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Tom70 Mediates Sendai Virus-Induced Apoptosis on Mitochondria
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ABSTRACT

Virus infection triggers immediate innate immune responses. Apoptosis represents another effective means to restrict virus in-
vasion, besides robust expression of host cytokines and chemokines. IRF3 was recently demonstrated to be indispensable for
Sendai virus (SeV)-induced apoptosis, but the underlying mechanism is not fully understood. Here we report that a dynamic
protein complex, Tom70/Hsp90/IRF3/Bax, mediates SeV-induced apoptosis. The cytosolic proapoptotic protein Bax interacts
specifically with IRF3 upon virus infection. The mitochondrial outer membrane protein Tom70 recruits IRF3 to mitochondria
via Hsp90. Consequently, the relocation of Bax onto mitochondria induces the leakage of cytochrome c into the cytosol and initi-
ates the corresponding apoptosis. Interestingly, IKK-i is essential for this apoptosis, whereas TBK1 is dispensable. Collectively,
our study characterizes a novel protein complex that is important for SeV-induced apoptosis.

IMPORTANCE

Apoptosis is an effective means of sacrificing virus-infected cells and restraining the spread of virus. In this study, we demon-
strate that IRF3 associates with Bax upon virus infection. Tom70 recruits this protein complex to the mitochondrial outer mem-
brane through Hsp90, which thus induces the release of cytochrome c into the cytosol, initiating virus-induced apoptosis. Inter-
estingly, IKK-i plays an essential role in this activation. This study uncovers a novel mechanism of SeV-induced apoptosis.

athogen-associated molecular patterns (PAMPs) are sensed

by germ line-encoded pattern recognition receptors (PRRs) in
the innate immunity. Virus nucleic acids are predominantly rec-
ognized by Toll-like receptors (TLR3 for double-stranded RNA
[dsRNA], TLRY7 for single-stranded RNA [ssRNA], and TLR9 for
CpG DNA) in the endosome and by retinoic acid-inducible gene I
(RIG-I), melanoma differentiation-associated gene 50 (MDAS5),
cyclic GMP-AMP synthase DNA (cGAS), and other receptors in
the cytosol (1, 2). These receptors trigger several cascades of signal
transduction pathways, ultimately activating the critical tran-
scription factors nuclear factor kB (NF-kB) and interferon regu-
latory factor 3 (IRF3), inducing the robust expression of type I
interferons (IFNs), other cytokines, and chemokines (3).

The mitochondrion is the “powerhouse” of the cell and is es-
sential for ATP synthesis, fatty acid synthesis, and calcium/iron
homeostasis. In addition, mitochondria are firmly established as
the critical initiators and transducers of apoptosis, or pro-
grammed cell death (4). Apoptosis is essential for tissue homeo-
stasis, for instance, in the development of Caenorhabditis elegans
and the negative/positive selection of T lymphocytes, whereas ab-
normalities in apoptosis are responsible for pathological diseases,
such as cancer, autoimmune syndromes, and neurodegenerative
diseases (Alzheimer’s disease, Parkinson’s disease, and Hunting-
ton’s disease) (5-8). Notably, apoptosis is another effective means
to restrict the spread of pathogens by sacrificing virus-infected
host cells (9). For example, nonstructural protein 1 (NS1) of in-
fluenza virus can directly trigger apoptosis via multiple mecha-
nisms (10, 11). PKR, a serine/threonine protein kinase induced by
interferon, phosphorylates eIF2-a and attenuates overall protein
translation, thus triggering apoptosis (12). In contrast, many vi-
ruses encode proteins to antagonize apoptosis, such as the Kapo-
si’s sarcoma-associated herpesvirus (KSHV)-encoded viral FLCE
inhibitory protein (VFLIP), the KSHV-encoded viral Bcl-2 protein
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(KS-Bcl-2), and African swine fever virus-encoded LMW5-HL
(13-15). It is important to understand the roles of mitochondria
in virus-induced apoptosis and to elucidate the relevant molecular
mechanisms.

Most mitochondrial proteins are encoded by the nuclear ge-
nome and synthesized in the cytosol as preproteins, except for a
few mitochondrion-encoded proteins. The translocase of outer
membrane (TOM) complex, an ~400-kDa core complex in the
mitochondrial outer membrane, is responsible for the recognition
and translocation of the mitochondrial preproteins from the cy-
tosol into the mitochondria (16, 17). Tom20 and Tom?70 are char-
acterized as two major import receptors in the TOM complex that
mediate recognition via different mechanisms. Tom20 recognizes
the classical N-terminal mitochondrion-targeting signal peptides,
which are positively charged amphipathic helices and are found in
most mitochondrial preproteins. In contrast, the Tom70 receptor
interacts specifically with the chaperone Hsp90, which then re-
cruits its client proteins to the mitochondria (18, 19).

Seminal studies recently identified the mitochondrial outer
membrane protein MAVS/IPS-1/VISA/Cardiff as an essential
adaptor for RIG-I/Mda5 signal transduction during RNA virus
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infection (20-23). Our recent study characterized Tom70 as an
important adaptor linking MAVS to TBK1/IRF3 activation, thus
establishing a novel function of Tom70 in innate immunity (24).
Unexpectedly, Hiscott et al. demonstrated that IRF3 could also
mediate Sendai virus (SeV)-induced apoptosis, which is a nonre-
dundant mechanism to effectively protect the host from virus in-
fection (25). Notably, this apoptotic function of IRF3 is indepen-
dent of its activity in innate immunity signaling (25). How IRF3
induces apoptosis during virus infection remains an intriguing
question.

