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ABSTRACT The host response to RNA virus infection consists of an intrinsic innate
immune response and the induction of apoptosis as mechanisms to restrict viral
replication. The mitochondrial adaptor molecule MAVS plays critical roles in coordi-
nating both virus-induced type | interferon production and apoptosis; however, the
regulation of MAVS-mediated apoptosis is poorly understood. Here, we show that
the adaptor protein TAX1BP1 functions as a negative regulator of virus-induced
apoptosis. TAX1BP1-deficient cells are highly sensitive to apoptosis in response to in-
fection with the RNA viruses vesicular stomatitis virus and Sendai virus and to trans-
fection with poly(l-C). TAX1BP1 undergoes degradation during RNA virus infection,
and loss of TAX1BP1 is associated with apoptotic cell death. TAX1BP1 deficiency
augments virus-induced activation of proapoptotic c-Jun N-terminal kinase (JNK) sig-
naling. Virus infection promotes the mitochondrial localization of TAX1BP1 and con-
comitant interaction with the mitochondrial adaptor MAVS. TAX1BP1 recruits the E3
ligase Itch to MAVS to trigger its ubiquitination and degradation, and loss of
TAX1BP1 or ltch results in increased MAVS protein expression. Together, these re-
sults indicate that TAX1BP1 functions as an adaptor molecule for Itch to target
MAVS during RNA virus infection and thus restrict virus-induced apoptosis.
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irus infection triggers an intrinsic innate immune response that culminates in the

production of proinflammatory cytokines (e.g., interleukin-18 [IL-18], tumor necro-
sis factor [TNF], and type | interferons [IFNs; predominantly alpha interferon and beta
interferon]). Activation of an innate immune antiviral response relies on a class of
specialized pattern recognition receptors (PRRs) that detect conserved molecular fea-
tures of viruses and other pathogens. The cytoplasmic RNA helicases RIG-I and MDA5
are key antiviral PRRs that recognize nucleic acids derived from RNA viruses and trigger
downstream signaling dependent on the mitochondrial adaptor MAVS (also known as
IPS-1, VISA, and Cardif), leading to activation of NF-«B and IFN regulatory factor 3 (IRF3)
transcription factors that upregulate expression of proinflammatory cytokines and type
| IFNs, respectively (1, 2). MAVS recruits E3 ubiquitin ligase TRAF proteins (TRAF2, TRAF3,
TRAF5, and TRAF6) to conjugate lysine 63 (K63)-linked polyubiquitin chains that recruit
the adaptor NEMO (NF-«kB essential modulator; also known as IkB kinase -y [IKK+y]) and
kinases TBK1 and IKKi (also known as IKK epsilon) (3-6). TBK1 and IKKi directly
phosphorylate IRF3 and IRF7 to trigger their dimerization, nuclear localization, and
activation of type | IFN to restrict virus replication (7, 8).
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In addition to the production of type | IFN and proinflammatory cytokines, virus-
induced apoptosis represents an important host mechanism for the inhibition of viral
replication. IRF3 has been reported to localize to the mitochondria upon virus infection
and interact with the proapoptotic protein Bax to trigger activation of the mitochon-
drial apoptotic pathway (9). Overexpression of MAVS induces apoptosis, which is
countered by viral proteins including hepatitis C virus NS3/4A (10) and severe acute
respiratory syndrome coronavirus (SARS-CoV) nonstructural protein NSP15 (11). How
MAVS promotes caspase activation and apoptosis is poorly understood but likely
involves direct interactions with proapoptotic effector proteins. MAVS inducibly inter-
acts with mitogen-activated protein kinase (MAPK) kinase 7 (MKK7) in response to virus
infection, which in turn activates c-Jun N-terminal kinase 2 (JNK2) to trigger apoptosis
(12). MAVS interacts with the apoptosis adaptor proteins TRADD (13) and FADD (14)
and can directly interface with caspase-8 during RNA virus infection to promote
Bax/Bak-independent apoptosis (15). MAVS also modulates the stability of voltage-
dependent anion channel 1 (VDACT) to contribute to virus-induced apoptosis (16).
However, host factors that regulate MAVS-mediated apoptosis have yet to be de-
scribed.

TAX1BP1 was originally identified as an interacting protein of the human T-cell
leukemia virus 1 (HTLV-1) Tax protein (17) and the NF-«kB regulatory proteins A20 and
TRAF6 by yeast two-hybrid screening (18, 19). TAX1BP1 serves as an adaptor molecule
for the NF-kB inhibitor A20 to terminate NF-«B signaling and proinflammatory cytokine
production (20, 21). TAX1BP1 recruits the E3 ligases Itch and RNF11 to A20 to form an
inducible ubiquitin-editing complex that restricts proinflammatory signaling pathways
(20, 22-24). TAX1BP1 also cooperates with A20 to restrict RIG-I/MDA5-mediated sig-
naling and the induction of IFN-B during RNA virus infection by inhibiting the K63-
linked polyubiquitination of TBK1 and IKKi (25). Recent studies indicate that TAX1BP1
also functions as a ubiquitin binding autophagy receptor that plays critical roles in
autophagy-dependent clearance of Salmonella enterica serovar Typhimurium (26).
TAX1BP1 may also function as an antiapoptotic protein (18) although little is known
regarding its putative antiapoptotic activity.

In this report, we provide evidence that TAX1BP1 specifically inhibits virus-induced
apoptosis but not cell death initiated by protein synthesis inhibitors or DNA damaging
agents. TAX1BP1 translocates to mitochondria in response to RNA virus infection and
inducibly interacts with the MAVS adaptor protein. TAX1BP1 recruits the E3 ligase Itch
to MAVS to promote its ubiquitination and degradation. These findings provide new
insight into the regulation of virus-induced cell death and also highlight a novel
antiapoptotic function of TAX1BP1.

