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Innate antiviral immunity is the first line of the host defense system that rapidly detects invading viruses. Mitochondria
function as platforms for innate antiviral signal transduction in mammals through the adaptor protein, MAVS. Excessive
activation of MAVS-mediated antiviral signaling leads to dysfunction of mitochondria and cell apoptosis that likely causes
the pathogenesis of autoimmunity. However, the mechanism of how MAVS is regulated at mitochondria remains unknown.
Here we show that the Cytochrome c Oxidase (CcO) complex subunit COX5B physically interacts with MAVS and negatively
regulates the MAVS-mediated antiviral pathway. Mechanistically, we find that while activation of MAVS leads to increased
ROS production and COX5B expression, COX5B down-regulated MAVS signaling by repressing ROS production. Importantly,
our study reveals that COX5B coordinates with the autophagy pathway to control MAVS aggregation, thereby balancing the
antiviral signaling activity. Thus, our study provides novel insights into the link between mitochondrial electron transport
system and the autophagy pathway in regulating innate antiviral immunity.
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Introduction

Innate immunity is the first line of the host defense system that
rapidly detects and eliminates invading microorganisms, such as
bacteria, fungi and viruses. In the host cells, detection of conserved
microbial molecules (pathogen-associated molecular patterns)
involves several pattern recognition receptors (PRRs), including
membrane bound Toll-like receptors (TLRs) and cytosolic
receptors, such as retinoic acid-inducible gene-I (RIG-I)-like
receptors (RLRs) [1,2].

Detection of viral infection by viral-sensing receptors, TLRs and
RLRs, triggers signaling cascades that lead to production of type I
interferons (IFNs), as well as subsequent innate antiviral responses
that suppress virus replication [3-5]. Unlike the Toll-like receptor-
mediated antiviral response, RLRs receptors RIG-I and MDA
function as cytoplasmic sensors for viral RNA recognition [2].
Both RIG-I and MDAS contain a C-terminal DExD/H-box RNA
helicase domain that directly senses viral RNAs and two caspase
recruitment domains (CARDs) at their N terminus that mediate
downstream signaling through interaction with the essential
adaptor protein MAVS (also known as IPS-1, VISA, or CARDIF)
[6-9]. MAVS then further recruits the TBK1 and IKK complex
to activate transcription factors IRF3/IRF7 and NF-xB respec-
tively, which coordinately induce type I IFNs production and elicit
the innate response [6,10].
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MAVS contains a C-terminal transmembrane domain (TM)
that targets it to the mitochondrial outer membrane. Deletion TM
or replacement of this TM with other membrane locations leads to
loss of function of MAVS, indicating the essential role of the
mitochondrial localization of MAVS in the antiviral signaling
pathway [6]. However, the mechanism of MAVS activity related
to mitochondrial membrane localization remains poorly under-
stood. Recent studies have identified several mitochondrial
membrane-associated proteins such as NLRX1 [11,12], RNF5
[13], MFNI [14], MFN2 [15] that either negatively or positively
regulate  MAVS activity, indicating that the mitochondrial
membrane at least provides a platform for the MAVS-mediated
antiviral signal transduction. Interestingly, recent studies also
revealed that overexpression of MAVS leads to dysfunction of
mitochondria, as well as cell apoptosis [16], that potentially causes
the pathogenesis of autoimmunity and infectious diseases,
suggesting that excessive activation of the antiviral signaling
pathway could be a damage signal to infected cells. Thus, MAVS
signaling and function must be under quality control to maintain
immune balance.

Reactive oxygen species (ROS) and autophagy have emerged as
important players in regulating innate immunity, particularly in
the antiviral signaling pathway [17-19]. Previous studies have
revealed that the autophagy pathway controls RIG-I/MAVS
signaling by repressing ROS production [18,20]. However, the
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Author Summary

Pattern recognition receptors are vital to innate immunity.
In the antiviral innate immunity, retinoic acid-inducible
gene-l (RIG-I)-like receptors (RLRs), such as RIG-l and MDAS5,
sense viral RNAs through their C-terminal helicase
domains, then initiate the antiviral response through
interaction with the essential adaptor protein MAVS, which
is located in mitochondrial outer membrane. Although
cumulative studies have showed that mitochondria-asso-
ciated MAVS plays an important role in antiviral signaling,
much remains unknown about the mechanism of MAVS
activity related to mitochondrial membrane localization. In
this article we demonstrate that the CcO complex subunit
COX5B negatively regulates the MAVS-mediated antiviral
pathway through interaction with MAVS. At the mecha-
nistic level, we show that COX5B inhibits MAVS-mediated
antiviral pathway by suppressing ROS production, and
coordinating with the autophagy pathway to control
MAVS aggregation. Our data support a notion that
mitochondrial electron transport system coordinates with
the autophagy pathway to regulate MAVS-mediated
signaling for a tight control of innate antiviral immunity.

molecular basis of how ROS and autophagy regulate RIG-I1/
MAVS signaling is unknown. In this study, we show that the CcO
complex subunit COX5B physically interacts with MAVS and
negatively regulates the MAVS-mediated antiviral pathway,
revealing a novel function of COX5B, in addition to its role in
the transfer of electrons in mitochondria. Importantly, our study
suggests that COX5B coordinates with the autophagy pathway to
repress mitochondrial ROS production and control MAVS
aggregation, thereby balancing the antiviral signaling activity.

Results

Identification of COX5B as a MAVS-interacting partner

To better understand the molecular mechanism underlying the
action of MAVS in the antiviral signaling pathway, we carried out
a yeast two-hybrid screen to search for MAVS-interacting proteins
using the fragment containing CARD domain of MAVS as bait
(Table S1 in Text S1). Sequence analysis revealed that one of the
positive clones encodes the full length subunit of the cytochrome ¢
oxidase complex (CcO), COX5B [21]. To confirm this, we then
performed co-immunoprecipitation experiments to determine
whether COX5B interacts with MAVS in human embryonic
kidney (HEK293) cells. As shown in Figures 1A, 1B and Figure
S1A in Text Sl, the epitope-tagged COX5B but not COX5A,
another component of CcO complex, could co-immunoprecipitate
with MAVS in transfected HEK293 cells. Consistent with this
observation, we found that endogenous COX5B and MAVS
proteins also interact with each other (Figure 1C). In agreement
with this, immunostaining analysis revealed that a significant
portion of COX5B was co-localized with MAVS at the
mitochondria when cells expressed GFP-tagged COX5B and
YIP-tagged MAVS (Figure 1D, top panel). Additionally, signifi-
cant overlap was also observed between the endogenous MAVS
and GIP-tagged COX5B (Figure 1D, bottom panel). Thus, our
findings support the concept that CGOX5B physically interacts with
MAVS, and their interaction likely occurs at the mitochondria in
cultured cells.