In this study, we show that the Tom70/Hsp90/IRF3 protein
complex is important for SeV-induced apoptosis. Depletion of
either Tom70, Hsp90, or IRF3 via RNA interference (RNAi)
markedly attenuates SeV-induced apoptosis. Mechanistically,
IRF3 interacts with both Hsp90 and the proapoptotic protein Bax
in the cytosol, and these are translocated to mitochondria upon
SeV infection. The clamp domain (R192) of Tom70 interacts with
the C-terminal motif (EEVD) of Hsp90, thereby recruiting
Hsp90/IRF3/Bax to mitochondria. Upon binding to IRF3, Bax
dissociates from the antiapoptotic molecule Bcl-2 and interacts
with the proapoptotic protein Bak on mitochondria, thus forming
the mitochondrial outer membrane pore and promoting the re-
lease of cytochrome ¢ from mitochondria into the cytosol. Collec-
tively, the data in our study characterize a novel protein complex
that is important for SeV-induced apoptosis, shedding new light
on how IRF3 modulates SeV-induced apoptosis.

MATERIALS AND METHODS

Antibodies and reagents. The antibody against Tom70 was described
previously (24). Antibodies obtained from commercial sources were as
follows: anti-hemagglutinin (anti-HA), anti-Myc, anti-IRF3, anti-Bcl-2,
anti-Tom20 (human), and anti-poly(ADP-ribose) polymerase (anti-
PARP) were from Santa Cruz; anti-MAVS, anti-caspase-3, anti-caspase-9,
anti-Bax, and anti-IKK-i were from Cell Signaling Technology; anti-Flag,
anti-B-actin, and anti-tubulin were from Sigma; anti-Hsp90 and anti-
Tom20 (mouse) were from Proteintech; anti-cytochrome ¢ was from BD;
anti-TBK1 and anti-COX IV were from Abcam; and anti-Bak was from
Millipore. EZview red protein G affinity gel was purchased from Sigma.
Inhibitors obtained from commercial sources were as follows: Z-VAD-
FMK, Z-LEHD-FMK, and tumor necrosis factor alpha (TNF-a) were
from R&D, cycloheximide (CHX) and a protease inhibitor cocktail were
from Sigma, BX-795 was from Merck Millipore, radicicol (RA) was from
Sigma, and geldanamycin (GA) was from TCIL

Cell culture and transfection. Human embryonic kidney 293
(HEK293), human embryonic kidney 293T (HEK293T), mouse embry-
onic fibroblast (MEF), and irf3~/~ MEF cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM; Gibco) plus 10% fetal bovine serum
(FBS; Gibco) supplemented with 1% penicillin-streptomycin (Gibco) at
37°C and 5% CO,. Transient transfections of indicated plasmids and
small interfering RNAs (siRNAs) were performed with Lipofectamine
2000 (Invitrogen) following the manufacturer’s instructions.

Plasmids. Human full-length IRF3, TBK1, Hsp90, MAVS, and Tom70
constructs were described previously (24). The cDNA encoding Bax and
Bak was a gift from Mian Wu (University of Science and Technology of
China). The cDNA encoding NS3/4A of hepatitis C virus (HCV) was a gift
from Jing Zhong (The Shanghai Pasteur Institute, Chinese Academy of
Sciences). Point mutants of Tom70 (R192A and K195A) were generated
by using a QuikChange XL site-directed mutagenesis method. Hsp90
(M4) and Hsp90 (M2) had the last four amino acids (EEVD) of the C
terminus changed to AAAA and EEAA, respectively. All Tom70 siRNA-
resistant constructs were generated by introducing silent mutations into
the Tom70 siRNA target sequence (1453-GCGCTGACGGACCAGCAA-
1470). All Hsp90 siRNA-resistant constructs were generated by introduc-
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ing silent mutations into the Hsp90 siRNA target sequence (1181-GTGA
CAAAAAAAAAAAAAAG-1200). All constructs were confirmed by se-
quencing.

siRNAs. All the siRNAs (GenePharma) were transfected using Lipo-
fectamine 2000. HEK293 cells were plated in 12-well or 6-well plates in
antibiotic-free growth medium. At about 40% confluence, 40 to 80 pmol
of siRNA duplex was transfected into cells. The medium was replaced with
fresh growth medium at 6 h posttransfection. To determine the efficiency
of protein knockdown, cells were lysed and immunoblotted with the in-
dicated antibodies at 48 h posttransfection.

The siRNA sequences were as follows: negative-control (NC) siRNA,
5'-UUCUCCGAAGGUGUCACGUTT-3'; Bax siRNA, 5'-UGAGCGAG
UGUCUCAAGCGCA-3'; Bak siRNA, 5'-CCGACGCUAUGACUCAGA
GTT-3';Tom70siRNA, 5 -GGCAUUAACAGAUCAACAATT-3'; Tom20
siRNA, 5'-CAAGUUACCUGACCUUAAATT-3"; Hsp90 siRNA, 5'-ACA
AGAAGAAGAAGAAGAATT-3'; TBK1 siRNA, 5'-GACAGAAGUUGU
GAUCACATT-3'; MAVS siRNAs, 5'-CCACCUUGAUGCCUGUGAAT
T-3" and 5'-CAGAGGAGAAUGAGUAUAATT-3'; IKK-i siRNAs, 5'-AC
AGAAGCAUCCAGCAGAUTT-3" and 5'-GGAGAUCAUGUACCGGA
UCTT-3’; and IRF3 siRNAs, 5'-AGACAUUCUGGAUGAGUUATT-3’,
5'-GGAGGAUUUCGGAAUCUUCTT-3', and 5'-AAUCAGAUCUACA
AUGAAGGG-3'".

Subcellular fractionation. HEK293 cells or MEF cells (2 X 107) were
harvested and washed with ice-cold phosphate-buffered saline (PBS)
(Ca**-free). The cells were resuspended and homogenized in mitochon-
drial buffer (210 mM sucrose, 70 mM mannitol, 1 mM EDTA, 1 mM
EGTA, 1.5 mM MgCl,, 10 mM HEPES [KOH] [pH adjusted to 7.2],
protease inhibitor cocktail). The homogenate was centrifuged at 1,000 X g
and 4°C for 10 min. The nuclei and intact cells were discarded. The superna-
tant was collected, centrifuged at 5,000 X g and 4°C for 15 min, and then
washed with mitochondrial buffer once. The mitochondria were contained in
the pellet. The pellet was lysed and analyzed by SDS-PAGE and immunoblot-
ting.

