 10° clones of a human spleen cDNA library screened,
we identified seven clones that could activate IRF-E in 293 cells.
Sequencing analysis indicated that these clones encode IRF1,
IRF3, IRF7, and an uncharacterized protein identified by the
NIH full-length cDNA project (GenBank accession number
NM_198282). On the basis of its functions described below,
we designated this protein as MITA (for Mediator of IRF3 Activa-
tion). Human MITA contains 379 amino acid residues and shares
~69% sequence identity at the amino acid level with its mouse
ortholog (Figure 1A), but has no substantial homology with other
proteins. Structural analysis with several programs indicated
that MITA contains four putative transmembrane regions
but lacks other recognizable motifs or domains (Figure 1A).
RNA blot analysis indicated that MITA is ubiquitously expressed
as a ~2.4 kb transcript in all examined human tissues (Figure 1B).
Immunoblot analysis indicated that MITA is expressed as
a 42 kDa protein in human 293 and A549 cells and to a much
lower amount in Huh7 cells (Figure 1C and Figure S1 available
online).
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Figure 2. MITA Activates IRF-E but Not NF-kB or IFN-B Promoter

(A) MITA activates IRF-E in a dose-dependent manner in 293 cells. 293 cells (1 x 10°%) were transfected with IRF-E plasmids (0.1 ug) and the indicated amount of
expression plasmid of MITA. Luciferase assays were performed 24 hr after transfection. Graphs show mean + SD, n = 3.

(B) Comparison of MITA-, IRF3-, and VISA-mediated activation of IRF-E, NF-kB, and the IFN- promoter. 293 cells (1 x 10°%) were transfected with the indicated
reporter (0.1 png) and expression (0.1 pug each) plasmids. Luciferase assays were performed 20 hr after transfection. Graphs show mean + SD, n = 3.

(C) Overexpression of MITA results in IRF3 nuclear translocation. 293 cells (2 x 105 were transfected with the indicated plasmids (8 g each). About 14 hr after
transfection, nuclear extracts (two panels, top) and nonnuclear fractions (three panels, bottom) were prepared and analyzed with the indicated antibodies. The
experiments were repeated for three times with similar results.

(D) MITA-mediated IRF-E activation is inhibited by IRF3 and IRF7 mutants. Reporter assays were performed similarly as in (B). Graphs show mean + SD, n = 3.
(E) Overexpression of MITA induces expression of endogenous ISG15 and ISG56 but not IFNB1 in 293 cells. 293 cells (2 x 10°) were transfected with the indicated
expression plasmids (2 ug each) for 20 hr before RT-PCR for the indicated genes was performed. The experiments were repeated for three times with similar

results.

Overexpression of MITA Activates IRF3

To confirm that MITA is capable of activating IRF-E, we con-
structed MITA expression plasmids independently of the original
clone identified in the expression screens. As shown in Figure 2A,
overexpression of MITA activated IRF-E in a dose-dependent
manner in 293 cells in reporter assays. The degree of MITA-
mediated IRF-E activation was similar to that of IRF3 but mark-
edly lower than that of VISA (Figure 2B), with these proteins
expressed at similar amounts (Figure S2). Consistently, overex-
pression of MITA caused translocation of IRF3 into the nucleus
(Figure 2C), whereas MITA-mediated IRF-E activation was
inhibited by dominant-negative mutants of IRF3 and IRF7 (Fig-
ure 2D). These data suggest that MITA activates IRF-E through
IRF3 and IRF7.

Because viral infection also activates NF-kB, we determined
whether MITA can activate NF-kB. As shown in Figure 2B,
MITA did not activate NF-kB in reporter assays. Consistently,
MITA did not activate the IFN-B promoter (Figure 2B), which
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needs cooperation of NF-«kB and IRF3 for activation. Further-
more, overexpression of MITA induced endogenous expression
of two IRF-E-dependent antiviral genes ISG715 and ISG56
(Nakaya et al., 2001; Wathelet et al., 1987) but failed to induce
endogenous expression of IFNB1 (Figure 2E). These data sug-
gest that overexpression of MITA activates IRF3.

MITA Is Required for Virus-Triggered IRF3 Activation
and Cellular Antiviral Response

We next determined whether endogenous MITA is required for
virus-triggered IRF3 activation and type | IFN induction. We uti-
lized three MITA-RNAI plasmids that could substantially inhibit
the expression of transfected or endogenous MITA (Figure 3A).
As shown in Figure 3B, all three MITA-RNAI plasmids potently
inhibited Sendai virus (SeV)-induced IRF-E activation (The #2
MITA-RNAI plasmid was used for all the experiments described
below. Similar results were obtained with the #1 MITA-RNAI
plasmid.). Knockdown of MITA also inhibited SeV-induced
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IRF3 dimerization and phosphorylation (Figure 3C), which are
hallmarks of IRF3 activation. Although MITA was expressed at a
low level in Huh7 cells, it was still required for SeV-induced IRF-
E activation in these cells (Figure S3A). Interestingly, although
overexpression of MITA did not activate NF-kB, knockdown of
MITA inhibited virus-triggered NF-kB activation (Figure 3D), sug-
gesting a potential crosstalk between virus-triggered NF-kB and
IRF3-activation pathways at the MITA level. As expected, knock-
down of MITA inhibited SeV-triggered activation of the IFN-f3 pro-
moter (Figure 3E), as well as endogenous expression of ISG15,
ISG56, and IFNB1 (Figure 3F). In similar experiments, knock-
down of MITA did not affect TNF- or IL-1-induced NF-kB activa-
tion (Figure 3G). These data suggest that MITA is a critical medi-
ator of virus-triggered activation of IRF3 and expression of IFNB1
and other IRF3-dependent genes.