RESULTS

Loss of TAX1BP1 sensitizes cells to virus-induced apoptosis. In a previous study,
we demonstrated that TAX1BP1 inhibits virus-triggered type | IFN by antagonizing
K63-linked polyubiquitination of TBK1 and IKKi (25). Consistent with these findings,
virus-induced expression of IFN-B mRNA was strongly upregulated in Tax1bp1—/—
murine embryonic fibroblasts (MEFs) (Fig. 1A). As interferon produced in this manner
would be expected to reduce virus replication and associated cytopathic effects (CPE),
we were surprised to observe that Tax7bp7—/— MEFs instead manifested significantly
increased CPE compared to levels in wild-type (WT) MEFs. As virus-induced CPE in
Tax1bp1—/~ MEFs bore the morphological features of apoptosis, we hypothesized that
TAX1BP1, in parallel to its capacity to control IFN production, also regulated virus-
induced apoptosis. To explore a potential role for TAX1BP1 in the regulation of
virus-induced apoptosis, Tax1bp1*/~ and Tax1bp1—/~— MEFs were infected with the
RNA virus vesicular stomatitis virus (VSV) at a multiplicity of infection (MOI) of 1.
Tax1bp1—/~ MEFs infected with VSV exhibited strong CPE, including shrinkage and
rounding of cells, characteristic of apoptosis, as assessed by bright-field microscopy
(Fig. 1B), while control Tax1bp1*+/~ MEFs were largely unaffected. To confirm that these
results were not unique to mouse fibroblasts, the experiment was also conducted with
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FIG 1 Loss of TAX1BP1 sensitizes cells to virus-induced cell death. (A) Tax1bp1+/~ and Tax1bp1—/~ MEFs were
infected with SeV for 6 h. Total mRNA was extracted and subjected to qRT-PCR analysis for IFN-B expression.
Western blotting confirms the absence of TAX1BP1 in TaxTbp1—/— MEFs. The values in the graph denote the
means =+ standard deviations. ***, P < 0.0005, for SeV-infected Tax1bp1~/~ versus Tax1bp1+/~ MEFs as determined
by an unpaired Student'’s t test. (B and C) Phase-contrast images of TAX1BP1-deficient MEFs and Hela cells infected
with VSV. Images were taken at 6 h postinfection (MOl of 1) at magnifications of X20 (B) and X10 (C). (D)
Tax1bp1+/~ and Tax1bp1—/— MEFs were infected with VSV at the indicated MOls. Total cell lysates were subjected
to Western blotting with anti-PARP1 and caspase-3 antibodies. cPARP1 represents a cleavage product (87 kDa) of
PARP1. (E and F) TAX1BP1 WT and KO Hela cells were infected with SeV (30 HA units/ml) for 24 h (E) or transfected
with poly(-C) (5 mg/ml) for 5 h (F). Total cell lysates were subjected to Western blotting with the indicated
antibodies. (G) TAXTBPT WT and KO Hela cells were pretreated with neutralizing anti-IFNAR2 antibody (5 wg/ml)
for 30 min at 37°C and then transfected with 5 ug/ml poly(l-C) for 4 h. Cell extracts were subjected to Western
blotting with the indicated antibodies. pSTAT1, phospho-STAT1. (H) TAX7BP1 WT and KO Hela cells were infected
with VSV-GFP at the indicated MOIs for 20 h, and cell lysates were subjected to Western blotting with the indicated
antibodies.
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TAX1BP1 knockout (KO) Hela cells, which have mutations in exon 3 of the TAX1BP1
gene introduced by CRISPR/Cas9 technology (27). Consistently, increased susceptibility
to the CPE of VSV was also observed in TAXTBP1 KO Hela cells (Fig. 1C).

To determine whether Tax1bp1—/— MEFs were undergoing apoptosis, lysates from
Tax1bp1+/~ and Tax1bp1~/~ MEFs infected by VSV were subjected to Western blotting
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for poly(ADP-ribose) polymerase 1 (PARP1) cleavage, a hallmark of apoptosis mediated
by the executioner caspases 3 and 7 (28). Indeed, PARP1 cleavage was induced by VSV
infection at multiple MOIs to a much greater degree in Tax1bp1~—/~ MEFs than in
control MEFs (Fig. 1D). Consistently, virus-induced caspase-3 cleavage/activation was
more robust in Tax1bp1—/— MEFs (Fig. 1D). TAX1BP1 KO Hela cells were also more
sensitive to apoptosis after infection with Sendai virus (SeV) and transfection with the
synthetic viral RNA analog poly(l-C) (Fig. 1E and F). Together, these results suggest that
TAX1BP1 plays an important role in the protection of cells from virus-induced apop-
tosis.

Type | IFNs are known to sensitize cells to virus-induced apoptosis (29). To determine
if the enhanced cell death in TAX1BP1-deficient cells was mediated by type | IFN
signaling, TAX1BP1 KO Hela cells were pretreated with a neutralizing antibody to
IFN-a/3 receptor 2 (IFNAR2) prior to transfection with poly(l-C). Although the neutral-
izing antibody diminished poly(l-C)-induced STAT1 activation, there was no effect on
PARP cleavage in TAX1BP1 KO Hela cells (Fig. 1G). Surprisingly, STAT1 phosphorylation
was impaired in the absence of TAX1BP1 (Fig. 1G). Therefore, the enhanced virus or
poly(l-C)-induced apoptosis in TAX1BP1-deficient cells is likely not attributable to type
I IFN autocrine effects.

We next examined the replication of VSV encoding green fluorescent protein
(VSV-GFP) (30) in control HeLa and TAX71BP1 KO Hela cells. Cells were infected with
VSV-GFP at multiple MOIs (0, 0.001, 0.01, 0.1, and 1), and Western blotting was
conducted to examine GFP expression as a readout of virus replication. Despite
potential defects in type | IFN signaling, TAX71BP1 KO Hela cells were markedly resistant
to VSV-GFP replication compared to control Hela cells (Fig. TH). These results indicate
that the enhanced virus-induced apoptosis in TAX1BP1-deficient cells is likely the
dominant mechanism that restricts virus replication.