Immunoblotting and immunoprecipitation. Cells were collected
and washed with ice-cold PBS and then lysed in RIPA buffer (50 mM Tris,
pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 0.5% NP-40, 1 mM
Na;VO,, 1 mM B-glycerophosphate, 1 mM phenylmethylsulfonyl fluo-
ride [PMSF], protease inhibitor cocktail) for immunoprecipitation or in
RIPA buffer plus 0.05% SDS for immunoblotting. After centrifugation for
15 min at 12,000 X g, the supernatant was removed. For immunoprecipi-
tation, about 1 pg of antibody was added to each cell lysate and then
incubated overnight at 4°C. After addition of protein G beads, the incu-
bation was continued for 4 h. The beads were washed three times with
RIPA buffer, and bound protein was eluted with SDS loading buffer by
boiling for 5 min. The immunoprecipitate or whole-cell lysate was ana-
lyzed by SDS-PAGE and transferred to a polyvinylidene difluoride
(PVDF) membrane (Millipore). Immunoblots were probed with the in-
dicated antibodies. The bound antibodies were visualized by using a Super
Signal West Pico ECL kit (Pierce).

Confocal imaging. MEF cells were plated onto coverslips (Fisher) in
12-well plates and transfected with the indicated siRNAs. The coverslips
with the cells were washed once with PBS and fixed in 4% paraformalde-
hyde in PBS for 15 min. Cells were permeabilized for 15 min in 0.2%
Triton X-100 in PBS and blocked for 60 min in 5% bovine serum albumin
(BSA) in PBS at room temperature. The cells were then incubated with a
primary antibody for 60 min at room temperature or overnight at 4°C.
After washing three times in PBS, cells were incubated with Alexa 488-
conjugated goat anti-mouse IgG (Life Technologies) for 1 h at room tem-
perature. Nuclei were counterstained with DAPI (4',6-diamidino-2-phe-
nylindole; Sigma) for 2 min. The coverslips were then washed extensively
and mounted by use of Aqua-Poly/Mount reagent (Polysciences). Imag-
ing of the cells was performed at room temperature, using a confocal
microscope (TCS SP2 ACBS; Leica) with a 63X (numerical aperture =
1.4) oil immersion objective. The acquiring software was TCS (Leica,
Solms, Germany).
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FIG 1 Sendai virus-induced apoptosis depends on caspase-9. (A) HEK293 cells were infected with Sendai virus at an MOI of 0.4, 0.8, or 1.2 for 24 h (left) or at
an MOI of 1 for 18, 21, or 24 h (right). Cell death was quantified using annexin V/PI double staining on flow cytometry. (B) HEK293 cells were infected with
Sendai virus for the indicated times. Cell lysates were resolved by SDS-PAGE and then immunoblotted (IB) with the indicated antibodies. (C) (Left) HEK293 cells
were treated with TNF-a (10 ng/ml) and CHX (10 ng/ml) plus Z-VAD-FMK (2 pM) for the indicated times. (Right) HEK293 cells were infected with Sendai virus
plus Z-VAD-FMK (2 uM) for the indicated times. Cell lysates were collected for Western blot analysis with the indicated antibodies. (D) (Left) HEK293 cells were
treated with TNF-a (10 ng/ml) and CHX (10 ng/ml) plus Z-LEHD-FMK (2 wM) for the indicated times. (Right) HEK293 cells were infected with Sendai virus
plus Z-LEHD-FMK (2 nM) for the indicated times. Cell lysates were collected for immunoblot analysis with the indicated antibodies.

Rescue experiments. HEK293 cells were first treated with the indi-
cated siRNAs for 24 h and then transfected again with the indicated
siRNA-resistant plasmids for 24 h, followed by Sendai virus infection.

Virus infection. HEK293 and MEF cells were infected with Sendai
virus (strain Cantell; multiplicity of infection [MOI] = 1) in serum-free
DMEM at 80% cell confluence. Following adsorption for 2 h at 37°C and
5% CO,, the medium was removed, and cells were washed with DMEM
once and cultured with DMEM plus 10% EBS for the indicated periods.
The infectivity titer of the stock virus was 320 hemagglutinating units
(HAU)/ml.

Annexin V staining and flow cytometry. After treatment or no treat-
ment, cells were collected and stained with annexin V and propidium
iodide (PI) (Molecular Probes) according to the manufacturer’s instruc-
tions. Cell apoptosis was detected using a FACSCalibur flow cytometer
(BD Biosciences), and the data were analyzed with Flow]Jo software (Ash-
land, OR).

OIRD method. All recombinant proteins were purified from Esche-
richia coli BL21. The oblique-incidence reflectivity difference (OIRD)
method was performed as described previously (26, 27). BSA and recom-
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binant Hsp90 proteins were placed on processed glass chips by use of
Microarray Spotter and then immobilized for 12 h at 25°C. The chips were
blocked with BSA for 1 h and then incubated with recombinant Tom70
proteins for 1 h at 25°C. Lastly, OIRD detection was carried out.

Statistics. Student’s ¢ test was used for statistical analysis. P values of
<0.05 were considered statistically significant.