Consistent with the yeast two-hybrid assay, our domain-
mapping experiments revealed that MAVS interacts with COX5B
through its CARD domain, since the mutant form of MAVS,
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MAVSACARD, which lacks the CARD domain, failed to interact
with COX5B (Figures 1E-1F). Prior studies have shown that the
CARD domain in MAVS is essential for the MAVS-mediated
antiviral signaling [6]. Thus, our data raises a possibility that
COX5B might have a role in regulating antiviral signaling
through its interaction with MAVS.

Overexpression of COX5B attenuates the MAVS-
mediated antiviral signaling

Previous studies have demonstrated that overexpression of
MAVS induces a robust activation of antiviral cascades, leading to
expression of interferons [6-9]. To determine the role of COX5B
in MAVS-mediated antiviral signaling, we first examined whether
overexpression of COX5B affects the MAVS-induced activation of
IFN-B, NF-xB, and interferon-stimulated response element (ISRE)
promoters. As shown in the luciferase reporter assays (Figures 2A—
2C), overexpression of MAVS in HEK293 cells was sufficient to
activate the promoters for IFN-B, NF-xB and ISRE, whereas the
activation of these promoters was suppressed by co-expression of
COX5B compared with control. Given that overexpression of the
tandem N-terminal CARD-like domains of RIG-I (designated as
RIG-I(N)) also induces antiviral signaling through MAVS, we then
examined whether overexpression of COX5B inhibits the function
of RIG-I. As shown in Figures 2D-2F, co-expression of COX5B
attenuated the activation of IFN-f, NF-kB, and ISRE promoters
induced by overexpression of RIG-I(N) in HEK293 cells. We also
found overexpression of COX5B reduced the levels of IFN-B
mRNA induced by Sendai virus infection (Figure 2G). These data
together indicate the potential negative role of COX5B in the
MAYVS-mediated activation of cellular signaling.

To explore the specificity of the inhibitory role of COX5B in
MAVS signaling pathway, we first test whether overexpression of
COX5A suppresses MAVS signaling, and found no apparent
inhibition of overexpression COX5A on activation of the IFNf
promoter induced by RIG-I(N) (Figure S1B in Text S1). We next
probed whether overexpression COX5B suppresses the activation
of IFN-B and NF-kB promoters specifically through MAVS
signaling, and found that overexpression of COX5B failed to
suppress IFN-B or NF-kB activation induced by either overex-
pression of Trif or the treatment of TNFa (Figures S2A—-S2B in
Text S1). Thus, the inhibition MAVS signaling by COX5B
appears to be specific.

Given that COX5B and MAVS co-localizes at the mitochon-
dria, we then sought to test whether mitochondrial-localization is
important for COX5B in anti-virus signaling pathway. A previous
study proposed that a 31-residue transit peptide (ITP) in the N-
terminal of COXJ5B is required for its appropriate mitochondrial
localization [22]. To determine the function of TP of COX5B in
regulating antiviral signaling, we generated a mutant construct of
COX5B, COX5BATP, which lacks TP (Figure 2H). In agreement
with previous work, COX5B lacking TP was no longer overlapped
with  MAVS. As shown in Figure 2I, overexpression of
COX5BATP failed to suppress the MAVS-induced activation of
IFN-B promoters. Similar findings were observed when cells were
co-overexpressing RIG-I(N) with COX5BATP (Figure 2J). These
data demonstrate that COX5B negatively regulates MAVS
signaling in a manner that depends on its mitochondrial
localization.

Knockdown of COX5B enhances MAVS-mediated
antiviral signaling

To turther confirm the role of COX5B in the antiviral pathway,
we then investigated the function of endogenous COX5B in the
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Figure 1. COX5B interacts with MAVS. (A and B) HEK293 cells were transfected with combinations of DNA constructs as indicated. Twenty-four
hours after transfection, cell lysates were prepared, immunoprecipitated with anti-Flag beads (A) or with anti-Myc antibody (B), followed by
immunoblot analysis with the indicated antibodies. WCL (bottom), expression of transfected proteins in whole-cell lysates. (C) HEK293 cell lysates
were prepared, immunoprecipitated with anti-MAVS antibody or control IgG, followed by immunoblot analysis. (D) Hela cells were transfected with
COX5B-GFP and control vector or YFP-MAVS for 36 h. Cells were fixed, then stained with anti-MAVS antibody (Bottom) or mounted onto slides
directly (Top), and imaged by confocal microscopy. (E) Schematic diagram of MAVS and truncated mutants. (F) HEK293 cells were transfected with the
indicated plasmids, cell lysates were immunoprecipitated with anti-Flag beads, followed by immunoblot analysis.
doi:10.1371/journal.ppat.1003086.g001
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Figure 2. Overexpression of COX5B suppresses MAVS-mediated antiviral signaling. (A-C) MAVS and COX5B, or empty expression vectors
were transfected in HEK293 cells together with luciferase reporter constructs driven by promoters of genes encoding IFNf (A), NF-kB (B) or ISRE(C), as
well as pRSV/LacZ as an internal control. Twenty-four hours after transfection, the luciferase activity was measured and normalized based on f3-
galactosidase activity. Results are presented relative to the luciferase activity in control cells. (D-F) RIG-I(N) and COX5B or empty expression vectors
were transfected in HEK293 cells together with IFNB-luc (D), NF-kB-luc (E) or IRSE-luc (F) along with pRSV/LacZ. Subsequently, cells were lysed for
luciferase assays. (G) HEK293 cells were transfected with empty expression vector or COX5B for 24 h. The cells were then untreated or infected with
Sendai virus (50HA units/ml) for 12 h, total RNA was isolated to check the expression of IFNB mRNA by real-time PCR. (H) Hela cells were transfected
with COX5B-GFP or COX5BATP-GFP and Flag-MAVS, the cells were then stained with the anti-Flag antibody and imaged by confocal microscopy. (1)
HEK293 cells were transfected with the indicated constructs together with IFNf reporter plasmids. Cells were lysed for luciferase assays after 24 h
transfection. (J) HEK293 cells were transfected similarly as in (1), except that RIG-I(N) construct was used instead of MAVS. Data from A-G, | and J are
representative of at least three independent experiments (mean and s.d. of duplicate or triplicate assays). *, P<<0.05; **, P<<0.01 versus the control