TAX1BP1 overexpression was previously shown to inhibit apoptosis induced by TNF
stimulation combined with the protein translation inhibitor cycloheximide (CHX) (18).
Therefore, the antiapoptotic function of TAX1BP1 may extend beyond virus infec-
tion to a wider range of apoptotic stimuli. To examine this notion, Tax7bp1—/~ and
Tax1bp1*/~ MEFs and TAX1BP1 KO and control Hela cells were treated with TNF
plus CHX, staurosporine (STS), or etoposide, and apoptosis was quantified by flow
cytometry after fluorescein isothiocyanate (FITC)-annexin V and 7-amino-actinomycin D
(7-AAD) staining. STS is a protein kinase inhibitor that can trigger apoptosis. Etoposide
is a topoisomerase inhibitor and DNA-damaging agent. As expected, SeV-induced
apoptosis was significantly increased in both Tax7bp1—/— MEFs and TAX1BP1 KO Hela
cells (Fig. 2A and B). However, STS-induced apoptosis was similar or diminished in
TAX1BP1-deficient cells (Fig. 2A and B). Etoposide-mediated apoptosis was also slightly
decreased in TAX1BP1 KO Hela cells (Fig. 2B). Although there was no difference in
apoptosis in HeLa control and TAX1BP1 KO Hela cells treated with TNF plus CHX, there
was a substantial increase in apoptosis in Tax1bp1—/— MEFs compared to the level in
Tax1bp1+/~ MEFs (Fig. 2A and B). These results may indicate cell-type-specific differ-
ences in the antiapoptotic function of TAX1BP1 in the TNF receptor (TNFR) pathway.
Alternatively, the antiapoptotic function of TAX1BP1 downstream of death receptor
signaling may be compromised in tumor cells. Nevertheless, our results are consistent
with an earlier study showing that TAX1BP1 inhibits apoptosis induced by TNF plus CHX
in NIH 3T3 cells but not in the A549 lung adenocarcinoma cell line (18). PARP1 cleavage
levels in response to staurosporine and etoposide were also comparable in WT and
TAX1BP1 KO Hela cells (Fig. 2C). Together, these results indicate that the antiapoptotic
activity of TAX1BP1 is largely specific to virus infection although TAX1BP1 may also
inhibit TNF-mediated apoptosis in specific cell types.

TAX1BP1 is degraded by virus infection. Based on published gene expression
data (Affymetrix U133 Plus 2.0 arrays) retrieved from the Genevestigator's curated
database (31, 32), TAX1BP1 expression is highest in the human cancer cell lines Hs 852.T
(melanoma), LOU-NH91 (squamous cell lung carcinoma), and DLD1 (colon adenocar-
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FIG 2 TAX1BP1 deficiency is largely selective for virus-induced apoptosis. (A and B) Tax1bp1+/~ and Tax1bp1—/—
MEFs (A) and TAXTBP1 WT and KO Hela cells (B) were infected with 30 HA units/ml SeV for 6 h or treated with 5
1M staurosporine (STS) for 4 h, 10 uM etoposide (ETO) for 24 h, or 20 ng/ml TNF-« plus 10 ng/ml cycloheximide
(CHX) for 4 h. Cells were subjected to flow cytometric analysis upon staining with FITC-annexin V and 7-amino-
actinomycin D (7-AAD). The percentages of cells in each quadrant are marked. (C) TAX1BP1 WT and KO Hela cells
were treated with 5 uM staurosporine (STS) for 5 h or 10 uM etoposide (ETO) for 24 h. Total cell lysates were

subjected to Western blotting with the indicated antibodies. DMSO, dimethyl sulfoxide.

cinoma), among 1,405 cell lines examined. Thus, we hypothesized that these tumor cell
lines may exhibit resistance to virus-induced apoptosis owing to the elevated expres-
sion levels of TAX1BP1. However, transfection of poly(l-C) induced the cleavage of
PARP1 in DLD1 cells after 4 h, indicating sensitivity to apoptosis (Fig. 3A). Surprisingly,
TAX1BP1 protein was sharply diminished after 4 h of poly(l-C) transfection, coincident
with PARP1 cleavage (Fig. 3A), thus raising the intriguing possibility that poly(l-C)-
induced apoptosis in DLD1 cells is functionally linked to degradation of TAX1BP1.
Similarly, TAX1BP1 was lost after infection with recombinant VSV-GFP for 24 h, coinci-
dent with PARP1 cleavage and GFP expression, indicative of VSV replication (Fig. 3B).
TAX1BP1 degradation was not limited to tumor cell lines as it was also observed in
primary mouse bone marrow-derived macrophages (BMDMs) infected with VSV (Fig.
3C). To provide further evidence that the reduction of TAX1BP1 protein was correlated
with the increased sensitivity to virus-induced apoptosis in DLD1 cells, we generated
two TAX1BP1 stable knockdown DLD1 cell lines using short hairpin RNAs (shRNAs)
targeted to different regions of the TAX1BP1 transcript. Indeed, knockdown of TAX1BP1
sensitized DLD1 cells to poly(l-C)-induced apoptosis as revealed by increased PARP1
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FIG 3 Virus-induced TAX1BP1 degradation increases susceptibility to apoptosis by virus infection. (A and
B) DLD1 cells were transfected with poly(I-C) (5 wg/ml) or infected with recombinant VSV-GFP (MOI of 1)
for the indicated times. Total cell lysates were subjected to Western blotting with the indicated
antibodies. (C) Mouse BMDMs were infected with VSV (MOI of 1) for 24 h. Total cell lysates were subjected
to Western blotting with the indicated antibodies. (D) DLD1 cells were stably transfected with control
(cont.) short hairpin RNA (shRNA) and two TAX1BP1 shRNAs (sh1 and sh2) and transfected with poly(l-C)
(5 pg/ml) for 4 h. Total cell lysates were subjected to Western blotting with the indicated antibodies. (E)
DLD1 cells were pretreated with 10 uM MG132 and 5 uM MLN4924 for 1 h and then infected with VSV
or transfected with poly(l-C) as described above. (F) DLD1 cells were pretreated with 10 uM MG132, 20
M zVAD, or 10 mM 3-MA for 1 h and then transfected with poly(l-C). Total cell lysates were subjected
to Western blotting with the indicated antibodies.

cleavage (Fig. 3D). Taken together, these results suggest that depletion or virus-induced
degradation of TAX1BP1 evokes an apoptotic response.

We next sought to uncover the mechanism(s) of TAX1BP1 degradation elicited by
virus infection. Recently, a quantitative proteomic analysis using stable isotope labeling
with amino acids in cell culture (SILAC) revealed that TAX1BP1 is rapidly stabilized by
treatment with MLN4924 (54), a selective inhibitor of the NEDD8-activating enzyme,
suggesting that TAX1BP1 is a substrate of cullin-RING ubiquitin ligases (CRLs) for
proteasomal degradation. However, TAX1BP1 degradation elicited by VSV infection or
poly(I-C) transfection was not inhibited by MLN4924 (Fig. 3E). Instead, the proteasome
inhibitor MG132 blocked TAX1BP1 degradation (Fig. 3E and F), suggesting that
TAX1BP1 is subject to proteasomal degradation upon virus infection in a CRL-
independent manner. We also examined a potential role of virus-activated caspases in
TAX1BP1 degradation; however, the pan-caspase inhibitor ZVAD (benzyloxycarbonyl-
Val-Ala-Asp) did not inhibit poly(l-C)-induced TAX1BP1 degradation (Fig. 3F, lane 11).