RESULTS

Sendai virus induces apoptosis that is dependent on caspase-9.
Consistent with previous reports, persistent SeV infection resulted
in robust cell apoptosis (Fig. 1A). One of the salient features of
apoptosis is the activation of the aspartate-specific proteases, or
caspases (28). PARP, a zinc finger protein with important roles in
DNA repair and DNA replication, is one of the target substrates of
activated caspases (29). SeV infection triggered the cleavage of
caspase-3 and PARP. In addition, the initiator caspase-9 was
cleaved and activated (Fig. 1B). In contrast, treatment with TNF-a
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FIG 2 Sendai virus activates intrinsic mitochondrial apoptosis. (A and C) HEK293T cells were cotransfected with Bak and Bax (A) or Bcl-2 and Bax (C) for 36
h and then subjected to immunoprecipitation (IP) with anti-HA antibody. The immunoprecipitates were analyzed by immunoblotting with the indicated
antibodies. (B and D) HEK293 cells or MEF cells were challenged with SeV for 24 h, and then cell lysates were subjected to immunoprecipitation with normal IgG
or anti-Bax antibody. The immunoprecipitates were analyzed by immunoblotting with the indicated antibodies. (E) Host cells were transfected with negative-
control (NC), Bax, or Bak siRNA and then infected with SeV (upper panel) or treated with TNF-a (10 ng/ml) and CHX (10 ng/ml) (lower panel) for the indicated
times. Cell lysates were collected for Western blot analysis with the indicated antibodies. (F) MEF cells were infected with SeV for 24 h, stained with anti-
cytochrome ¢ antibody, and then imaged by confocal microscopy.
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plus cycloheximide (CHX) triggered the cleavage of caspase-8 and  induced apoptosis (Fig. 1C). Interestingly, Z-LEHD-FMK, a spe-
PARP (Fig. 1C). cific inhibitor of caspase-9, apparently could inhibit SeV-induced

Z-VAD-FMK, a broad-spectrum inhibitor of the caspases, not  apoptosis (cleavage of caspase-9 and PARP), whereas it failed to
only inhibited SeV-induced apoptosis but also inhibited TNF-a-  inhibit TNF-a-induced apoptosis (cleavage of caspase-8 and
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PARP) (Fig. 1D). These results suggest that SeV-induced apopto-
sis is dependent on caspase-9.

Sendai virus activates intrinsic mitochondrial apoptosis. In-
trinsic mitochondrial apoptosis is initiated by the release of cyto-
chrome ¢, an essential component of the respiratory chains local-
ized in the mitochondrial intermembrane spaces, followed by the
formation of the apoptosis-protease activating factor 1 (Apaf-1)
protein complex and the activation of caspase-9 (28). The Bcl-2
family is composed of proapoptotic and antiapoptotic members.
The proapoptotic members Bax and Bak are crucial for the release
of cytochrome ¢ from mitochondria, by increasing the membrane
permeability (30, 31).

As expected, HA-Bax coimmunoprecipitated with Flag-Bak
and vice versa (Fig. 2A). Interestingly, endogenous Bax associated
with Bak only upon SeV challenge in 293 cells, whereas Bax could
not do so in the absence of SeV (Fig. 2B, left panel). Consistently,
the same was true in MEF cells (Fig. 2B, right panel).

The antiapoptotic protein Bcl-2 promotes cell survival via
binding to proapoptotic proteins. In resting cells, HA-Bax coim-
munoprecipitated with Flag—Bcl-2 and vice versa (Fig. 2C). Nota-
bly, endogenous Bax dissociated from Bcl-2 upon SeV stimulation
(Fig. 2D, left panel). This result was also confirmed in MEF cells
(Fig. 2D, right panel). Furthermore, knockdown of endogenous
Bax or Bak markedly attenuated the SeV-triggered cleavages of
caspase-9 and PARP. In contrast, the cleavages of caspase-8 and
PARP induced by TNF-a were not affected by depletion of either
Bax or Bak (Fig. 2E). In addition, confocal imaging revealed that
mitochondrial cytochrome ¢ was released into the cytoplasm
upon SeV infection (Fig. 2F). Taken together, these observations
demonstrate that Sendai virus activates the intrinsic mitochon-
drial apoptosis pathway through proapoptotic Bak and Bax.

MAVS, Tom70, and IRF3 mediate SeV-induced apoptosis.
MAVS, also named VISA, IPS-1, and CARDIF, localizes on the
outer membrane of mitochondria through its C-terminal trans-
membrane domain (20-23). MAVS is important for activating
type I interferon expression in innate immune signaling. Several
recent studies demonstrated that MAVS also modulates virus-
induced apoptosis (32, 33). We confirmed that SeV-induced
apoptosis was markedly impaired in mavs '~ MEF cells (Fig. 3A,
left panel). In contrast, TNF-a-induced apoptosis was not affected
in mavs '~ MEF cells (Fig. 3A, right panel). MAVS could be
cleaved at Cys-508 and was inactivated by NS3/4A, a serine pro-
tease from hepatitis C virus (34). Consistently, ectopic expression
of NS3/4A attenuated the SeV-triggered cleavages of PARP and
caspase-9 (Fig. 3B).

Recently, we characterized Tom70 as a critical adaptor for
MAVS-mediated antiviral signaling (24). We speculated about
whether Tom70 could modulate SeV-induced apoptosis. In ex-
ploring this possibility, we observed that ectopic expression of
Tom70 augmented the SeV-triggered cleavage of PARP (Fig. 3C).
In contrast, knocking down endogenous Tom70 attenuated the

cleavages of caspase-9 and PARP (Fig. 3D, left panel). However,
the cleavages of caspase-8 and PARP induced by TNF-a were not
affected by depletion of endogenous Tom70 (Fig. 3D, right panel).
Annexin V staining confirmed that silencing of Tom70 dampened
cell apoptosis upon SeV infection (Fig. 3E). As a control, knock-
down of endogenous Tom20 did not influence the cleavages of
caspase-9 and PARP triggered by SeV stimulation (Fig. 3F).

To rule out the potential off-target effects of the Tom70 siRNA,
an RNAi-resistant Tom70 construct (rTom70) was generated, in
which silent mutations were introduced into the sequence tar-
geted by the siRNA without changing the amino acid sequence of
Tom70. The host cells were first transfected with the negative-
control or Tom70 siRNA, followed by transfection with a control
or rTom70 plasmid, respectively. The cleavages of caspase-9 and
PARP were restored by introducing rTom70 into Tom70-knock-
down cells (see Fig. 5F). These data indicate that Tom70 potenti-
ates SeV-induced apoptosis.