Because MITA is critically involved in virus-triggered expres-
sion of IRF3-dependent genes, we determined whether MITA
plays a role in cellular antiviral response. In plaque assays, over-
expression of MITA significantly inhibited VSV replication in
a dose-dependent manner in 293 cells (p < 0.001), whereas
knockdown of MITA had an opposite effect (p < 0.01) (Figures
3H and 3l). Similarly, knockdown of MITA also inhibited SeV-in-
duced activation of the IFN- promoter as well as VSV replication
in HelLa cells (Figures S3B and S3C). Collectively, these results
suggest that MITA is required for efficient cellular antiviral re-
sponse.

To determine whether MITA is required for intracellular
dsRNA-induced antiviral response, we performed two lines of
experiments. In reporter assays, knockdown of MITA inhibited
intracellular poly(l:C)-induced IRF-E activation (Figure S4A).
Consistently, plaque assays indicated knockdown of MITA
inhibited intracellular poly(l:C)-induced antiviral response (Fig-
ure S4B). Similarly, knockdown of MITA also inhibited B-DNA-
induced activation of IRF-E, NF-kB, and the IFN- promoter
(Figure S4C). These data suggest that MITA is also required for
intracellular dsRNA- and B-DNA-induced antiviral response.

MITA Is Localized to the Outer Membrane

of Mitochondria

MITA contains multiple putative transmembrane regions and
previous studies have shown that VISA is located at the outer
membrane of mitochondria (Seth et al., 2005). Therefore, we de-
termined whether MITA is also localized to the mitochondria by
cell fractionation and immunoblot analysis (Figure 4A). We found
endogenous MITA exclusively existed in the mitochondrial frac-
tion, which also contained VISA and the mitochondrial protein
AIF (Figure 4B). MITA was undetectable in other nonmitochon-
drial fractions, including the endoplasmic reticulum, cytosol,
and nucleus (Figure 4B and data not shown). Confocal micros-
copy indicated that GFP-tagged MITA is colocalized with the mi-
tochondrial stain MitoTracker Red no matter the tag is attached
toits N or C terminus (Figure 4C). Deletion analysis indicated that
the third transmembrane region (aa 112-135) of MITA was
important for its mitochondrial localization (Figure S5). Results
from trypsin-protection assays with purified mitochondria
indicated that both MITA and VISA were sensitive to trypsin
treatment, whereas the mitochondrial inner-membrane protein
COX4 was protected (Figure 4D). These data suggest that MITA
is localized to the outer membrane of mitochondria.

MITA Interacts with VISA and Is Recruited to RIG-1 upon
Viral Infection

Because both MITA and VISA are localized to the outer mem-
brane of mitochondria and required for virus-triggered induction
of type | IFNs, we determined whether MITA interacts with VISA.
Transient transfection and coimmunoprecipitation experiments
indicated that MITA interacts with VISA (Figure 5A). Endogenous
coimmunoprecipitation experiments indicated that MITA consti-
tutively interacts with VISA in the presence or absence of viral
infection (Figure 5B). Previously, it has been demonstrated
that a fraction of VISA is redistributed to insoluble fraction after
viral infection (Seth et al., 2005). We found that a fraction of MITA
is also redistributed to insoluble fraction after SeV infection
(Figure S6). These observations suggest that VISA-MITA-medi-
ated signaling may be initiated from the insoluble fraction.

Domain-mapping experiments indicated that the C terminus of
VISA (aa 360-540) and the region spanning the third and fourth
transmembrane domains of MITA (aa 111-160) were required
for their interaction (Figure 5C). Interestingly, the C-terminal frag-
ment of VISA contained the transmembrane domain (Seth et al.,
2005) and was sufficient for IRF-E activation (Xu et al., 2005),
whereas aa 111-160 of MITA was important for its mitochondrial
localization and oligomerization (Figures S5 and S7). In reporter
assays, knockdown of VISA by RNAI inhibited RIG-I- but not
MITA-mediated IRF-E activation (Figure 5D), whereas knock-
down of MITA inhibited VISA- but not TRIF- and TBK1-mediated
IRF-E activation (Figure 5E). These data suggest that VISA
signals IRF-E activation through MITA.