Recent reports have suggested that TAX1BP1 may serve as a receptor for selective
autophagy of bacteria (26) and mitochondria (33), raising the possibility that TAX1BP1
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FIG 4 TAX1BP1 deficiency potentiates the activation of virus-induced proapoptotic signaling. (A)
Tax1bp1*/~ and Tax1bp1—/— MEFs were infected with VSV (MOI of 1) for the indicated times, and cell
lysates were subjected to Western blotting with the indicated antibodies. (B) Tax1bp1*/~ and
Tax1bp1—/— MEFs were pretreated with 25 uM SP600125 for 1 h prior to infection with VSV (MOI of 1)
for 6 h. Total cell lysates were subjected to Western blotting with the indicated antibodies.

is subject to autophagic degradation upon virus infection. To test this idea, cells were
pretreated with 3-methyladenine (3-MA), an agent that interferes with the formation of
autophagosomes. Indeed, 3-MA blocked poly(l-C)-induced TAX1BP1 degradation as
effectively as MG132 (Fig. 3F, compare lanes 10 and 12). Furthermore, the combination
of both inhibitors cooperatively blocked TAX1BP1 degradation (Fig. 3F, lane 14),
indicating that TAX1BP1 degradation is mediated by both proteasomal and autophagic
degradation pathways. It is noteworthy that MG132 strongly inhibited poly(l-C)-induced
PARP1 cleavage compared to inhibition by zVAD and 3-MA (Fig. 3F), implying that
additional antiapoptotic proteins might be stabilized by inhibition of proteasomal
degradation. In this regard, we examined receptor-interacting serine/threonine kinase
1 (RIPK1), which can be cleaved by treatment with high doses of poly(l-C) (34). However,
we were unable to detect any RIPK1 cleavage upon poly(l-C) transfection (Fig. 3F),
supporting the involvement of the RIG-I-like receptor (RLR)-MAVS pathway in poly(l-C)
transfection-induced apoptosis.

TAX1BP1 inhibits MAVS-mediated apoptosis following virus infection. A recent
genetic study identified a novel MAVS-dependent apoptotic signaling pathway that is
activated by RNA virus infection. In this pathway, MAVS recruits the kinase MKK7 to
mitochondria, which in turn phosphorylate JNK2 to trigger apoptosis (12). As TAX1BP1
was previously found to regulate RNA virus-induced activation of type | IFN (25), we
asked if TAX1BP1 might suppress the activation of MAVS-MKK7-JNK2-mediated cell
death. To this end, we first examined virus-induced activation of MAPK signaling in
Tax1bp1+/~ and Tax1bp1—/— MEFs. As expected, all MAPKs examined, including
JNK1/2, extracellular signal-regulated kinase 1 and 2 (ERK1/2), and p38, were phos-
phorylated upon VSV infection in Tax1bp1*/~ MEFs (Fig. 4A). However, JNK1/2 phos-
phorylation was more robust in these cells, whereas the phosphorylation of p38 was
slightly decreased, and phosphorylation of ERK1/2 was completely abrogated in
Tax1bp1—/~ MEFs compared to that in controls (Fig. 4A). These results suggest that
TAX1BP1 may differentially regulate the activation of the MAPK pathways to
promote cell survival in response to virus infection, for example, by activating
ERK-mediated antiapoptotic signaling and by inhibiting JNK-mediated proapoptotic
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FIG 5 Virus-induced apoptosis in TAX1BP1-deficient cells is mediated by MAVS. Hela cells deficient in
TAX1BP1 and/or MAVS were infected with SeV (25 HA units/ml) for 24 h (A) or transfected with poly(l-C)
(5 ng/ml) for 6 h (B). RIPA buffer-soluble (soluble) and insoluble (pellet) fractions were subjected to
Western blotting with the indicated antibodies. Lactate dehydrogenase (LDH) was used as a loading
control. cMAVS, a cleavage product of MAVS.

signaling. We next examined whether pharmacological inhibition of JNK could
suppress virus-induced apoptosis in Tax1bp1—/— MEFs. Indeed, SP600125, a selec-
tive inhibitor of JNKs, partially blocked PARP1 cleavage induced by VSV infection in
Tax1bp1~—/~— MEFs (Fig. 4B).

Overexpression of MAVS is sufficient for the expression of type | IFNs and the
activation of apoptotic JNKs (11, 35), suggesting that the expression levels of MAVS
protein may serve as a critical determinant for sufficient antiviral responses. Thus, we
compared the levels of MAVS protein in total cell lysates derived from Tax1bp1*+/~ and
Tax1bp1—/~ MEFs. Interestingly, the basal level of MAVS protein was upregulated in
Tax1bp1—/~ MEFs relative to the level in Tax7bp1*/~ MEFs (Fig. 4A). These results
suggest that the enhanced sensitivity to virus-induced apoptosis in Tax7bp1—/— MEFs
may be due in part to increased expression of MAVS protein. To test this idea, we
generated double-KO Hela cells lacking both TAX1BP1 and MAVS by editing the MAVS
gene in TAXTBP1 KO Hela cells using CRISPR/Cas9 as described previously (35). Indeed,
MAVS deficiency suppressed PARP1 cleavage induced by SeV infection and poly(l-C)
transfection in TAX7BP1 KO Hela cells (Fig. 5A and B, respectively), indicating that
TAX1BP1 inhibits virus-induced apoptosis that is mediated by MAVS.

Consistent with the increased basal level of MAVS protein in Tax1bp1—/— MEFs (Fig.
4A), levels of MAVS were also increased in TAX1BP1 KO Hela cells compared to levels
in control cells (Fig. 5A and B, compare lanes 1 and 2). Furthermore, SeV infection and
poly(I-C) transfection increased the amount of MAVS in the radioimmunoprecipitation
assay (RIPA) buffer-insoluble fractions (pellet) derived from TAX1BP1 KO Hela cells
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buffer-soluble (soluble) and insoluble (pellet) fractions, followed by Western blotting with the indicated antibodies.