Both Hiscott et al. and Sen et al. reported that IRF3 is indis-
pensable for SeV-induced apoptosis (25, 35), and we confirmed
this claim (Fig. 3G, left panel). In addition, the absence of IRF3 did
not affect the cleavages of caspase-8 and PARP induced by TNF-a
(Fig. 3G, right panel). Taken together, the data show that MAVS,
Tom?70, and IRF3 are indispensable for SeV-induced apoptosis.

Inhibition of Hsp90 or IKK-i impairs SeV-induced apopto-
sis. We recently reported that Hsp90 constitutively forms a com-
plex with TBK1 and IRF3 in innate immune signaling (36). We
wondered whether Hsp90 was essential for SeV-induced apopto-
sis. Radicicol (RA) and geldanamycin (GA) are small-molecule
compounds that specifically bind to the ATP/ADP binding pocket
of Hsp90 and inhibit the interaction between Hsp90 and its client
proteins (37, 38). Notably, either GA or RA significantly impaired
the cleavages of PARP and caspase-9 triggered by SeV (Fig. 4A and
B, left panels). In contrast, neither GA nor RA influenced the
cleavages of PARP and caspase-8 triggered by TNF-a (Fig. 4A and
B, right panels). Furthermore, dimethyl sulfoxide (DMSO) dis-
played no effect on SeV-induced apoptosis or TNF-a-induced
apoptosis (Fig. 4A and B).

To further substantiate this observation, knockdown of Hsp90
apparently reduced the SeV-induced cleavages of caspase-9 and
PARP, whereas this did not affect the cleavages of caspase-8 and
PARP triggered by TNF-a (Fig. 4C). To rule out the potential
off-target effects of the Hsp90 siRNA, an RNAi-resistant Hsp90
construct (rHsp90) was generated, in which silent mutations were
introduced into the sequence targeted by the siRNA without
changing the amino acid sequence of Hsp90. The cells were first
transfected with the negative-control or Hsp90 siRNA, followed
by transfection with a control or rHsp90 plasmid, respectively.
The cleavages of caspase-9 and PARP were restored by introduc-
ing rHsp90 into the endogenous Hsp90-silenced cells (see Fig.
5H). These results indicate that Hsp90 plays a positive role in
SeV-induced apoptosis.

FIG 4 Inhibition of Hsp90 or IKK-i impairs Sendai virus-induced apoptosis. (A and B) HEK293 cells were treated with DMSO, RA (2.5 uM) (A), or GA (2 pM)
(B) and then infected with SeV (left) or treated with TNF-a (10 ng/ml) and CHX (10 ng/ml) (right) for the indicated times. Cell lysates were collected and
subjected to immunoblot analysis with the indicated antibodies. (C) HEK293 cells were transfected with NC or Hsp90 siRNA and then infected with SeV (left)
or treated with TNF-a (10 ng/ml) and CHX (10 ng/ml) (right) for the indicated times. Cell lysates were collected for Western blot analysis with the indicated
antibodies. (D) HEK293 cells were treated with BX795 (2.5 wM) or DMSO and infected with SeV (left) or treated with TNF-a (10 ng/ml) plus CHX (10 ng/ml)
(right) for the indicated times. Cell lysates were collected and subjected to immunoblot analysis with the indicated antibodies. (E) HEK293 cells were transfected
with the indicated siRNAs and then infected with SeV (left) or treated with TNF-a (10 ng/ml) and CHX (10 ng/ml) (right) for the indicated times. Cell lysates
were collected for Western blot analysis with the indicated antibodies. NC, negative-control siRNA; *, nonspecific band.
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As an antagonist effective against both IKK-iand TBK1, BX795
has been used to block the activation of IRF3 induced by SeV (39).
Interestingly, BX795 also impaired the cleavages of caspase-9 and
PARP triggered by SeV, whereas it had no effects on the cleavages
of caspase-8 and PARP triggered by TNF-a (Fig. 4D). To our
surprise, depletion of endogenous IKK-i, but not TBK1, signifi-
cantly impaired SeV-induced apoptosis (Fig. 4E, left panel). How-
ever, knocking down either IKK-i or TBK1 had no impact on
TNF-a-induced apoptosis (Fig. 4E, right panel). These observa-
tions suggest that TBK1 and IKK-i play nonredundant functions
in innate immune signaling and apoptosis, respectively.

Tom?70, Hsp90, and IRF3 form a dynamic complex in SeV-
induced apoptosis. The chaperone Hsp90 was reported to inter-
act dynamically with the mitochondrial outer membrane protein
Tom?70 (19). We wondered whether the Tom70/Hsp90/IRF3 pro-
tein complex is critical for SeV-induced apoptosis, so we gener-
ated two Tom70 point mutants, Tom70 (R192A) and Tom?70
(K195A), which are mutated in the clamp domain of Tom?70. As
expected, ectopically expressed Hsp90 could bind to Tom70 (Fig.
5A). Notably, Tom70 (R192A) could not interact with Hsp90,
but Tom70 (K195A) still interacted with Hsp90 (Fig. 5A and E).
The Hsp90 N-terminal domain (amino acids 1 to 232) was both
necessary and sufficient to specifically interact with IRF3 (36),
whereas the C-terminal EEVD motif of Hsp90 mediated its bind-
ing to Tom?70. Therefore, the EEVD motif of Hsp90 was mutated
to EEAA [Hsp90 (M2)] or AAAA [Hsp90 (M4)] (Fig. 5B). As
shown in Fig. 5B, Hsp90 (M2) and Hsp90 (M4) could not interact
with Tom70 (left panel), while these mutants could still interact
with IRF3 (right panel).

We investigated the interaction between Tom70 and Hsp90 via
the oblique-incidence reflectivity difference (OIRD) method (27).
We observed that Tom70 interacted directly with Hsp90, whereas
Tom?70 (R192A), Hsp90 (M2), or Hsp90 (M4) failed to mediate
this direct interaction (Fig. 5C). Due to the technical limitations,
we were not able to collect interaction data for the Tom70/Hsp90/
IRF3 protein complex.