VISA is an adaptor for signaling triggered by the viral RNA sen-
sor RIG-I. We determined whether MITA is associated with RIG-I
through VISA. In mammalian overexpression system, RIG-| inter-
acted with MITA weakly, probably through endogenous VISA.
This interaction was enhanced by ectopically expressed VISA
(Figure 5F). In untransfected cells, endogenous RIG-I interacted
with MITA in viral-infection-dependent manner, and this interac-
tion was diminished by knockdown of VISA (Figure 5G). Consis-
tently, we found that a small fraction of RIG-I is localized to mito-
chondria upon viral infection (Figure 4B). These data suggest that
RIG-l is recruited to the VISA-MITA complex on the mitochondria
upon viral infection.

MITA Links IRF3 and TBK1 to VISA

Previous studies have demonstrated that various proteins are
involved in VISA-mediated IRF3 and IRF7 activation, including
TBK1, IKKe, TRAF3, TRADD, FADD, and RIP. In addition, it has
been suggested that VISA induces IRF3 activation through
TBK1 in most cell types and IKKe under certain conditions
(Hemmi et al., 2004). In transient transfection and coimmunopre-
cipitation experiments, MITA interacted with TBK1, IKKe, IRF3,
and IRF7 but not with IKKe or IRF9 (Figure 6A). MITA
also interacted with TRAF3 but not with TRADD, FADD, and RIP
(Figure S7 and data not shown). Interestingly, endogenous
coimmunoprecipitation experiments indicated that MITA consti-
tutively interacted with IRF3, and this interaction was slightly
enhanced after viral infection, although its interaction with TBK1
was viral-infection-dependent in untransfected cells (Figure 6B).
Consistently, we found that a fraction of IRF3 was constitutively
localized to the mitochondria, whereas a fraction of TBK1 was re-
cruited to the mitochondria upon viral infection (Figure 4B). In
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Figure 3. MITA Is Required for Virus-Induced Signaling

(A) Effects of MITA RNAI plasmids on the expression of transfected and endogenous MITA. In the upper panel, 293 cells (1 x 10°) were transfected with expres-
sion plasmids for Flag-MITA and Flag-CARD14 (0.1 pg each), and the indicated RNAi plasmids (1 pg). At 24 hr after transfection, cell lysates were analyzed by
immunoblotting with anti-Flag. In the lower panels, 293 cells (2 x 10°% were transfected with control or MITA RNAI plasmids (2 ug each) for 24 hr. Cell lysates were
then analyzed by immunoblotting with the indicated antibodies. The experiments were repeated for three times with similar results.

(B) Effects of MITA RNAI plasmids on SeV-induced IRF-E activation. 293 cells (1 x 10°) were transfected with the indicated RNAi plasmids. Twenty-four hours
after transfection, cells were left uninfected or infected with SeV for 8 hr before luciferase assays were performed. Graphs show mean + SD, n = 3.

(C) Knockdown of MITA inhibits SeV-induced IRF3 activation. 293 cells (2 x 10°%) were transfected with a control or MITA RNAi plasmid. Twelve hours after trans-
fection, cells were selected with puromycin (1 ug/ml) for 24 hr, then infected with SeV or left uninfected for 6 hr. Cell lysates were separated by native (upper panel)
or SDS (bottom-two panels) PAGE and analyzed with the indicated antibodies. The experiments were repeated for three times with similar results.

(D and E) Effects of MITA RNAi on SeV-induced (D) NF-«B and (E) IFN-B promoter activation. Reporter assays were performed similarly as in (B). Graphs show
mean + SD, n = 3.

(F) MITA RNAI inhibits SeV-induced expression of downstream genes. 293 cells (2 x 10°) were transfected with a control or MITA RNAI plasmid (2 pg) for 24 hr
RT-PCR was performed 10 hr after SeV infection. The experiments were repeated for three times with similar results.

(G) MITA RNAI does not inhibit TNF- or IL-1-induced NF-kB activation. 293 cells (1 x 10° were transfected with NF-kB reporter plasmid (0.1 ng) together with
a control or MITA RNAI plasmid (1 png each). Twenty-four hours after transfection, cells were left untreated or treated with TNFa or IL-1p (20 ng/ml) for 8 hr before
luciferase assays were performed. Graphs show mean + SD, n = 3.
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Figure 4. MITA Is Localized to the Outer Membrane of Mitochondria

(A and B) Cell fractionation and immunoblot analysis of the subcellular fractions. Cell fractionation strategy is shown in (A). 293 cells were infected with SeV or left
uninfected for 2 hr and cell fractions were analyzed by immunoblotting with the indicated antibodies (B). The experiments were repeated for three times with
similar results.

(C) Confocal microscopy of the cellular localization of MITA. 293 cells were transfected with GFP control, N-terminal (GFP-MITA), or C-terminal (MITA-GFP)
GFP-tagged MITA. Transfected cells were stained with the MitoTracker Red and observed by confocal microscopy.

(D) MITA is sensitive to trypsin treatment. The purified mitochondria were treated with trypsin (5 M) or left untreated and then analyzed by immunoblotting with

the indicated antibodies. The experiments were repeated for three times with similar results.

addition, phosphorylated IRF3 was also detected in the mito-
chondrial fraction upon viral infection (Figure S8).