groups.
doi:10.1371/journal.ppat.1003086.9002

MAYVS-mediated pathway. We synthesized three different pairs of
siRNA oligos targeting distinct regions of COX5B, siCOX5B-1,
siCOX5B-2 and siCOX5B-3, for knockdown of COX5B in
cultured cells. Among them, the siCOX5B-1 and siCOX5B-2
were designed to target the open reading frame of COX5B, while
the siCOX5B-3 was targeted to an untranslated region in
COX5B. As shown in Figure 3A, all three RNAi oligos efficiently
down-regulated the expression of endogenous COX5B in trans-
fected HEK293 cells. Consistently, we also found that levels of
ATP were reduced in COX5B knockdown cells (Figure S3A in
Text S1), supporting the known function of COX5B in the ATP
production. In agreement with the notion of the inhibitory role of
COX5B in the MAVS-mediated pathway, we found that
knockdown of COXS5B significantly enhanced the activation of
IFN-B, NF-xB and ISRE promoters induced by Sendai virus
infection in HEK293 cells (Figures 3B-3D). Similarly, RNAi of
COX5B significantly increased IFN-B promoter activity in cells
with overexpression of either RIG-I(N), the N-terminal fragment
of MDAS5 (MDA5(N)), or MAVS (Figures 3E-3G), as well as with
infection by vesicular stomatitis mutant virus (VSVAMS51), which
carries a single amino acid deletion (methionine 51) in the matrix
(M) protein [23-24] (Figure S4A in Text S1). In addition, we
found that knockdown of COX5B enhanced SeV-induced
activation of the IFN-B promoter depended on MAVS expression,
since the activation of the IFN-B is almost completely lost in
MAVS knockdown cells (Figure 3H). We noted that knockdown of
COX5B enhanced SeV-induced activation of the IFN-f promoter
in other cell lines, such as HepG2 cells, suggesting that the
regulatory role of COX5B in RIG-I/MAVS-mediated antiviral
signaling is not cell-type specific (Figure S4B in Text SI). To
further validate the specificity of COX5B in antiviral signaling, we
performed rescue experiments. As shown in Figure 31, we knocked
down COX5B by siRNA COX5B-3, which targets to the 3’
untranslated region in COX5B, and then reintroduced COX5B-
Myc-expressing plasmids into HEK293 cells. We found that
restored expression of COX5B almost fully rescued the effects of
RNAIi of COX5B on antiviral signaling transduction.

Given that dimerization and nuclear translocation of IRF3 are
important features of activation of the RLRs pathway [25], we
then tested whether knockdown of COX5B has an effect on
dimerization and nuclear translocation of IRF3. As expected, we
found that inactivation of COX5B by siRNA knockdown
increased the dimerization, and nuclear translocation of IRF3
induced by Sendai virus infection (Figures 3J-3K). Taken
together, our findings strongly indicate that COX5B acts as a
negative regulator in balancing the MAVS-mediated cellular
signaling.

COX5B negatively controls the virus amplification

We next sought to determine the biological importance of
COX05B in the antiviral process, particularly in controlling virus
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amplification. Given that the productions of IFNs are important
for the host to fight against viruses [3,4], we first assessed whether
endogenous COX5B is involved in induction of IFN-f production
upon virus infection. As shown in Figures 4A—4F, the mRNA
levels of IFN-B, RANTES and Viperin induced by Sendai virus or
VSVAMS51 were significantly increased when COX5B was
knocked down in HEK293 cells, compared with the cells that
were treated with control oligos. Similar results were obtained
when COX5B knockdown stable RAW264.7 cells were infected
with Sendai virus, compared with the control cells (Figures S5A—
S5C in Text S1). In line with these findings, the protein level of
IFN-B induced by Sendai virus was also increased in the absence
of COX5B as measured by ELISA (Figure 4G). We then
examined whether COX5B could mediate immune defense
against the VSV-GFP and VSVAMS51. As shown in Figures 4H-
4], the levels of viral titer in the culture supernatants were
significantly lower in HEK293 COX5B knockdown cells com-
pared with control. Similar results were also obtained when
another cell line, A549, was investigated (Figures S5D-S5E in
Text S1). These findings together reveal that COX5B has
biological functions in controlling antiviral signaling through
interaction with MAVS.

COX5B mediates MAVS signaling through repressing ROS
production

We next sought to determine the molecular mechanism
underlying the action of COX5B in the MAVS-mediated antiviral
pathway. Cytochrome ¢ oxidase (CcO) is a multi-subunit
bigenomic protein complex which catalyzes the last step of the
mitochondrial electron transport chain [21]. Among the complex,
the subunit COX5B is a peripheral subunit of CcO complex [26].
Previous studies have shown that loss of COX5B resulted in
dysfunction of mitochondria in cultured cells, in particular it
increased the production of reactive oxygen species (ROS),
revealing that in addition to its role in mitochondrial electron
transport, COX5B is also required for oxygen tolerance [27]. To
assess the role of COX5B in mitochondrial oxygen tolerance to
MAVS-mediated antiviral signaling, we used an inducer of
mitochondrial ROS, Antimycin A [28-30], to pre-treat cells
before MAVS overexpression, and found that the treatment by
Antimycin A evidently potentiated the activity of MAVS signaling
(Figure 5A). Conversely, the treatment of Mito-TEMPO, a
scavenger specific for mitochondrial ROS [31-33], attenuated
the IFNB promoter activity induced either by overexpression of
MAVS or infected with VSVAMS51 virus (Figure 5B). Given that
mactivation of COX5B enhances MAVS signaling activity and
accordingly increases cellular and mitochondrial ROS levels
(Figures 5C—5D), we tried to determine whether the increase of
MAVS signaling activity by inactivation of COX5B is attributed to
the increase of ROS levels. As shown in Figures 5E-5F, Mito-
TEMPO treatment was sufficient to suppress the apparent
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Figure 3. COX5B negatively regulates MAVS-mediated antiviral signaling. (A) Oligos targeting three different regions of COX5B, NC
(control) or siGFP (control) were transfected into HEK293 cells, 48 h after transfection, cell lysates were analyzed by immunoblotting with the
indicated antibodies. (B-D) HEK293 cells were first transfected with NC, GFP or COX5B RNAi oligos (either NC or GFP RNAI as negative control). After
48 h transfection, IFNf (B), NF-xB (C), or ISRE (D) reporter plasmids were transfected into the RNAI cells respectively, followed by the Sendai virus
(50HA unit/ml) infection for 16 h, and subsequently cells were lysed for luciferase assays. (E-G) HEK293 cells were transfected with GFP or COX5B
RNA:i oligos. After 48 h transfection, and the indicated expression vectors RIG-I(N) (E), MDA5(N) (F), or MAVS (G) along with reporter plasmids were
transfected into the RNAI cells, followed by luciferase assay after the second transfection for 24 h. (H) HEK293 cells were transfected with 20 nM
oligos as indicated, NC oligos were used to balance the equal amount of RNAI oligos, second transfection and virus infection were performed as in
(B). (1) HEK293 cells were first transfected with COX5B 3'UTR RNAi oligo, 12 h after transfection, reporter plasmids and the increasing amounts of
COX5B expression vectors were then transfected into the RNAI cells, 24 h after the second transfection, the cells were then infected with Sendai virus
(50HA unit/ml) for 16 h. Finally, cells were lysed for luciferase assays. (J-K) Knockdown of COX5B enhances dimerization and nuclear translocation of
IRF3 induced by Sendai virus infection. (J) HEK293 cells were transfected with COX5B RNAI or control oligos. Forty-eight hours after transfection, cells
were infected with SeV or left uninfected for 10 h. Cell lysates were resolved by native gel electrophoresis (upper panel) or SDS-PAGE (lower panels)
and analyzed with the indicated antibodies. (K) HEK293 cells were transfected with COX5B RNAI oligos as in (J), subsequently cells were infected with
SeV for 9 h, stained with an IRF3 antibody and DAPI, then imaged by confocal microscopy. Data from B-I are representative of at least three