(Fig. 5A and B, lanes 6). This result is consistent with a previous report indicating that
MAVS translocates to the detergent-resistant membrane fractions following virus in-
fection (3). Interestingly, the level of the faster-migrating MAVS protein (~50 kDa) was
increased by SeV infection and poly(l-C) transfection (Fig. 5). Since the faster-migrating
MAVS band was detected by a MAVS antibody raised against the N-terminal region
encompassing amino acids 1 to 135, it does not likely represent miniMAVS, a smaller
MAVS transcript with translation initiated at the second AUG codon (Met'4?) (36).
Instead, it likely represents a MAVS proteolysis product mediated by virus-activated
caspases; for example, caspase-1 and caspase-3 cleave MAVS at residue D429 after
dengue virus infection (37). Accordingly, an increase in the cleaved MAVS product may
be indicative of apoptosis-associated caspase activation.

TAX1BP1 regulates MAVS stability. To further examine if TAX1BP1 regulates
MAVS stability, we performed CHX chase assays. The basal level of MAVS protein in
Tax1bp1—/— MEFs was higher (1.3-fold) than that in control MEFs (Fig. 6A), with a
half-life extended by 8 h in Tax7bp1—/— MEFs (Fig. 6B). Similarly, the basal level of MAVS
protein in TAX1BP1 KO Hela cells was higher (1.9-fold) than that in HeLa cells (Fig. 6C).
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The half-life of MAVS was also extended in TAX7BP1 KO Hela cells compared to that in
control cells (Fig. 6D). Next, we transfected Hela cells with a Flag-MAVS plasmid at
different concentrations to examine its stability in the absence or presence of TAX1BP1.
As expected, Flag-MAVS was more readily detected in the RIPA-soluble fraction of
TAX1BP1 KO Hela cells than in WT Hela cells, consistent with the idea that MAVS is
more stable in the absence of TAX1BP1 (Fig. 6E). We noticed that there was less MAVS
protein detected in the soluble fraction when cells were transfected with Flag-MAVS at
a higher concentration (1 ug) (Fig. 6E). Given that MAVS translocates to the RIPA
buffer-insoluble fractions in response to virus infection, we reasoned that when Flag-
MAVS is overexpressed, it may translocate to the detergent-insoluble fractions. Indeed,
Flag-MAVS (transfected at 1 ng) was mostly found in the RIPA-insoluble fractions
compared to its level in the soluble fractions in Hela cells, with increased levels of
full-length (FL) and cleaved MAVS (~50 kDa) in TAX1BP1 KO Hela cells (Fig. 6E). Taken
together, these results suggest that TAX1BP1 modulates the outcome of apoptosis
upon RNA virus infection by controlling the stability of MAVS.

TAX1BP1 interacts with MAVS and induces its polyubiquitination. MAVS has
been shown to be downregulated by the ubiquitin-proteasome pathway in response to
virus infection (38). To determine if TAX1BP1 could mediate virus-induced polyubig-
uitination of MAVS, we conducted ubiquitination assays in Flag-MAVS transfected WT
and TAX1BP1 KO Hela cells. After SeV infection, Flag-MAVS was immunoprecipitated
and then subjected to Western blotting with antiubiquitin and K48-linkage-specific
ubiquitin antibodies. Indeed, virus-induced polyubiquitination (total ubiquitin) of MAVS
was strongly induced in TAX1BP1 WT Hela cells but was not evident in TAX1BP1 KO
Hela cells (Fig. 7A). Consistently, virus-induced K48-linked polyubiquitination of MAVS
was absent in TAX71BPT KO Hela cells (Fig. 7A), indicating that TAX1BP1 plays an
essential role in virus-induced ubiquitination of MAVS.

To better understand the molecular basis for TAX1BP1 regulation of MAVS, we
examined whether TAX1BP1 interacts with MAVS using a coimmunoprecipitation (co-
IP) assay. In the same experiment, we also examined binding of TAX1BP1 with the HECT
domain E3 ligase Itch, also termed atrophin-interacting protein 4 (AIP4) (23).
Tax1bp1+/* and Tax1bp1—/— MEFs were infected with SeV for various times, and total
cell lysates were subjected to IP using anti-TAX1BP1, followed by Western blotting
with anti-MAVS and anti-Itch. Indeed, both MAVS and Itch were detected in the
TAX1BP1 immunoprecipitates (in Tax1bp1*/* but not in Tax1bp1—/— MEFs) in an
inducible manner after virus infection (Fig. 7B). SeV-induced IRF3 phosphorylation
was detected in both Tax1bp1+/* and Tax1bp1~/~ MEFs, indicating activation of
RLR signaling (Fig. 7B).

Upon infection, MAVS is targeted to and polymerized on the mitochondrial outer
membrane to induce type | IFN expression and apoptosis. Thus, we hypothesized that
TAX1BP1 may translocate to mitochondria to interact with MAVS after virus infection.
Indeed, subcellular fractionation experiments revealed that TAX1BP1 was localized at
the mitochondria under basal conditions and was further increased by VSV infection
(Fig. 7Q). It is noteworthy that VSV infection induced the proteolysis of TAX1BP1 in the
mitochondrial fraction (Fig. 7C). Consistent with the previous results, VSV infection
resulted in the colocalization of TAX1BP1 with mitochondria (MitoTracker) in DLD1 cells
(Fig. 7D).

To identify the region(s) of MAVS for TAX1BP1 binding, we transiently transfected
293T cells with full-length (FL) Flag-MAVS and deletion mutants lacking the caspase
activation and recruitment domain (CARD), proline-rich domain (PD), and transmem-
brane (TM) domain, together with hemagglutinin (HA)-TAX1BP1. Total cell lysates and
the Flag-immunoprecipitated proteins were probed with anti-HA and -Flag antibodies.
HA-TAX1BP1 was coimmunoprecipitated with Flag-MAVS FL, APD, and ATM but not
ACARD (Fig. 7E), indicating that the CARD region of MAVS is essential for TAX1BP1
binding. To determine whether the interaction is required for TAX1BP1-mediated MAVS
polyubiquitination, we performed ubiquitination assays using Flag-MAVS FL and
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HA-TAX1BP1 together with Flag-MAVS FL or ACARD for ubiquitination assays using anti-Flag IP. The IP and total cell lysates were
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ACARD in 293T cells. Overexpression of MAVS alone induced its mono- and polyubiqg-
uitination, but coexpression together with TAX1BP1 further promoted the elongation
of polyubiquitin chains on MAVS protein (Fig. 7F). However, the MAVS ACARD mutant
was defective in ubiquitination, and TAX1BP1 had no effect on its ubiquitination
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(Fig. 7F), suggesting that the CARD of MAVS is involved in MAVS ubiquitination,
potentially serving as a source of lysine residues for ubiquitination or recruiting
ubiquitin E3 ligases for its ubiquitination. Indeed, TRIM25 was reported to induce MAVS
polyubiquitination on lysine 10, which is lacking in the MAVS ACARD mutant (39).
However, it is unknown if MAVS recruits E3 ligases via its CARD.