To determine whether MITA is required for recruitment of
TBK1 and IRF3 to VISA, we determined the effects of MITA
knockdown on the association of VISA with TBK1 and IRF3.
Coimmunoprecipitation experiments indicated that knockdown
of MITA impaired SeV-induced association of VISA with TBK1
and IRF3 (Figure 6B). These data suggest that TBK1 and IRF3
are linked to the VISA complex through MITA.

We further determined whether MITA can act as a scaffold
protein for TBK1 and IRF3. We found that MITA markedly
enhanced the interaction between TBK1 and IRF3 in coimmuno-

precipitation experiments (Figure 6C). Similarly, MITA also
markedly enhanced the interaction between IKKe and IRF3
(Figure S9). Further analysis indicated that MITA could dimerize
or oligomerize, depending on its aa 111-160 fragment spanning
the last two putative transmembrane regions (Figure S10). Dele-
tion analysis indicated that aa 81-379 of MITA is important for its
interaction with TBK1 and IRF3, as well as for enhancing the
interaction between TBK1 and IRF3 (Figure S11). Consistently,
this fragment was sufficient for activating IRF-E (Figure 6D).
These data suggest that MITA acts as a scaffold protein for
TBK1 and IRF3 and for linking them to the VISA complex upon
viral infection.

(H and 1) Effects of MITA on cellular antiviral responses. (H) shows that overexpression of MITA inhibits VSV replication. 293 cells (1 x 10°%) were transfected with
the indicated amount of MITA expression plasmids. At 24 hr after transfection, cells were infected with VSV (MOI = 1) and supernatants were harvested at 12 hr
postinfection (hpi). Supernatants were analyzed for VSV production with standard plaque assays. (I) shows that knockdown of MITA increases VSV replication.
Plaque assays were performed as in (H), except that MITA RNAi plasmid (1 pg) was used (**p < 0.001; *p < 0.01). Graphs show mean + SD, n = 3.

Immunity 29, 538-550, October 17, 2008 ©2008 Elsevier Inc. 543
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TBK1-Mediated Phosphorylation of MITA Is Critical

for Virus-Triggered IRF3 Activation

During the coimmunoprecipitation experiments, we routinely ob-
served that TBK1 but not its kinase-inactive mutant caused
a shift of MITA to higher molecular weight bands (Figure 6C);
such a shift was due to TBK1 phosphorylation because treat-
ment with phosphatase diminished the shift (Figure 7A). We
made a series of MITA mutants in which one or more potential
phosphorylation residues predicted by the NetPhos program
were mutated to alanines. Immunoblot analysis indicated that
mutation of S324 and 326 or S358 to alanine reduced TBK1-
mediated phosphorylation of MITA (Figure 7B). Interestingly,
the MITA(S358A) mutant failed to activate IRF-E and acted as
a dominant-negative mutant that dramatically inhibited SeV-
induced IRF-E activation (Figure 7C). We further confirmed that
S358 is a true phosphorylation site targeted by TBK1 by mass
spectrometry analysis (Figure S12). Consistent with its inability
to activate IRF-E, the mutation of S358 to alanine impaired the
ability of MITA to interact with TBK1 and to enhance the interac-
tion between TBK1 and IRF3 (Figure S13).

To determine whether MITA is a true phosphoprotein, we per-
formed 32P in vivo labeling experiments. The results indicated
that MITA was basally phosphorylated and that its phosphoryla-
tion was enhanced after viral infection (Figure 7D). Cotransfec-
tion of a kinase-inactive TBK1 mutant inhibited virus-induced
MITA phosphorylation. Mutation of the putative TBK1 target sites
also reduced the phosphorylation of MITA in response to SeV
infection (Figure 7E). Consistently, MITA activated IRF-E in
wild-type but not Tbk7™~ mouse embryonic fibroblasts
(MEFs), whereas ectopic expression of TBK1 restored the ability
of MITA to activate IRF-E in Tbk?1~/~ cells (Figure 7F). Taken
together, these data suggest that viral infection causes TBK1-
mediated MITA phosphorylation, which is important for virus-
triggered IRF3 activation.

DISCUSSION

Previous studies have demonstrated that the mitochondrial pro-
tein VISA plays an essential role in virus-triggered induction of
type | IFNs and innate antiviral immunity. In this study, we iden-
tified MITA as a VISA-associated mitochondrial protein that
functions downstream of VISA in the IRF3-activation pathway.