independent experiments (mean and s.d. of duplicate assays). *, P<<0.05; **, P<<0.01 versus the control groups.

doi:10.1371/journal.ppat.1003086.g003

increase in the levels of MAVS signaling activity by COX5B
knockdown in MAVS-overexpressing cells, or in cells infected with
Sendai virus. Consistent with this, we obtained similar results
when another ROS inhibitor, PDTC [19], was used (Figure 5G).

Since ROS is involved in MAVS signaling activity, we then
tested whether overexpression of MAVS itself affects the levels of
ROS measured by using different ROS indicators. As shown in
Figure 5H and Figure S6A-S6B in Text S1, overexpression of
MAVS indeed increased ROS production compared with control,
while overexpression of COX5B inhibited the increased ROS by
MAVS. These results suggest that, in addition to the major role of
MAVS in activating antiviral immune response, MAVS is also
involved in altering the levels of ROS through interaction with
COX5B. Notably, we found that overexpression of MAVS
increased the levels of COX5B protein expression, but did not
affect the levels of COX5B mRNA (Figures 5I and S7A in Text
S1). In addition, we did not observe the up-regulation of COX5B
expression when cells were treated with the purified IFNf protein
(Figure S7B in Text S1), suggesting that up-regulation of COX5B
induced by activated MAVS signaling is independent on the IFNf
production. Given that COX5B is essential for ROS production
and physically interacts with MAVS, our results support the
concept that COX5B negatively regulates MAVS signaling
through repressing ROS production.

COX5B coordinates with ATG5 to repress MAVS signaling

Autophagy is an evolutionarily conserved cellular process that
maintains cell homeostasis by removing damaged organelles and
aggregated proteins [34-35]. Previous studies have shown that
absence  of  autophagy  amplifies antiviral  signaling
[18,36,37,38,39]. Given that the production of ROS is highly
associated with autophagy, and negative roles of both autophagy
and COX5B in controlling RLR signaling pathway, we reasoned
that COX5B might coordinate with the autophagy pathway to
control MAVS signaling. To test this hypothesis, we first examined
whether overexpression of MAVS causes any change in the levels
of autophagy. As shown in an immunostaining assay (Figure 6A),
overexpression of MAVS evidently induced LC3 puncta formation
when autophagy indicator, LC3-GFP, was used. The further
western blot experiments showed that the activated MAVS not
only led to increased LC3B type II formation, but also affected
expression levels of P62 and ATG5 proteins (Figures 6B-6C).
These findings together support a notion that activation of MAVS
likely induces autophagy.

ATG5 is an essential component in the autophagy pathway,
since loss of ATG5 completely blocks the autophagy process. We
noted that, in contrast to the treatment of the purified IFNB
protein, overexpression of MAVS sufficiently elevated the protein
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levels (but not mRNA) of both COX5B and ATG?S, (Figures 5I,
6C, 6D, S7A and S7B in Text S1). We then sought to test whether
COX5B form a complex with ATG) upon activation of MAVS
signaling. As shown in Figure 6E, no apparent interaction between
COX5B and ATGS was observed when cells were transfected with
COX5B and ATGS. However, the association of COX5B with
ATG) was easily detected when cells were also co-overexpressed
with MAVS. These findings suggest that COX5B interacts with
ATGS5 likely in response to the stimulation of MAVS activation.
We next asked whether COX5B regulates MAVS signaling via
affecting ATG5 expression. As shown in Figure 6F, knockdown of
COX5B markedly down-regulated ATGS expression induced by
activation of MAVS, suggesting that stabilization of ATG5 by
MAVS depends on COX5B. Consistent with this, we also found
that double knockdown of COX5B and ATG5 did not signifi-
cantly increase MAVS signaling activity compared with knock-
down of either COX5B or ATG5 alone in MAVS overexpressing
cells, or in Sendai virus-infected cells (Figures 6G-6H). Collec-
tively, these findings suggest that COX5B likely coordinates with
ATGD) to regulate MAVS signaling in a common pathway.