TAX1BP1 mediates the interaction of MAVS and the E3 ligase Itch. Poly(C)-
binding protein 1 (PCBP1) and PCBP2 have been implicated in the ubiquitination and
degradation of MAVS via the E3 ligase Itch (40, 41). In particular, the MAVS C-terminal
region (residues 360 to 540 and 460 to 510), but not the CARD, was necessary for PCBP1
and PCBP2 binding, respectively (41, 42). We previously found that TAX1BP1 could
interact directly with Itch via its two PPXY (P, proline; X, any amino acid; Y, tyrosine)
motifs embedded within the C-terminal UBZ domains (23). Thus, we surmised that
TAX1BP1 could mediate the ubiquitination and degradation of MAVS by recruiting Itch
through the CARD of MAVS. First, we examined the activation of virus-induced MAPK
signaling pathways in ltch—/— MEFs. Analogous to the results in Tax1bp1—/— MEFs (Fig.
4A), VSV-induced JNK1/2 activation was augmented whereas ERK1/2 activation was
diminished in ltch—/— MEFs compared to levels in ltch*/* MEFs (Fig. 8A). In addition,
VSV-induced apoptosis (PARP1 cleavage) was increased, and the basal level of MAVS
protein was elevated in /tch—/— MEFs (Fig. 8A). The increased MAVS protein expression
in ltch=/— MEFs was likely due to its impaired ubiquitination and proteasomal degra-
dation. Indeed, transfected MAVS underwent SeV-induced K48-linked polyubiquitina-
tion in ltch™/* MEFs but not in ltch—/~ MEFs (Fig. 8B). These results suggest that ltch
inhibits MAVS protein expression and antagonizes MAVS-mediated apoptosis following
virus infection.

To determine if TAX1BP1 is required for mediating the interaction between MAVS
and ltch, we performed co-IP assays using Tax1bp1*/+ and Tax1bp1—/~— MEFs. Cells
were infected with SeV for various times, and total cell lysates were subjected to IP
using anti-MAVS, followed by Western blotting with anti-ltch and anti-TAX1BP1.
MAVS interacted with Itch in a virus-inducible manner in control MEFs; however,
this interaction was lost in Tax1bp1—/— MEFs (Fig. 8C). MAVS weakly interacted with
TAX1BP1 under basal conditions, but SeV infection strongly promoted their inter-
actions (Fig. 8C). MAVS-associated TAX1BP1 also appeared to be heavily phosphor-
ylated, as indicated by the slower-migrating TAX1BP1 bands on Western blots (Fig.
8C). SeV-induced IRF3 phosphorylation was detected in both Tax1bp1+/* and
Tax1bp1—/~ MEFs, thus confirming virus-induced RLR signaling in these cells (Fig.
8C). Together, these data support the idea that TAX1BP1 is necessary for the
interaction of MAVS and ltch.

To address the functional importance of the interaction between TAX1BP1 and Itch
in the regulation of MAVS stability, we generated single (Y741A or Y768A) and double
(Y741A and Y768A) mutants of the two PPXY motifs in the context of TAX1BP1 isoform
1 (Fig. 8D) and transfected these together with Flag-MAVS. HA-TAX1BP1 and single
PPXY mutants reduced the level of MAVS, but the double PPXY mutant (A741/A768)
largely lost its ability to downregulate MAVS (Fig. 8D), indicating that the two PPXY
motifs of TAX1BP1 are important for MAVS degradation. Next, we performed ubig-
uitination assays to determine if the PPXY motifs of TAX1BP1 were involved in MAVS
polyubiquitination. 293T cells were transfected with Flag-MAVS together with WT
HA-TAX1BP1 and the PPXY double mutant (Y741A Y768A). Indeed, WT TAX1BP1
strongly promoted MAVS polyubiquitination (both total and K48 linked) in insoluble
fractions (Fig. 8E); however, MAVS ubiquitination was clearly reduced when the two
PPXY motifs in TAX1BP1 were mutated (Fig. 8E). Furthermore, WT TAX1BP1, but not
the PPXY double mutant, promoted an interaction between MAVS and Itch (Fig. 8F).
Together, these findings support the idea that TAX1BP1 serves as an adaptor
molecule for Itch to target MAVS for K48-linked polyubiquitination and degrada-
tion.
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FIG 8 Itch cooperates with TAX1BP1 to promote MAVS degradation. (A) ltch*/* and Iltch—/— MEFs were infected
with VSV (MOI of 1) for the indicated times, and total cell lysates were subjected to Western blotting with the
indicated antibodies. (B) ltch*/+ and Itch—/— MEFs were transfected with a Flag-MAVS plasmid for 24 h, treated with
10 uM MG132 for 1 h, and infected with SeV (30 HA units/ml) for 6 h. Sonicated total cell extracts were used for
ubiquitination assays, and immunoprecipitated proteins were subjected to Western blotting with antibodies
specific for K48-linked ubiquitin (Ub) and Flag. (C) Tax1bp1*/+ and Tax1bp1—/~ MEFs were infected with SeV (25
HA units/ml) for the indicated times, and total cell lysates were subjected to co-IP assays with the indicated
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DISCUSSION

In this study, we have provided several lines of evidence supporting TAX1BP1 as a
potent negative regulator of MAVS-mediated antiviral apoptosis. First, TAX1BP1-
deficient cells exhibited increased basal levels and a prolonged half-life of MAVS
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FIG 9 Schematic of the role of TAX1BP1 in RNA virus-induced apoptosis. TAX1BP1 interacts with MAVS and triggers
its ubiquitination and degradation by recruiting the E3 ligase Itch. During virus infection, TAX1BP1 is degraded, and
increased MAVS expression promotes type | IFN and JNK-induced apoptosis.

protein. Second, TAX1BP1 deficiency resulted in the accumulation of MAVS in the
detergent-insoluble fractions upon its overexpression and virus infection. Third,
TAX1BP1 interacted with the CARD of MAVS and recruited the ubiquitin E3 ligase Itch
to induce MAVS polyubiquitination and degradation. Fourth, virus infection induced
TAX1BP1 localization to mitochondria where it interacted with MAVS. Therefore,
TAX1BP1 is a mitochondrion-targeting adaptor molecule that modulates virus-induced
apoptosis by facilitating ltch-induced MAVS degradation (Fig. 9). TAX1BP1 regulation of
MAVS likely represents a mechanism that enforces the tight regulation of MAVS protein
levels to prevent exaggerated host antiviral signaling that may result in deleterious
inflammatory effects on the host.