Similar to VISA, MITA is ubiquitously expressed in all exam-
ined human tissues, and such an expression is consistent with
the notion that type I IFNs are rapidly induced by viruses in all
cell types. Overexpression of MITA activated IRF3. Conversely,
knockdown of endogenous MITA abolished virus-triggered ac-
tivation of IRF3 and induction of IFNB1 and other IRF3-depen-
dent downstream genes. Consistently, overexpression of
MITA inhibited viral replication, whereas knockdown of MITA
had an opposite effect. These data demonstrate that MITA is
a critical component in the virus-triggered IRF3-activation path-
way and cellular antiviral response. Although overexpression of
MITA did not activate NF-kB, knockdown of MITA inhibited
virus-triggered NF-kB activation. This observation suggests
a potential crosstalk between virus-triggered IRF3 and NF-xB
activation pathways at the MITA level. In this context, it has
been demonstrated that the IKK regulatory subunit NEMO(IKKY)
is required for virus-triggered IRF3 activation (Zhao et al., 2007).
We attempted to investigate the mechanism that leads to MITA
involvement in the virus-triggered NF-kB activation pathway.
However, coimmunoprecipitation experiments failed to detect
an interaction between MITA and downstream proteins known
to be involved in virus-triggered NF-kB activation, including
TRAFG, IKKa, IKKB, IKKy, TRADD, FADD, and RIP. How MITA
is involved in virus-triggered NF-kB activation is currently
unknown.

Structural analysis indicates that MITA contains four trans-
membrane regions but lacks a conserved N-terminal signal pep-
tide or mitochondrial targeting sequence. Biochemical and
immunofluorescent-staining experiments suggest that MITA is
localized to the outer membrane of mitochondria and that the
third transmembrane region is important for its mitochondrial lo-
calization. Interestingly, VISA also lacks a detectable N-terminal
mitochondrial targeting sequence, and its mitochondrial locali-
zation requires its C-terminal transmembrane region (Seth
et al., 2005). Coimmunoprecipitation experiments indicated that
MITA was constitutively associated with VISA. Deletion analysis
indicates that the C terminus of VISA (aa 360-540) and the region
spanning the third and fourth transmembrane domains of MITA
(aa 111-160) were required for their interaction and localization
to the mitochondria. These observations suggest that MITA
and VISA are constitutively localized to the outer membrane of
mitochondria as a complex.

Figure 5. MITA Interacts with VISA and Is Recruited to RIG-I

(A) MITA interacts with VISA. 293 cells (2 x 10°) were transfected with the indicated plasmids (8 ng each). Cell lysates were immunoprecipitated with anti-Flag or
control IgG. The immunoprecipitates were analyzed by immunoblotting with anti-HA (top panel). The expression of the transfected proteins were analyzed by
immunoblotting with anti-HA and anti-Flag (middle and bottom panels) respectively.

(B) MITA interacts with VISA in untransfected cells. 293 cells (1 x 108) were infected with SeV or left uninfected for 2 hr. Cells were lysed and immunoprecipitation
and immunoblot analysis were performed with the indicated antibodies.

(C) Domain mapping of the VISA-MITA interaction. The experiments were performed similarly as in (A).

(D) VISA RNAI inhibits RIG-I- but not MITA-mediated IRF-E activation. 293 cells (1 x 10°%) were transfected with the indicated plasmids (1 ng each). Luciferase
assays were performed 24 hr after transfection. Graphs show mean + SD, n = 3.

(E) Knockdown of MITA inhibits VISA- but not TRIF- and TBK1-mediated signaling. 293 cells (1 x 10°) were first transfected with a MITA RNAI or control plasmid
(1 ng). One day later, cells were selected with puromycin (1 ng/ml) for 24 hr and then retransfected with IRF-E luciferase and the indicated expression plasmids
(0.1 ng each). Luciferase assays were performed 24 hr after the second transfection. Graphs show mean + SD, n = 3.

(F) VISA mediates the interaction between RIG-1 and MITA. 293 cells (2 x 10) were transfected with the indicated plasmids (8 ug each). Twenty hours after trans-
fection, immunoprecipitation and immunoblot analysis were performed with the indicated antibodies.

(G) MITA is associated with RIG-I through VISA. 293 cells were left untransfected or transfected with the VISA RNAI plasmid. The cells were then treated with SeV
or left untreated for 2 hr before immunoprecipitation and immunoblot analysis were performed with the indicated antibodies.

For (A), (B), (C), (F), and (G), the experiments were repeated for three times with similar results.
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Figure 6. MITA Links IRF3 and TBK1 to the VISA-Associated Complex

(A) MITA interacts with TBK1, IKKe, and IRF3/7. 293 cells (2 x 10°) were transfected with the indicated expression plasmids (8 ng each), and coimmunopreci-
pitation experiments were performed with the indicated antibodies.

(B) TBK1 and IRF3 are recruited to VISA through MITA after viral infection. Upper panels show endogenous association of MITA with TBK1 and IRF3. As shown in
the lower panels, knockdown of MITA impairs viral-infection-induced recruitment of TBK1 and IRF3 to VISA. 293 cells (1 x 10%) were untransfected (upper panels)
or transfected with control or MITA RNAI plasmid (lower panels). Cells were infected with SeV or left untreated for 2 hr as indicated before coimmunoprecipitation
experiments were performed.