COX5B and ATG5 suppress MAVS aggregation to balance
the MAVS signaling

It has been shown recently that viral infection efficiently induces
MAVS conformational switch that leads to the formation of very
large MAVS aggregates (also shown in Figure S8A in Text S1 in
this study), which potently activate IRF3 and propagate the
antiviral signaling [40]. Since autophagy is involved in removing
aggregated proteins, we sought to test whether ATG)S regulates
MAVS signaling by controlling MAVS aggregation. To test this
possibility, we employed the immunostaining assay and semi-
denaturing detergent agarose gel electrophoresis (SDD-AGE)
analysis, a method described previously [40-41]. We detected
the behavior of MAVS aggregation from control, ATGS
overexpression and ATG5 knockdown cells that were also
transfected with MAVS (Figure S8B in Text S1). As shown in
SDD-AGE assays (Figures 7A-7B), reduction and enhancement of
MAVS aggregations were observed in overexpressing MAVS cells
with ATG5 overexpression and ATGS knockdown, respectively.
Additionally, knockdown of ATG5 in HEK293 cells apparently
increased the aggregation of endogenous MAVS protein induced
by Sendai virus infection (Figure 7C). Similarly, MAVS aggrega-
tions (YFP-MAVS protein cluster formation) appeared to be
enhanced in Aig)-deficient MEF cells compared to the wild-type
MEF cells with expressing YFP-MAVS under microscopy (Figure
S8C i Text S1). In addition, we also observed the enhancement
of MAVS aggregations in ATG5 knockdown Hela cells with
overexpressing MAVS or Sendai virus infection under microscopy
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Figure 4. COX5B negatively controls the virus amplification. (A-C) HEK293 cells were transfected with COX5B RNAI oligos or NC. After 48 h
transfection, cells were infected by Sendai virus for 12 h, and then lysed to isolate RNA to check the transcription levels of IFNf (A), RANTES (B) and
Viperin (C) by real-time PCR. (D-F) The transfection were performed as in (A-C), except that cells were infected by VSVAM51-GFP (MOl =0.1) for 9 h.
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(G) The RNAiI oligo transfection was carried out as in (A), RNAi cells were infected by Sendai virus for 16 h, and the supernatant was collected for
measurement of IFNf by ELISA. (H-J) HEK293 cells were transfected with COX5B RNAi oligos for 48 h, then cells were infected by VSV-GFP (H) or
VSVAM51-GFP (I) at the MOI of 0.01 for 12 h, subsequently the culture supernatants were collected to measure virus titer by plaque assay, or cells
were imaged by fluorescence microscopy (J). Data from A-I are representative of at least three independent experiments, (A-F, mean and s.d. of
triplicate assays, G-I using duplicate assays). *, P<<0.05; **, P<<0.01 versus the control groups.

doi:10.1371/journal.ppat.1003086.g004

by immunostaining (Figures S9A-S9B in Text S1). Thus, our
results suggest that ATG5 functions as a negative regulator in
MAVS signaling by controlling MAVS aggregation.

Given that COX5B acts in a common pathway with ATG5 in
the regulation of MAVS signaling, we reasoned that COX5B
might also be involved in regulating MAVS aggregation. As shown
in Figures 7D-7E, while overexpression of COX5B reduced
MAVS aggregates, knockdown of COX5B increased MAVS
aggregates. Consistent with the above results, knockdown of
COX5B in HEK293 cells apparently increased the aggregation of
endogenous MAVS protein induced by Sendai virus infection
(Figure 7F). Additionally, similar results were observed in COX5B
knockdown Hela cells with overexpressing MAVS or Sendai virus
infection in an immunostaining assays (Figures S9A-S9B in Text
S1). Taken together, our results support the concept that COX5B
and ATG) act in a common pathway to negatively regulate
MAVS aggregation.

Discussion

MAVS plays the central role in RLR receptors-mediated anti-
virus signaling pathway. Previous studies have identified several
MAVS-associated factors such as MFN2 [15], NLRX1 [11],
PCBP2 [42] and PLK1 [43] negatively regulate MAVS function to
maintain immune balance. However, the mechanism underlying
the regulatory relationship between MAVS and mitochondria still
remains not well-understood. In this study, we have identified that
a subunit of the CcO complex, COX5B, physically interacts with
MAVS, and functions as a negative regulator in MAVS-mediated
antiviral signaling pathway. We found that COX5B mediates
MAVS signaling by repressing ROS production. Importantly, we
provided evidence to support that COX5B functions in concert
with ATG5 to suppress MAVS aggregation, thereby balancing
MAVS signaling upon virus challenge. Thus, our study uncovers a
novel mechanism by which the mitochondrial CcO component
COX5B coordinates with the autophagy pathway to negatively
regulate antiviral signaling.

The mitochondrion is an essential organelle of eukaryotic cells
that generates adenosine triphosphate (ATP) for energy produc-
tion [44]. COX5B is an important subunit of the CcO complex
that functions as the terminal enzyme of the mitochondrial
electron transport chain [21,45,46]. In addition to its role in the
transfer of electrons from reduced cytochrome c¢ to molecular
oxygen, COX5B has been shown to play a role in suppressing
ROS production [21,27]. Increasing pieces of evidence have
linked the roles of ROS in the regulation of antiviral signaling and
mitochondrion homeostasis as well [17-19]. However, the
molecular basis by which ROS regulates antiviral signaling
remains poorly understood. Identification of the CcO complex
COX5B as a MAVS-interacting factor motivates us to investigate
the detailed regulatory mechanism between MAVS-mediated
antiviral signaling and COX5B, since COX5B plays an important
role for regulating ROS production, in addition to its role in
maintaining CcO complex activity [21]. Our study reveals that
activation of MAVS not only stimulates the antiviral response, but
also results in increased levels of ROS production. Interestingly,
we found that activation of MAVS appears to stabilize COX5B
protein, which represses ROS production and consequently down-
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regulates the antiviral response in a feedback regulatory fashion.
Thus, on the one hand, upon virus challenges, MAVS causes
mitochondria to induce ROS production and activate antiviral
signaling. On the other hand, MAVS elevates COX5B expression
to suppress ROS, thereby balancing antiviral signaling activity to a
proper level and likely ensuring mitochondrion homeostasis.

As mentioned above, COX5B severs as a mitochondrial CcO
component and has been proposed to be predominantly localized
to the matrix face of the mitochondrial inner membrane [47].
Thus, the question becomes as to how COX5B interacts with
MAVS, a mitochondrial outer membrane associated protein in
physiological condition. It has been shown previously that
COX5B interacts with human androgen receptor (hAR), which
is present outside mitochondria [48]. Consistent with this, we have
indeed detected a low level of COX5B protein present in the
cytosolic compartment that was confirmed by our IP experiments
(Figure 1F), since a weak binding was detected between COX5B
and MAVSATM, which is localized to cytosolic compartment.
Upon activation of MAVS signaling, activated MAVS appeared to
increase the total COX5B protein levels (Figure 5I). Given that
activation of MAVS could change morphology of mitochondrion
[40] and reduce its membrane potential (loss of Ar,,,) [16,49], it is
thus likely that activation of MAVS increases the levels of cytosol-
COX05B fraction and enhances the interaction of cytosol-COX5B
with MAVS. In fact, several lines of evidence in this study support
this notion. First, the activated MAVS indeed induces a high level
of cytosolic fraction of COX5B (Figure SI0A in Text S1). Second,
the activated MAVS enhances the interaction of COX5B with
MAVSATM, which is predominantly cytosolic region (Figure
S10B in Text S1). Third, activation of MAVS promotes the
interaction of COX5B with ATGS5, which is also present in
cytosolic compartment.