In addition to TAX1BP1, other adaptors have been reported to mediate MAVS
degradation and inhibit MAVS-mediated antiviral innate immune responses. The inhib-
itory proteins PCBP1 and PCBP2 bind to the C-terminal region of MAVS and recruit Itch
to induce the K48-linked polyubiquitination of MAVS for proteasome-mediated degra-
dation (40, 41). PCBP1 mediates housekeeping or basal degradation of MAVS (41) while
PCBP2 facilitates virus infection-induced MAVS degradation (40). Our data indicate,
however, that TAX1BP1 could mediate both basal and virus-induced MAVS degradation
utilizing the same ubiquitin E3 ligase, Itch, as PCBP1/2. This discrepancy could be
explained by their different binding sites on MAVS. MAVS ubiquitination at lysines 371
and 420 by PCBP2/ltch promotes the degradation of MAVS (40). However, other lysine
residues, including K7, K10, and K500, on MAVS can also be ubiquitinated by other
ubiquitin E3 ligases for its degradation following virus infection (39, 43). Indeed, our
data indicate that TAX1BP1 was unable to promote the ubiquitination of the MAVS
ACARD mutant lacking K10 (Fig. 7F). Thus, it is plausible that TAX1BP1/ltch may
regulate MAVS degradation independently or cooperatively with PCBP/Itch complexes
although the ubiquitination residues for TAX1BP1/ltch-mediated MAVS degradation
have yet to be identified. In addition to TAX1BP1 and PCBP1/2, another adaptor, Ndfip1,
was also reported to induce MAVS degradation by recruiting the ubiquitin E3 ligase
Smurf1 (44). The complexity of the MAVS degradation pathways is further highlighted
by other ubiquitin E3 ligases, including MARCHS5 (43), RNF5 (45), GP78 (46), Smurf2 (47),
TRIM25 (39), and pVHL (48), that may interact with and target MAVS for degradation.
Nevertheless, the effect of MAVS degradation on virus-induced apoptosis was not
addressed in these previous studies. Therefore, to our knowledge our findings are the
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first to describe proteasomal degradation of MAVS as a mechanism to suppress
virus-induced apoptosis.

Our results have also revealed that TAX1BP1 undergoes degradation, both via the
proteasome and autophagy (Fig. 3E and F), upon virus infection, and its degradation is
tightly linked with cell death. Therefore, TAX1BP1 degradation likely constitutes a host
mechanism to relieve MAVS-mediated inhibition and promote both IFN production and
rapid apoptosis to limit virus spread. Future studies are needed to address the mech-
anisms by which virus infection induces TAX1BP1 degradation. In this regard, we
previously found that overexpression of the kinases TBK1 and IKKi caused a slower
migration of TAX1BP1 in Western blotting, indicative of TAX1BP1 phosphorylation (25).
It also appears that MAVS-associated TAX1BP1 may be phosphorylated after SeV
infection (Fig. 8C). It is tempting to speculate that TBK1/IKKi phosphorylation of
TAX1BP1 triggers its degradation and resulting cell death. The identification of a
TAX1BP1 phosphorylation site(s) and of the E3 ubiquitin ligase represents an important
area for future research.

The antiapoptotic function of TAX1BP1 appears to be specific to virus infection but
not in response to DNA-damaging agents or protein synthesis inhibitors (Fig. 1 and 2).
TAX1BP1 may also regulate apoptosis downstream of death receptors such as TNFR
(Fig. 2) although this function may be cell type specific or impaired in tumor cell lines
such as Hela. TAX1BP1 targeting of MAVS for ubiquitination and degradation likely
represents the mechanism by which TAX1BP1 restricts virus-induced apoptosis. Inter-
estingly, viral proteins such as HTLV-1 Tax and human papillomavirus (HPV) E2 have
been shown to interact with TAX1BP1 (49). It is conceivable that viruses specifically
target TAX1BP1 as a mechanism to inhibit cell death triggered by virus infection. It
remains to be seen if these viral proteins exert any effect on virus-induced TAX1BP1
degradation.

In summary, our findings have revealed a novel molecular mechanism whereby
TAX1BP1 inhibits virus-induced apoptosis by inducing the K48-linked polyubiquitina-
tion and degradation of MAVS via recruitment of Itch, thereby attenuating MAVS-
mediated apoptosis signaling.

MATERIALS AND METHODS

Plasmids and oligonucleotides. The plasmid expressing Flag-human TAX1BP1 isoform 1 (amino
acids 1 to 789) was described previously (50). To generate HA-TAX1BP1, the cDNA of TAX1BP1 was PCR
amplified and inserted between the Sall and Notl sites of pRK5-HA. Plasmids expressing Flag-MAVS and
deletion mutants lacking the CARD, PD, and TM regions were described previously (35). Site-directed
mutagenesis and cDNA PCR amplification were conducted using Platinum Pfx DNA polymerase (Invit-
rogen). The short hairpin RNAs (shRNAs) of TAX1BP1 were inserted between the BamHI and Mlul sites of
lentiviral transfer vector pYNC352/puro as described previously (51): TAX1BP1 shRNA1, 5’-TTACACCTTA
ACTCCATATAT-3'; TAX1BP1 shRNA2, 5'-GGAGTACTGCTCGTGATTATT-3". For CRISPR/Cas9-mediated ge-
nome editing, a guide RNA (gRNA) specific to the MAVS gene was cloned into LentiCRISPR-V2 vector (a
gift from Feng Zhang; Addgene plasmid 52961) using the BsmBI enzyme site as previously described (35).
The MAVS gRNA sequence is 5'-CAGGGAACCGGGACACCCTC-3'. The sequences of primers used for
quantitative real-time PCR are as follows: mouse IFN-B, 5'-TACGGTTGGCGAAGTCACATC-3’ (forward) and
5'-CCTCGCAGCAGACTACACCTCCAC-3" (reverse); mouse glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), 5'-AGGTCGGTGTGAACGGATTTG-3' (forward) and 5'-TGTAGACCATGTAGTTGAGGTCA-3' (re-
verse).