(C) MITA enhances the interaction between TBK1 and IRF3. 293 cells (2 x 10°) were transfected with the indicated plasmids (8 jig each). Immunoprecipitation and

immunoblot analysis were performed with the indicated antibodies.

(D) Domain mapping of MITA-mediated IRF-E activation. Reporter assays were performed as in Figure 2B. Graphs show mean + SD, n = 3.

For (A-C), the experiments were repeated for three times with similar results.

Several lines of experiments suggest that MITA acts down-
stream of VISA and represents the branching site for VISA-medi-
ated IRF3-activation pathway. First, overexpression of VISA ac-
tivated both NF-«B and IRF3, whereas MITA only activates IRF3.
Second, knockdown of MITA inhibited VISA- but not TRIF- and
TBK1-mediated IRF-E activation, whereas knockdown of VISA
has no effects on MITA-mediated IRF-E activation. Third, MITA

546 Immunity 29, 538-550, October 17, 2008 ©2008 Elsevier Inc.

is associated with RIG-I in a viral-infection-dependent manner,
and this association was diminished by knockdown of VISA.
Coimmunoprecipitation experiments indicated that IRF3 was
constitutively associated with MITA, whereas TBK1 was re-
cruited to MITA upon viral infection. In mammalian overexpres-
sion system, TBK1 interacted with IRF3 weakly and this interac-
tion was dramatically enhanced by MITA. Both TBK1 and IRF3
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Figure 7. TBK1-Mediated Phosphorylation of MITA Is Critical for Virus-Triggered IRF3 Activation

(A) Phosphorylation of MITA by TBK1 is abolished by calf intestine phosphatase (CIP) treatment. 293 cells (2 x 10° were transfected with the indicated
plasmids (8 ug each). Cell lysates were immunoprecipitated with anti-Flag. The immunoprecipitates were treated with buffer or CIP and analyzed by immu-
noblot with anti-Flag (upper panel). Expression of the transfected proteins were analyzed by immunoblots with anti-Flag (middle panel) or anti-HA (bottom
panel).

(B) Mutation analysis of potential TBK1 phosphorylation sites. 293 cells were transfected with the indicated plasmids and immunoblot analysis was
performed with the indicated antibodies.

(C) Effects of the MITA mutants on SeV-induced IRF-E activation. 293 cells (1 x 10°% were transfected with the indicated plasmids (0.5 ng each). Twenty-
four hours after transfection, cells were infected with SeV or left uninfected for 8 hr before luciferase assays were performed. Graphs show mean + SD,
n=3.

(D) Endogenous MITA is phosphorylated in vivo. 293 cells (2 x 107) were treated with SeV or left untreated for 2 hr and then labeled with 3P orthophosphate.
The cell lysates were immunoprecipitated with anti-MITA antibody or control IgG. The immunoprecipitates were analyzed by SDS-PAGE and autoradiogra-
phy (upper panel). The level of phosphorylation of MITA was quantitated by the Bio-Rad Quantity One program, and fold activity was shown. Expression of
MITA protein was detected by immunoblot analysis (lower panel).

(E) Phosphorylation of MITA is blocked by TBK1-KA mutant. 293 cells (1 x 107) were transfected with the indicated expression plasmids (8 pg each) for
20 hr, treated with SeV or left untreated for 2 hr, and then labeled with 2P orthophosphate. The cell lysates were immunoprecipitated with anti-Flag.
The immunoprecipitates were analyzed and MITA phosphorylation was quantitated as in (D) (upper panel). Expression of transfected proteins was detected
by immunoblot analysis with anti-HA (middle panel) or anti-Flag (lower panel).

(F) MITA activates IRF-E in wild-type but not Thk7~'~ mouse embryonic fibroblasts (MEFs). MEFs (1 x 10° were transfected with the indicated plasmids
(1 ng each) and IRF-E reporter plasmids (0.2 ng). Reporter assays were performed 24 hr after transfection. Graphs show mean + SD, n = 3.

For (A), (B), (D), and (E), the experiments were repeated for three times with similar results.

were recruited to VISA in a viral-infection-dependent process. tively, these studies suggest that the mitochondrial-mem-

Because knockdown of MITA impaired the association of VISA
with TBK1 and IRF3, it suggests that MITA acts as the link for
the recruitment of TBK1 and IRF3 to the VISA complex. Collec-

brane-bound and VISA-associated MITA provides a scaffold
for assembly of a complex activating the IRF3 arm of virus-trig-
gered signaling. In our previous report (Xu et al., 2005) and the
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current study, we found that VISA is associated with IRF3 in a
viral-infection-dependent manner, whereas MITA interacts with
VISA and IRF3 constitutively. The simplest explanation for these
observations is that two distinct complexes exist on the
mitochondrial membrane under physiological conditions: the
VISA-MITA and MITA-IRF3 complexes. After viral infection,
these two complexes may be brought together by MITA-MITA
interaction. In this context, we demonstrated that MITA can
self-oligomerize.