We noted that the mutant form of COX5B, COX5BATP,
failed to inhibit MAVS signaling (Figure 2I-2]), suggesting
mitochondrial targeting is important for the role of COX5B in
the suppressing MAVS signaling. To address this issue, we
generated another mutant form of COX5B-TM (Bcl-2), in which
the COX5BATP mutant was modified by adding the transmem-
brane domain (the TM from Bcl2) at the C-terminal, for targeting
COX5B-TM (Bcl-2) to mitochondrial outer membrane. As shown
in Figures SITA-S11B in Text SI, expression of COX5B-TM
(Bcl-2) is sufficient to suppress the MAVS signaling in transfected
cells, emphasizing the potential biological importance of COX5B
at mitochondrial outer membrane.

Autophagy is a conserved process for cell homeostasis which
removes aggregated proteins and dysfunctional organelles. Previ-
ous studies have proposed that autophagy is also engaged in
regulating anti-virus signaling, since loss of autophagy components
(e.g. ATGS or ATG12) causes amplification of MAVS-mediated
antiviral signaling [18,36]. Thus, the important question that
remains to be determined is how autophagy regulates the antiviral
signaling pathway. In this study, we showed that activation of
MAVS up-regulates the expression of both COX5B and ATG5
proteins, and COX5B forms a complex with ATG5 in a MAVS-
activation dependent manner. Moreover, we also found that
stabilization of ATG)5 by activation of MAVS depends on
COX5B. Thus, our data indicate that COX5B and ATGHS
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Figure 5. COX5B mediates MAVS signaling by repressing ROS production. (A) HEK293 cells were pretreated with 10 ug/ml antimycin A for
2 h, then transfected with the indicated plasmids. Twenty-four hours after transfection, cells were lysed to measure the IFN induction. (B) HEK293
cells were pretreated with 250 or 500 uM Mito-TEMPO for 4 h, and then transfected with IFN reporter and pRSV/LacZ vectors together with empty
vector or MAVS, or infected with VSVAM51-GFP (MOI=0.1). Cells were lysed to measure IFNf activity after 24 h transfection or 10 h infection. (C and
D) COX5B RNAi oligos or NC were transfected into HEK293 cells, after 20 h transfection, empty vector or MAVS plasmids were transfected again, 30 h
after the second transfection, cells were collected for FACS analysis to check cellular or mitochondrial ROS production by staining with DCF (C) or
MitoSOX (D), respectively. Results are presented relative to the FACS mean fluorescence intensity over control cells. (E) HEK293 cells were transfected
with COX5B RNAi oligo or NC, 36 h after transfection, cells were pretreated with 250 uM Mito-TEMPO for 4 h, and transfected again with indicated
plasmids. Twenty-four hours after second transfection, cells were lysed to measure the IFN induction. (F) After first transfection and treatment as
described in (E), cells were transfected with IFN reporter and pRSV/LacZ vectors, followed by 16 h Sendai virus infection, cells were harvested for
luciferase assays. (G) The experiments were carried out as in (F) except that cells were pretreated with 100 uM PDTC. (H) HEK293 cells were
transfected with the indicated plasmids for 30 h, and then stained with MitoSOX followed by FACS analysis. Cells were treated with 0.1 uM H,0, for
30 min as positive control. Results are presented relative to the FACS mean fluorescence intensity in control cells. (I) HEK293 cells were transfected
with increasing amounts of MAVS expression plasmids, and empty vector was used to balance the total DNA amount. Total protein was prepared and
subjected to immunoblot analysis after 24 h transfection. Data from A-B, E-G are representative of at least three independent experiments, (mean
and s.d. of duplicate assays), and data from C, D and H are presented as mean * SD from at least three independent experiments. *, P<<0.05; **,
P<C0.01; *** P<<0.001 versus control groups.

doi:10.1371/journal.ppat.1003086.9005

modulate the MAVS function in a common regulatory pathway. A [50] and VSVAMS5I1-GFP [24] was propagated in Vero cells.
recent study has shown that viral infection leads to the formation TNFa was purchased from Sigma. ROS-related reagents used
of very large MAVS aggregates, which potently activates MAVS- here as Mito-TEMPO (Santa Cruz, Enzo Life Science), Amplex
mediated antiviral signaling. Given that the autophagy pathway Red Hydrogen Peroxide/Peroxidase Assay Kit (Molecular Probes,
normally functions in degrading protein aggregates [34-35], we Invitrogen), Antimycin A (Sigma), PDTC (Sigma) were purchased
therefore determined whether the autophagy pathway regulates from indicated suppliers. The ELISA kits for Human IFN-f were
MAVS aggregates. Indeed, we found that ATG5 plays an purchased from PBL Biomedical Laboratories.

important role in controlling aggregation of MAVS, since loss of

ATG5 increases formation of MAVS aggregates, while overex- Plasmids

pression of ATG5 reduces MAVS aggregates. Surprisingly, we Human full length COX5B, truncated mutant, COX5A and
observed that COX5B has a similar function as ATG5 does in ATG5 were amplified from human fetal liver ¢cDNA library
controlling aggregation of MAVS. Given that COX5B also affects  through standard PCR methods, and then cloned into pcDNA3.1-
the stability of ATG5, our results suggest that COX5B might  pye/his () A, pEGFP-N3 or pcDNA3.0-Flag vectors respectively.
n_qamtlaun the proper function of autophagy in regulating MAVS Plasmids of Flag-MAVS, HA-MAVS, Flag-RIG-I(N), Trif, NF-
signaling. KB-Luc, pET14b-MAVS (131-291) were generously provided by

In conclusion, in this study we have identified that in addition to Dr. Zhijian Chen. IFNB-Luc and ISRE-Luc reporters were kindly
its role in the.transfer of electrons in mitocho.ndri.a, the C.CO provided by Dr. Hongbing Shu [51]. MAVS lacking CARD
complex subunit COX5B also has a novel function in regulating domain (10-77) and TM domain (514-540) were cloned into
the 'fmtiviral pathway by interacting with MAVS' Importa.lntly, our pcDNA3.0 vector using overlap cloning techniques. Full length
ﬁndlngs. suggest  that .COXE’B‘ represses mitochondrial ROS MAVS was subcloned into pEYFP-C1 vector. pPSUPERIOR -4*sh-
production and coordma.tes with the autop}.lagy pathwa.y. to mouse-COX5B vector construction was carried out as previously
control  MAVS - aggregation, thereby balancing  the antiviral described [52], target sequence for hRNA mCOX5B is as follows,

signaling activity. Thus, our study not only reveals the novel role GAGGACAACUGUACUGUCA [21].
of CcO components in regulating antiviral signaling, but also

provides novel insights into the link between mitochondrial
electron transfer machinery and the autophagy pathway in
controlling ROS production and host innate immunity.