Consistently, in contrast to the case with the wild type, ectopic
expression of Tom70 (R192A) could not augment the cleavages of
caspase-9 and PARP, whereas that of Tom70 (K195A) could
markedly potentiate this process (Fig. 5D). Tom70 interacted with
IRF3 via Hsp90, so IRF3 failed to associate with Tom70 (R192A),
whereas it could still associate with Tom70 (K195A) (Fig. 5E).
Furthermore, we generated the corresponding RNAi-resistant
constructs of Tom70 (R192A) and Tom70 (K195A), namely,
rTom70 (rR192A) and rTom70 (rK195A). Consistently, only
rTom70 (rK195A) could rescue the cleavages of caspase-9 and
PARP after the endogenous Tom70 was depleted, as well as the
wild-type rTom70. In contrast, rTom70 (rR192A) failed to restore
the cleavages of caspase-9 and PARP (Fig. 5F).

The wild-type and mutant forms of Hsp90 were ectopically

expressed with Tom70 and IRF3 in different combinations and
then subjected to a coimmunoprecipitation assay. As shown in
Fig. 5G, IRF3 could interact with Tom70 via wild-type Hsp90 but
not via Hsp90 (M2) and Hsp90 (M4). We then generated RNAi-
resistant Hsp90 mutants in the backgrounds of Hsp90 (M2) and
Hsp90 (M4) and named them rHsp90 (M2) and rHsp90 (M4),
respectively. We observed that neither rHsp90 (M2) nor rHsp90
(M4) could restore the cleavages of caspase-9 and PARP in Hsp90-
knockdown cells (Fig. 5H). Collectively, these data demonstrate
that formation of the Tom70/Hsp90/IRF3 complex is necessary
for SeV-induced apoptosis.

IRF3 is recruited to mitochondria via Tom70/Hsp90 in SeV-
induced apoptosis. Tom70 resides on the outer membrane of
mitochondria, whereas IRF3 is located in the cytosol of resting
cells. We investigated whether Tom70 could dynamically recruit
IRF3 to mitochondria upon virus infection. Subcellular fraction-
ation methods revealed that both ectopically expressed IRF3 (Fig.
6A) and endogenous IRF3 (Fig. 6B) relocalized to mitochondria
upon SeV stimulation. It was observed that SeV stimulation re-
sulted in a phosphorylated form of IRF3 (form II) (40). Notably,
extended SeV infection induced the ubiquitin-proteasome-medi-
ated degradation of IRF3 (Fig. 6C).

We next examined the effect of the Tom70 knockdown on the
recruitment of IRF3 to mitochondria that was triggered by SeV.
Depletion of endogenous Tom70 by use of siRNA dramatically
inhibited the recruitment of IRF3 to mitochondria (Fig. 6D). As a
negative control, knockdown of endogenous Tom20 displayed no
effect on the cytoplasm-to-mitochondrion translocation of IRF3
(Fig. 6E). These results were consistent with the above observation
that Tom70 knockdown dramatically inhibited SeV-induced
apoptosis, whereas knockdown of Tom?20 failed to do so (Fig. 3F).

To rule out the potential off-target effect of Tom70 siRNA,
rescue experiments were carried out. The host cells were first
transfected with nonspecific or Tom70 siRNA, followed by trans-
fection with a control or RNAi-resistant Tom70 plasmid, respec-
tively. As shown in Fig. 6F, the SeV-induced cytoplasm-to-mito-
chondrion translocation of IRF3 was restored only by introducing
rTom70 into the Tom70-knockdown cells, whereas rTom70
(rR192A) failed to restore this function. These observations were
consistent with the observation that rTom?70 rescued the cleavages
of caspase-9 and PARP, whereas rTom70 (rR192A) did not have
such rescue effects. Collectively, these data indicate that Tom70/
Hsp90 recruits the cytoplasmic IRF3 protein to mitochondria to
mediate SeV-induced apoptosis.

SeV induces the formation of a novel apoptosis complex
(Tom70/Hsp90/IRF3/Bax). The proapoptotic protein Bax and
the antiapoptotic protein Bcl-2 are key regulators of the intrinsic
apoptosis pathway (28). Bcl-2 is a membrane-associated protein
on the mitochondrial outer membrane, whereas Bax resides in the

FIG 5 Tom70, Hsp90, and IRF3 form a dynamic complex during Sendai virus-induced apoptosis. (A, B, E, and G) HEK293T cells were transfected with the
indicated constructs for 36 h and then subjected to immunoprecipitation with anti-HA antibody. The immunoprecipitates were analyzed by immunoblotting
with the indicated antibodies. TM, transmembrane domain. (C) The interactions between Tom70 and Hsp90 were tested by the oblique-incidence reflectivity
difference method. (D) HEK293 cells were transfected with the indicated plasmids for 24 h and then infected with SeV for the indicated times. Cell lysates were
analyzed by immunoblotting with the indicated antibodies. (F) HEK293 cells were first transfected with NC or Tom70 siRNA and then rescued with the indicated
siRNA-resistant Tom70 constructs. Cell lysates were collected for Western blot analysis with the indicated antibodies. (H) HEK293 cells were first transfected
with NC or Hsp90 siRNA and then rescued with the indicated siRNA-resistant Hsp90 constructs. Cell lysates were collected for Western blot analysis with the
indicated antibodies. NC, nonspecific control siRNA; R192A, K195A, rTom70, rR192A, and rK195A, point mutants of Tom70; M2, M4, rHsp90, rM2, and rM4,

point mutants of Hsp90.
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cytosol and translocates onto the mitochondrial membrane upon
apoptotic stimulation (30).

We wondered whether Bcl-2 or Bax could interact with the
Tom70/Hsp90/IRF3 complex upon SeV infection. Interestingly,
Flag-IRF3 coimmunoprecipitated with HA-Bcl-2 (Fig. 7A, left
panel). Consistently, endogenous IRF3 associated with endoge-
nous Bcl-2 in resting cells. Note that this interaction decreased
markedly upon SeV stimulation (Fig. 7A, right panel). Flag-IRF3
could also be coimmunoprecipitated with HA-Bax (Fig. 7B, left
panel). In contrast, IRF3 marginally interacted with endogenous
Bax in resting cells (Fig. 7B, left panel). However, the interaction
between IRF3 and Bax was greatly enhanced upon SeV challenge
(Fig. 7B, left panel). These data indicate that IRF3 dynamically
interacts with Bcl-2 or Bax in different cell states.