MITA was phosphorylated by TBK1 and the phosphorylation
was increased after viral infection. Ser358 of MITA was a critical
target of TBK1 because the MITA(S358A) mutant failed to acti-
vate IRF-E and acted as a dominant-negative mutant to inhibit
SeV-induced IRF-E activation. Consistently, MITA(S358A) also
lost its ability to interact with TBK1 and to enhance the interac-
tion between TBK1 and IRF3. The simplest explanation for these
observations is that upon viral infection, TBK1 is recruited to the
VISA-MITA-IRF3 complex, in which TBK1 first phosphorylates
MITA, a step required for its subsequent phosphorylation of
IRF3. Consistently, MITA activates IRF-E in wild-type but not
Tbk1~'~ mouse embryonic fibroblasts.

In our experiments, we found that mutation of the three serine
residues to alanine (MITA3A) did not completely abolish the
phosphorylation of MITA by TBK1. In addition, phosphorylation
of MITA3A mutant was still increased after viral infection, al-
though to a much lower degree in comparison to wild MITA.
The simplest explanation for this observation is that additional
TBK1 phosphorylation sites exist in MITA.

Various studies have indicated that TBK1 is a ubiquitously ex-
pressed kinase that is required for virus-triggered induction of
type | IFNs. In contrast, expression of IKKe is limited to certain
immune cells and is undetectable in most other cell types under
physiological conditions (Akira et al., 2006; Honda et al., 2006;
Huang et al., 2005; Lin et al., 2006a; Meylan et al., 2005). It
has been suggested that IKKe is induced by viral infection
and that the induced IKKe functions in a redundant role to its
ubiquitous counterpart, TBK1, in the activation of IRF3 and
IRF7. Gene-deletion studies have confirmed that IKKe is not re-
quired for virus-triggered induction of type | IFNs, but is required
for type | IFN-induced activation of STAT1 and induction of a sub-
set of type | IFN-stimulated genes (Hemmi et al., 2004; Perry
et al., 2004; Tenoever et al., 2007). Similarly, IRF3 is ubiquitously
expressed, whereas IRF7 is induced after viral infection. There-
fore, in most cell types, both IKKe and IRF7 are not required for
the first wave of induction of type | IFNs but are involved in the
amplification of type | IFNs after viral infection. Because of these
reasons, we performed detailed studies on the relationship be-
tween MITA and TBK1-IRF3 but not IKKe-IRF7. Nevertheless,
we found MITA could interact with IKKe and IRF7 and promote
IKKe-IRF3 interaction. These studies suggest that MITA can
act as a scaffold for IKKe and IRF7 in similar ways as for TBK1
and IRF3 and is probably important for the amplification of
type | IFN induction after viral infection.

On the basis of our findings, we propose a working model on
the role of MITA in virus-triggered signaling. In this model, viral
RNA is recognized by RIG-I and MDAS5, which then interact with
the mitochondrial protein VISA. VISA signals IKK-NF-kB
activation through TRAF6 or TRAFDD-FADD-RIP. Concurrently,
VISA interacts with the mitochondrial protein MITA, which inter-
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acts with IRF3 and recruits TBK1 upon viral infection. Previ-
ously, studies have demonstrated a role for TRAF3 in VISA-
mediated IRF3 activation (Oganesyan et al., 2006; Saha et al.,
2006). In this context, we found that MITA is able to interact
with TRAF3. How TRAF3 is involved in MITA-mediated IRF3
activation is unknown at this time. Once recruited to the VISA-
associated complex, TBK1 phosphorylates MITA and this step
may be important for subsequent phosphorylation of IRF3 by
TBKA1. Various studies suggest that virus-triggered type | IFN
signaling pathways are also positively regulated by TRIM25-
mediated ubiquitation of RIG-I (Gack et al., 2007) or negatively
regulated by a divergent groups of cellular or viral proteins,
such as A20 (Lin et al., 2006b), DUBA (Kayagaki et al., 2007),
RNF125 (Arimoto et al., 2007), LGP2 (Yoneyama et al., 2005),
NLRX1 (Moore et al., 2008), DAK (Diao et al., 2007),
SIKE (Huang et al., 2005), Pin1(Saitoh et al., 2006), V proteins
(Andrejeva et al., 2004), and NS3/4A (Meylan et al., 2005).
The identification of MITA as a critical mediator of virus-trig-
gered IRF3 activation and type | IFN expression contributes
to the elucidation of the complicated molecular mechanisms
of cellular antiviral response and further demonstrates the
importance of certain mitochondrial proteins in innate antiviral
immunity.

EXPERIMENTAL PROCEDURES

Expression Cloning

Expression cloning was performed similarly as described (Kawai et al., 2005).
In brief, a human spleen cDNA library (Stratagene) was divided into ~150
clones per pool and the plasmid DNA was prepared for IRF-E luciferase
reporter assay with 293 cells. The positive pools were further divided into
subpools of ~10 clones, which were tested for their ability to activate IRF-E
in reporter assays. Single clones were isolated from the positive subpools
and again tested for their ability to activate IRF-E in reporter assays. The
positive clones were sequenced and identified by BLAST searches of the
GenBank databases.