Yeast two-hybrid screening

To construct a MAVS bait vector, a cDNA fragment encoding
the CARD domain of MAVS was inserted in-frame into pGBK'T7
vector. A human fetal liver cDNA library was screened according
to protocols recommended by the manufacturer (Clontech).

Materials and Methods

Cells, antibodies, viruses and reagents .

HEK293, Hela, A549, HepG2, RAW264.7, Vero and MEF Luciferase reporter assay
cells were cultured with high-glucose DMEM (Hyclone) medium HEK293 cells were transfected in a 24-well plate with various
plus 10% heat-inactivated FBS (Hyclone), and supplemented with expression plasmids along with a reporter plasmid (50 ng/well)
antibiotics (100 unit/ml penicillin, 100 pg/ml streptomycin, ~ and a pRSV/LacZ (50 ng/well) using the calcium phosphate

Gibco). The antibody against MAVS was generated by immuniz- precipitation method. Twenty-four hours. post—transfe.ction, .cells
ing rabbits with the recombinant proteins Hise-MAVS (131-291) ~ were lysed for the measurement of luciferase activity. Firefly
produced in E. coli. Antibody was further purified using an antigen luciferase activities were normalized based on the B-galactosidase

column. The antibodies against COX5B, IRF3 and COX4 were activity.
purchased from Santa Cruz Biotechnology. Other antibodies used
were as follows: mouse anti-flag M2 (Sigma); rabbit anti-Myc RNAi

(MBL); mouse anti-HA (Covance); mouse anti-GAPDH (Sungene HEK293 cells were transfected with RNAi oligos at a final
Biotech); mouse anti-mouse-COX5B (Abcam); rabbit anti-ATGS concentration of 40 nM using the calcium phosphate precipitation
(Epitomics), rabbit anti-AlIF (CST), rabbit anti-a tubulin (Abcam), method. Forty-eight hours later, cells were transfected with indicated
rabbit anti-LC3B (MBL), rabbit anti-P62 (Epitomics). Sendai virus plasmids using lipofectamine 2000 (Invitrogen) or stimulated with virus,
(Cantell strain, Charles River Laboratories) was used at a final then harvested for the further reporter, western blot or real-time RCR

concentration of 50 hemagglutinating (HA) units/ml. VSV-GI'P analysis, unless indicated otherwise. HepG2 and A549 cells were
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Figure 6. COX5B coordinates with ATG5 to regulate MAVS signaling. (A) Hela cells were transfected with LC3-GFP (Green) and control vector
or Flag-MAVS (Red) for 24 h. Cells were fixed, then stained with anti-Flag antibody, and imaged by confocal microscopy. (B) Hela cells were
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transfected with increasing amounts of MAVS expression plasmids, and empty vector was used to balance the total DNA amount. Total protein was
prepared and subjected to immunoblot analysis after 36 h transfection. (C) HEK293 cells were transfected with increasing amounts of MAVS
expression plasmids, and empty vector was used to balance the total DNA amount. Twenty-four hours after transfection, total protein was extracted
and subjected to immunoblot analysis. (D) Cell transfection described as seen in (C), after transfection, the total RNAs were prepared for real-time PCR
analysis. (E) HEK293 cells were transfected as indicated expression plasmids. Twenty-four hours after transfection, cell lysates were prepared,
immunoprecipitated with anti-Flag beads, followed by immunoblot analysis with the indicated antibodies. (F) HEK293 cells were transfected COX5B
oligo or NG, after 30 h, transfected again with MAVS or empty vector plasmids, 24 h later, cells were lysed for western blotting. (G) ATG5 and COX5B
RNAi oligos (final concentration 20 nM) were transfected into HEK293 cells, NC oligos were used to balance the equal amount of RNAI oligos. Thirty-
six hours after transfection, cells were transfected again with the expression plasmids for MAVS or empty vector along with the reporter plasmids
followed by measurement of luciferase assays after 24 h transfection. (H) ATG5 and COX5B RNAi oligo transfection was performed as described in (G),
and then cells were transfected again with reporter plasmids. Eight hours after second transfection, cells were infected with Sendai virus for 16 h
followed by measurement of luciferase assays. Data from D, G and H are representative of at least three independent experiments (mean and s.d. of
duplicate assays). *, P<<0.05; **, P<0.01 versus control groups.

doi:10.1371/journal.ppat.1003086.g006

transfected with siRNA oligos using Lipofectamine RINAIMAX Confocal imaging

(Invitrogen) reagent. The RNAi sequences are as follows (only the For all microscopy images, cells were grown on glass coverslips and
sense strand is shown): NC (non-targeting), TTCTCCGAACGTGT- transfected, as described. After washing with PBS, cells were fixed with
CACGT; GIFP, GCAGAAGAACGGCATCAAG; COX5B-1, 4% paraformaldehyde for 15 minutes, permeabilized and blocked with
GCEATCTGTGAAGAGGACAA; COX5B-2, GGGACTGGACC- (.99, Triton X-100 in PBS containing 5% BSA for 30 minutes at
CATACAAT; COXS5B-3, CAGTAAAGACTAGCCATTG [27]; room temperature. Cells were then incubated with primary antibody
MAVS, CCACCTTGATGCCTGTGAA [6]; ATGS, GATT- and secondary antibody or mounted onto slides directly. Imaging of the

CATGGAATTGAGCCA. cells was performed using Zeiss LSM 710 META laser scanning

confocal system.

Real-time PCR

D?V(Xal RNA ‘”}Vlas.isﬂatﬁ.d usé“g T;{I'ZOIfIIr?gcné (Invciltmg;i Native gel electrophoresis and semidenaturing detergent
c was synthesized using SuperScript irst-Strand ¢ agarose gel electrophoresis

g?ig&ll{cS;r:ribglrg;tr%icn){Tiﬁllé% il;Cthi Vﬁi;tepc:)i)r?ﬁolj{;li Native gel electrophoresis and IRF3 dimerization assays were
q P performed as described previously [50]. Semidenaturing detergent

iCycler iQ5 PCR Th 1 Cycler. . . .
iCycler iQ; ermal ycer agarose gel electrophoresis (SDD-AGE) was carried out according to a

The primers used were as follows (5™-3): published protocol [40-41]. Briefly, HEK293 cells were homogenized
185-s: 5-GCTGCTGGCACCAGACTT-3', in a buffer (10 mM Tris-HCI [pH 7.5, 10 mM KCI, 1.5 mM MgCI2,
188-as: 5'-CGGCTACCACATCCAAGG-3'; 0.25 M D-mannitol, and Roche EDTA-free protease inhibitor