To dissect the relationship among Tom?70, Hsp90, IRF3, and
Bax, different combinations of these proteins were ectopically ex-
pressed in HEK293T cells. The coimmunoprecipitation assays re-
vealed that Bax interacted directly with IRF3 but not with Hsp90
or Tom70 (Fig. 7C, left panel). This was also confirmed endoge-
nously (Fig. 7C, right panel). Thus, SeV induces the formation of
the Tom70/Hsp90/IRF3/Bax protein complex, which represents a
novel apoptosis signalosome on the mitochondrial outer mem-
brane.

We wondered whether the SeV-induced mitochondrial trans-
location of Bax was dependent on IRF3 or Tom70. To address this
possibility, we isolated mitochondria to probe the distribution of
Bax upon SeV infection. Significantly more Bax was present on
mitochondria upon SeV stimulation, and this was directly related
to the duration of the infection (Fig. 7D). Note that silencing of
endogenous Tom70 by use of siRNA dramatically impaired the
translation of Bax onto mitochondria that was triggered by SeV
(Fig. 7E). In addition, we observed that the SeV-triggered mito-
chondrial translocation of Bax was abolished in irf3~'~ MEF cells
(Fig. 7F). These results suggested that relocation of Bax was de-
pendent on the Tom70/IRF3 complex.

On mitochondria, Bax could associate with Bcl-2 (antiapop-
totic) or Bak (proapoptotic), thus switching the fate (survival or
apoptosis) of host cells. We observed that depletion of Tom70
promoted the association of the Bax and Bcl-2 complex, attenu-
ating the dissociation of Bax from Bcl-2 triggered by SeV (Fig. 7G,
upper panels). In contrast, silencing of Tom20 had no influence
on the stability or dissociation of the Bax and Bcl-2 complex (Fig.
7G, lower panels). Furthermore, confocal imaging demonstrated
that depletion of Tom70 attenuated the release of cytochrome ¢
from mitochondria to the cytosol (Fig. 7H).

DISCUSSION

RIG-I-like receptors and Toll-like receptors detect viruses from
topologically intracellular and extracellular compartments and
initiate the immediate innate immunity, representing the first line
of host defenses to restrict virus infection and proliferation. In the
meantime, infected cells are prone to apoptosis to restrain the
spread of virus. IRF3 was first characterized as a key transcription

factor for inducing the expression of type I interferons and inflam-
matory cytokines upon stimulation by various stimuli, such as
double-stranded RNA (dsRNA), CpG DNA, and lipopolysaccha-
ride (LPS).

Unexpectedly, Hiscott et al. demonstrated that SeV-induced
apoptosis was also dependent on IRF3, but its transcriptional ac-
tivity was dispensable for the induction of apoptosis (25). Ting et
al. reported that MAVS /™ fibroblasts were resistant to SeV-in-
duced apoptosis (32). These investigations indicate that SeV may
induce partially overlapping signaling pathways to mediate innate
immunity and apoptosis. However, the specific molecular mech-
anism of SeV-induced apoptosis remains to be characterized.

In this study, we confirmed that MAVS promotes SeV-induced
apoptosis and that its mitochondrial localization is necessary for
this function (Fig. 3A and B). In addition, we discovered that
Tom?70 is important for SeV-induced apoptosis. Several lines of
evidence substantiate the claim that Tom70 recruits IRF3 to mi-
tochondria via Hsp90. First, antagonists of Hsp90 (RA and GA),
which inhibit its ATPase activity, impaired SeV-induced apopto-
sis but did not affect TNF-a-induced apoptosis (Fig. 4A and B).
Second, depletion of endogenous Tom70 or Hsp90 markedly im-
paired SeV-induced apoptosis but did not affect TNF-a-induced
apoptosis (Fig. 3D and E and 4C). This attenuation could be res-
cued by exogenously expressing siRNA-resistant rTom70 or
rHsp90. Third, the Tom70 (R192A) mutant, which could not in-
teract with Hsp90, inhibited SeV-induced apoptosis, whereas the
Tom?70 (K195A) mutant, which could interact with Hsp90, pro-
moted SeV-induced apoptosis. The RNAi-resistant mutant(s) of
Tom?70 (R192A) [rTom70 (rR192A)] or Hsp90 (rM2 and rM4)
failed to rescue SeV-induced apoptosis when endogenous Tom70
or Hsp90, respectively, was knocked down (Fig. 5F and H). In
contrast, the rTom70 (rK195A) mutant could rescue this effect.
Fourth, Tom70, Hsp90, and IRF3 formed a dynamic protein com-
plex endogenously (Fig. 7C). Fifth, IRF3 was translocated from
the cytoplasm onto mitochondria upon SeV challenge, and this
was dependent on Tom70 and Hsp90 (Fig. 6).

In normal cells, proapoptotic Bak and Bax are kept in check by
a prosurvival protein, for example, Bcl-2. Interestingly, our cur-
rent study revealed that IRF3 specifically associates with Bax (Fig.
7B) and promotes the dissociation of Bax from Bcl-2 upon SeV
stimulation (Fig. 2D). We demonstrated that cytosolic Bax was
translocated onto mitochondria during SeV-induced apoptosis
and that SeV triggered Tom?70, Hsp90, IRF3, and Bax to form a
novel complex on mitochondria. Depletion of Tom70 and IRF3
drastically abolished the translocation of Bax (Fig. 7C to F). Chat-
topadhyay et al. also reported the IRF3-mediated Bax activation
and translocation to mitochondria (41). Based on the current in-
sights, the following tentative model is proposed: Tom70 recruits
the cytosolic Hsp90/IRF3/Bax complex to the mitochondrial
outer membrane upon SeV stimulation (Fig. 8), which facilitates
the formation of the Bax and Bak channel, thus promoting the
release of cytochrome c.