Reagents

TNFo and IL-1B (R&D Systems); mouse monoclonal antibodies against Flag,
HA and B-actin (Sigma), TBK1 (Imgenex), AIF, KDEL, Caspase3, COX4, and
H2B (Santa Cruz Biotechnology); rabbit polyclonal antibodies against IRF3
(Santa Cruz Biotechnology); and phospho-IRF3 (Ser396) (Upstate) were pur-
chased from the indicated manufacturers. SeV, VSV, and rabbit anti-VISA
and RIG-I antibodies were previously described (Diao et al., 2007; Huang
et al., 2005; Xu et al., 2005). Huh7 cells (D.-Y. Guo), Thk™'~ and wild-type
MEFs (W. Yeh) and pEGFP-C3 (Y. Wu) were provided by the indicated inves-
tigators. Mouse and rabbit anti-MITA antisera were raised against recombi-
nant human MITA (221~379) and MITA (161~379), respectively.

Constructs

NF-kB, IRF-E/ISRE, and the IFN-B promoter luciferase reporter plasmids, VISA
RNAI plasmid, mammalian expression plasmids for HA- or Flag-tagged VISA
and its mutants RIG-I, TBK1, IKKe, IKKa, IRF3, IRF7, IRF9, IRF3-DN, IRF7-
DN, TRAF3, IKKe-KA, and TBK1-KA were previously described (Diao et al.,
2007; Huang et al., 2005; Xu et al., 2005). Mammalian expression plasmids
for human HA-, Flag- or GFP-tagged MITA and its truncated mutants were
constructed by standard molecular biology techniques.

Transfection and Reporter Gene Assays

The 293 cells (~1 x 10°% were seeded on 24-well dishes and transfected the
following day by standard calcium phosphate precipitation. In the same exper-
iment, we added empty control plasmid to ensure that each transfection re-
ceives the same amount of total DNA. To normalize for transfection efficiency,
we added 0.01 pg of pRL-TK Renilla luciferase reporter plasmid to each
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transfection. Luciferase assays were performed with a dual-specific luciferse
assay kit (Promega). Firefly luciferase activities were normalized on the basis
of Renilla luciferase activities. All reporter assays were repeated for at least
three times. Data shown were average values + SD from one representative ex-
periment.

Coimmunoprecipitation, Inmunoblot Analysis, Native PAGE,

RNA Blot Analysis, and VSV Plaque Assays

These experiments were performed as described (Diao et al., 2007; Huang
et al., 2005; Xu et al., 2005).

RNAi

The RNAI plasmids targeting human MITA mRNA were purchased from Ori-
gene. The target sequences were as following: MITA RNAI #1: 5'-gcaacagca
tctatgagcttctggagaac-3’; #2: 5'-gtgcagtgagccageggctgtatattcte;-3’ #3: 5'-gct
ggcatggtcatattacatcggatatc-3'.

RT-PCR

RT-PCR was performed as described (Huang et al., 2005). Gene-specific
primer sequences for IFN-3 and GAPDH were as described (Huang et al.,
2005) or were as follows: ISG56, forward: 5'-acggctgcctaatttacage-3’, and
reverse: 5'-agtggctgatatctgggtgc-3’; ISG15, forward: 5'-atgggctgggacctga
cgg-3/, and reverse: 5'-ttagctccgcccgecagget-3'.

Subcellular Fractionation

The 293 cells (5 x 107) infected with SeV or left uninfected for 2 hr were washed
with PBS and lysed by douncing for 20 times in 2 ml homogenization buffer
(10 mM Tris-HCI [pH 7.4], 2 mM MgCI2, 10 mM KCI, and 250 mM sucrose).
The homogenate was centrifuged at 500 g for 10 min, and the pellet (P5)
was saved as crude nuclei. The supernatant (S5) was centrifuged at 5000 g
for 10 min to precipitate crude mitochondria (P5K). The supernatant (S5K)
was further centrifuged at 50,000 g for 60 min for S50K and P50K generation.

Immunofluorescent Confocal Microscopy

The transfected 293 cells were incubated with the MitoTracker Red (Molecular
Probes) for 30 min. The cells were then fixed with 4% paraformaldehyde
for 10 min and observed with a Leica confocal microscope under a x 100 oil
objective.

32p In Vivo Labeling

Cells were infected with SeV or left untreated for 2 hr and then starved in phos-
phate-free DMEM/1% dialyzed FBS for 1 hr. Afterward, the cells were col-
lected and labeled with 32P orthophosphate (Perkin Elmer) at a concentration
of 1 mCi/ml for 1 hr. The cells were then lysed and the lysates were immuno-
precipitated with the indicated antibodies. The immunoprecipitates were ana-
lyzed by SDS-PAGE and autoradiography. Before labeling, we took a small
fraction of cells for immunoblot analysis to detect protein expression.

SUPPLEMENTAL DATA

Supplemental Data include thirteen figures and can be found with this article
online at http://www.immunity.com/cgi/content/full/29/4/538/DC1/.
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