GAPDH-s: 5'-ATGACATCAAGAAGGTGGTG-3',
GAPDH-as: 5'-CATACCAGGAAATGAGCTTG-3';
IFNB-s: 5'-AGGACAGGATGAACTTTGAC-3’,
IFNB-as: 5'-TGATAGACATTAGCCAGGAG-3';
Viperin-s: 5'-CTTTGTGCTGCCCCTTGAGGAA-3’,
Viperin-as: 5'-CTCTCCCGGATCAGGCTTCCA-3';
RANTES-s: 5'-TACACCAGTGGCAAGTGCTC-3’,
RANTES-as: 5'-TGTACTCCCGAACCCATTTC-3';
IFNB (mouse)-s: 5'-ATGGTGGTCCGAGCAGAGAT-3';
IFNB (mouse)-as: 5'-CCACCACTCATTCTGAGGCA-3';
Actin (mouse)-s: 5'-TCCAGCCTTCCTTCTTGGGT-3',
Actin (mouse)-as: 5'-GCACTGTGTTGGCATAGAGGT-3';
RANTES (mouse)-s: 5'-CTCACCATATGGCTCGGACA-3',
RANTES (mouse)-as: 5'-ACAAACACGACTGCAA-
GATTGG-3' [53].

cocktail) by repeated douncing. Crude mitochondria (P5) were
resuspended and loaded onto a vertical 1.5% agarose gel after
purification by differential centrifugation. Electrophoresis was done as
described [40]. Immunoblotting was carried out by standard
procedures.

Virus plaque assay

On the third day after knockdown of COX5B using RNAI oligo,
HEK?293 cells were infected with VSV-GFP or VSVAMS51-GFP at
0.01 MOL The supernatants were collected at indicated times for
measurement of virus titer by virus plaque assays. The assay was done
as described [50] with minor modification. Briefly, confluent Vero cells
were infected with the diluted virus for 1 h, then culture medium
containing 2% methylcellulose was overlaid and incubated for about
36 h. Cells were fixed for 15 min with methanol and then stained with
. . . . 1% crystal violet to display plaques. Plaques were counted to determine
Cmmmqnopreapltahtlo.n and immunoblot analysis the viral titer as plaque-forming units per ml.

For coimmunoprecipitation assays, cells were collected 24 h after
transfection and then lysed in 0.5% Triton X-100 buffer (20 mM Tris,
pH 7.5, 150 mM NaCl, 0.5% Triton X-100, 1 mM EDTA, 10%
glycerol, 10 ug/ml aprotinin, 10 pg/ml leupeptin, 1 mM phenyl-
methylsulfonyl fluoride) on ice for 45 min, sonicated briefly, then the
clarified supernatants were incubated with anti-Flag ( Sigma) agarose
beads for 4 h or with anti-Myc antibody overnight at 4°C followed by . ) ) .
further incubation with protein A/G beads (Pierce) for 24 h. The ~ then washed with PBS solution, resuspended in PBS solution
immune complexes were washed with lysis buffer three times and containing 1% FBS for FA_CS. analysis. All data were analyzed with
subjected to immunoblot analysis with the indicated antibodies. For Cell Quest software (BD Biosciences).
endogenous IP, HEK293T cells were lysed with 1% NP-40 buffer,
sonicated briefly, and the supernatants were incubated with MAVS ELISA

ROS measurements and flow cytometric analysis

Cells were stained with MitoSOX (to measure the mROS
superoxide) or CM-HoDCFDA (to measure total cellular ROS)
(Molecular Probes, Invitrogen) at 5 pm or 2.5 um final concentration
for 30 minutes or 15 minutes at 37°Ci in dark, respectively. Cells were

antibody or control IgG overnight at 4°C, followed by further Culture media was collected and analyzed for IFN production
incubation with protein A/ G beads (Pierce) for 2-4 h. Immunoblotting by using ELISA kit according to protocols recommended by the
was carried out by standard procedures. manufacturer (PBL Biomedical Laboratories).
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Figure 7. COX5B and ATGS5 suppress MAVS aggregation. (A) HEK293 cells were transfected with the indicated constructs for 36 h, and crude
mitochondrial P5 extracts were isolated, then aliquots of the P5 extracts were subjected to SDD-AGE and SDS-PAGE assays using indicated antibodies
respectively. (B) HEK293 cells were transfected with NC or ATG5 RNAi oligos. Thirty-six hours after transfection, Flag-MAVS or empty vectors were
transfected into the RNAI cells for 24 h. Crude mitochondrial P5 extracts were prepared, followed by SDD-AGE and SDS-PAGE assays using MAVS or
Flag antibody. (C) HEK293 cells were transfected with NC or different doses of ATG5 RNAi oligos as indicated. Thirty-six hours after transfection,
knockdown cells were then infected with Sendai virus, 9 h after infection, crude mitochondrial P5 extracts were analyzed by SDD-AGE or SDS-PAGE
assays using a MAVS antibody. (D) Cell transfection was performed with indicated plasmids, Thirty-six hours after transfection, crude mitochondrial P5
extracts were isolated, and then aliquots of the P5 extracts were subjected to SDD-AGE and SDS-PAGE assays using indicated antibodies respectively.
(E) The experiments were performed as in (B), except that COX5B RNAi oligos were used in lieu of ATG5 RNAi oligos. (F) HEK293 cells were transfected
with NC or COX5B RNAi oligos as indicated. Thirty-six hours after transfection, knockdown cells were then infected with Sendai virus, six or nine hours
after infection, cell lysates were analyzed by SDD-AGE or SDS-PAGE assays using a MAVS antibody.

doi:10.1371/journal.ppat.1003086.9007

Statistical analyses

All statistical analyses are expressed as means *£SD. Significant
differences between values under different experimental conditions
were determined by two-tailed Student’s #test. For all test, a p value of
less than 0.05 was considered statistically significant.

NCBI accession numbers for genes used in this study
The mRNA sequence data for genes described in this study can be
found in the NCBI under the following accession numbers: Homo
saprens COX5B (NM_001862), Homo sapiens COXSANM_004255),
Homo sapiens MAVS (NM_020746), Homo sapiens P62 (NM_003900),
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Homo saprens LC3B (NM_022818), Homo sapiens R1IG-1 (NM_014314),
Homo sapiens MDASNM_022168), Homo sapiens ATG5INM_004849).

Supporting Information

Text S1 Text S1 contains supplementary Figures S1 to
S11 and one supplementary Table S1.
(PDF)
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