Young et al. recently reported that the dissociation constant

with NC siRNA, Tom?70 siRNA (D), or Tom20 siRNA (E) for 48 h and then stimulated with SeV for the indicated times. Lysates of whole cells (W) and of
mitochondria (Mit) were resolved by SDS-PAGE and then immunoblotted with the indicated antibodies. (F) HEK293 cells were transfected with control or
Tom70 siRNA and then rescued with the indicated siRNA-resistant Tom70 constructs. The cells were fractionated, and the whole-cell lysates (W) and lysates of
mitochondria (Mit) were immunoblotted with the indicated antibodies. NC, negative control; rTom70 and rR192A, point mutants of Tom70; W, whole-cell

lysates; Mit, lysates of mitochondrial fraction; S, cytosolic part.
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FIG 8 Schematic diagram of SeV-induced apoptosis. In resting cells, cytochrome c localizes to the mitochondrial intermembrane spaces, whereas Hsp90, IRF3,
and Bax form a dynamic complex in the cytoplasm. (1) SeV triggers activation of the adapter MAVS on the outer membrane of mitochondria. (2) MAVS then
associates with Tom?70 via their transmembrane domains. (3) In the meantime, Hsp90 delivers IRF3/Bax onto the mitochondrial outer membrane via the clamp
domain of Tom?70 and the EEVD motif of Hsp90. Mitochondrial Bax dynamically interacts with Bak or Bcl-2. (4) Bax and Bak increase the permeability of the
mitochondrial outer membrane, which results in the release of cytochrome c into the cytosol. The cytosolic cytochrome ¢ binds to Apaf-1 and pro-caspase-9 (5)
and activates pro-caspase-9 (6). Caspase-9 cleaves and activates the downstream executioner caspases, such as caspase-3. Ultimately, caspase-3 triggers the
apoptotic responses. (7) For example, PARP is cleaved and inactivated by caspase-3.

(K,) of the Hsp90-Tom70 interaction is 1.14 M (42). We pre-
liminarily calculated the K, of Tom70-Hsp90, via the OIRD
method, to be 54 nM, which is much smaller than 1.14 uM. The
difference may be due to the different methods of measurement. It
is technically difficult to investigate the direct interaction among
the proteins of the Tom70/Hsp90/IRF3/Bax complex via the bio-
physical approach.

Both TBK1 and IKK-i could phosphorylate IRF3. Biochemical
and genetic studies have well established that TBK1 is essential for

activating innate immune signaling, whereas IKK-i is dispensable
for innate immune signaling (43). Unexpectedly, our current
study uncovered that IKK-iis essential for SeV-induced apoptosis,
whereas TBK1 is dispensable for this apoptosis, revealing the
nonredundant functions of TBK1 and IKK-i. Previous studies in-
dicated that both IKK-i and TBK1 can phosphorylate the C-ter-
minal activation domain of IRF3. It remains to be addressed how
IKK-i modulates SeV-induced apoptosis. Recently, IRF3 was re-
ported to mediate alcoholic liver disease via linking endoplasmic

FIG 7 Sendai virus induces formation of a novel apoptosis complex (Tom70/Hsp90/IRF3/Bax). (A and B) (Left) HEK293T cells were transfected with the
indicated plasmids for 36 h and then subjected to immunoprecipitation with anti-HA antibody. (Right) HEK293 cells were stimulated with SeV for 24 h, and then
cell lysates were subjected to immunoprecipitation with anti-IRF3 antibody or normal IgG. The immunoprecipitates were analyzed by immunoblotting with the
indicated antibodies. (C) (Left) HEK293T cells were transfected with the indicated plasmids for 36 h and then subjected to immunoprecipitation with anti-MYC
antibody. (Right) HEK293 cells were stimulated with SeV for 24 h, and then cell lysates were subjected to immunoprecipitation with anti-Tom?70 antibody or
normal IgG. The immunoprecipitates were analyzed by immunoblotting with the indicated antibodies. (D) HEK293 cells were challenged by SeV infection for
the indicated times, and then lysates of whole cells (W) and of mitochondria isolated from the virus-infected cells (Mit) were immunoblotted with the indicated
antibodies. (E) HEK293 cells were transfected with NC or Tom70 siRNA and then challenged with SeV for the indicated times. Lysates of whole cells (W) and of
mitochondria (Mit) were resolved by SDS-PAGE and then immunoblotted with the indicated antibodies. (F) irf3~/~ cells were infected with SeV for the indicated
times. Lysates of whole cells (W) and of mitochondria (Mit) were resolved by SDS-PAGE and then immunoblotted with the indicated antibodies. (G) HEK293
cells were transfected with NC siRNA, Tom70 siRNA (upper panel), or Tom20 siRNA (lower panel) and then stimulated with SeV for 24 h, and then cell lysates
were subjected to immunoprecipitation with anti-Bcl-2 antibody or normal IgG. (H) MEF cells were transfected with NC or Tom70 siRNA and then infected with
SeV. Cells were stained with anti-cytochrome ¢ antibody and then imaged by confocal microscopy. NC, negative control; W, whole-cell lysates; Mit, lysates of
mitochondrial fraction; S, cytosolic part.
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reticulum (ER) stress with apoptotic signaling in hepatocytes,
independently of inflammatory cytokines and IFNs (44). Mini-
MAVS was recently identified as an N-terminally truncated vari-
ant of full-length MAVS which also resides on mitochondria.
MiniMAVS interfered with production of interferon induced by
full-length MAVS, but it also positively regulated cell death (45). It
is suggested that the N-terminal CARD and PRR domains of
MAVS are dispensable for virus-induced apoptosis but essential
for interferon production. We speculate that MAVS and IRF3 may
broadly modulate apoptosis in other systems, such as develop-
ment and cancer, but this requires further investigation.
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