Antibodies. Anti-MAVS (sc-166583), VDAC1 (sc-390996), lactate dehydrogenase (LDH; sc-33781), GFP
(sc-8334), caspase-3 (sc-7148), JNK2 (sc-827), and ERK2 (sc-154) antibodies were purchased from Santa
Cruz Biotechnology (Dallas, TX). Anti-PARP (catalog number 9532), phospho-JNK1/2 (Thr183/Tyr185)
(4668), SAPK/JNK (9252), phospho-ERK1/2 (Thr202/Tyr204) (9101), phospho-p38 MAPK (4511), TAX1BP1
(5101), RIPK1 (3493), rodent-specific MAVS (4983), and K48-linkage specific polyubiquitin (4289) anti-
bodies were purchased from Cell Signaling Technology (Danvers, MA). Antiubiquitin (ADI-SPA-200)
antibody was purchased from ENZO Life Science (Farmingdale, NY). Anti-HA antibody (clone 12CA5) was
purchased from Roche Applied Science (Indianapolis, IN). Rabbit polyclonal anti-MAVS (residues 150 to
200) antibody (lot A300-782A) was purchased from Bethyl Laboratories (Montgomery, TX). Anti-TAX1BP1
(ab22049 and ab176572) antibodies were purchased from Abcam (Cambridge, MA). Anti-Flag (M2)
(F1804) and B-actin (A1978) antibodies were purchased from Sigma-Aldrich (St. Louis, MO). Anti-IFNAR2
antibody (clone MMHAR-2) was from PBL Assay Science (Piscataway, NJ). Anti-DYKDDDDK tag (L5) affinity
gel was purchased from BioLegend (San Diego, CA).

Cell culture, transfection, and virus infection. Mouse embryonic fibroblasts (MEFs), HeLa, and 293T
cells were cultured in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine
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serum and 20 units/ml penicillin-streptomycin. Tax1bp1+/~ and Tax1bp1~/~ MEFs were previously
described (20). TAX1BP1 knockout (KO) Hela cells were provided by Richard Youle (27). Mouse bone
marrow-derived macrophages (BMDMs) were obtained by culturing bone marrow cells (isolated from
C57BL/6 femurs) with L929 conditioned medium for 7 days as described previously (52). C57BL/6 mice
were housed under pathogen-free conditions at the Johns Hopkins University School of Medicine, in
accordance with the Institutional Animal Care and Use Guidelines. Transient and stable transfections with
plasmids were performed using GenJet version Il (SignaGen Laboratories, Rockville, MD) according to the
manufacturer’s instruction. For virus infection, cells were serum starved for 1 h, inoculated with vesicular
stomatitis virus (VSV) or Sendai virus (SeV) in serum-free DMEM for 1 h, and further incubated in complete
DMEM. For generation of MAVS-deficient cells, TAX1BP1 wild-type (WT) and KO Hela cells were stably
transfected with LentiCRISPR V2-MAVS gRNA in the presence of puromycin and subjected to cell cloning
by limiting dilution.

Immunological analyses. Cells were lysed on ice for 1 h in RIPA buffer (50 mM Tris-HCI [pH 7.4], 150
mM Nacl, 1% Igepal CA-630, 0.25% deoxycholate, 10 mM NaF, and 10 mM Na,VO,) freshly supplemented
with protease inhibitor cocktail (Roche Applied Bioscience, Indianapolis, IN) and centrifuged at 20,000 X
g for 10 min. The pellet fraction was solubilized by boiling in 1X SDS sample buffer (62.5 mM Tris-HCI
[pH 6.8], 2% SDS, 10% glycerol, 0.01% bromophenol blue, and 125 mM dithiothreitol) or by sonication
(see below) in RIPA buffer and used as the detergent-insoluble fraction. For preparation of total cell
lysates, cells were sonicated in RIPA buffer for 10 min at a high power setting (320W) using a Bioruptor
(Diagenode, Denville, NJ). Sonicated samples were cleared of debris by centrifugation. For Western
blotting, cell lysates were separated by SDS-PAGE, transferred to nitrocellulose membranes, and immu-
noblotted with appropriate antibodies diluted in SuperBlock blocking phosphate-buffered saline (PBS)
buffer (Thermo Scientific, Rockford, IL). The immunoreactive bands were visualized by enhanced chemi-
luminescence (ECL) reagents (Perkin-Elmer). For immunoprecipitation (IP), cell lysates were incubated at
4°C overnight with antibody and incubated with protein A-agarose beads for an additional 3 h, and the
immunoprecipitates were washed three times in RIPA buffer. For the immunoprecipitation of Flag-
tagged proteins, anti-DYKDDDDK tag (L5) affinity gel was used. For ubiquitination assays, an extra wash
was performed using RIPA buffer supplemented with 1 M urea after IP. For immunostaining, cells were
fixed and permeabilized in chilled methanol for 10 min. For staining of mitochondria, cells were
incubated with 100 nM Red MitoTracker (Invitrogen, Grand Island, NY) for 30 min before fixation.
Following incubation with SuperBlock blocking PBS buffer overnight at 4°C, coverslips were incubated
with primary antibodies, washed with PBS, and then incubated with appropriate fluorescent dye-
conjugated secondary antibodies. Stained cells were imaged on a Nikon E800 microscope with a 60X
oil-corrected objective and Element software.

Flow cytometric analysis of apoptosis. After stimulation with apoptosis inducers or infection with
virus, floating and adherent MEFs or Hela cells were harvested and washed with ice-cold PBS twice.
Accutase (ThermoFisher Scientific) was used to detach adherent cells. Cells were resuspended in a
solution of FITC-labeled annexin V and 7-amino-actinomycin D (7-AAD) in 100 ul of binding buffer
(BioLegend). After incubation for 15 min at room temperature in the dark, cell suspensions were analyzed
by flow cytometry using a FACSCalibur (BD Biosciences) flow cytometer.

Subcellular fractionation. Pure mitochondria were isolated using Axis-Shield OptiPrep iodixanol
(Sigma-Aldrich, St. Louis, MO) as previously described (35). Briefly, cultured cells were homogenized in
buffer B (0.25 M sucrose, 1T mM EDTA, 20 mM HEPES-NaOH [pH 7.4]) with 30 strokes of a Dounce glass
homogenizer and centrifuged at 1,000 X g for 10 min. An aliquot of the homogenate was used as the
total cell lysate. The homogenate was centrifuged at 1,000 X g for 10 min at 4°C, and the pellet was used
as the nuclear fraction. The supernatant was further centrifuged at 13,000 X g for 10 min. The pellet was
resuspended in 36% iodixanol, bottom loaded under 10% and 30% iodixanol gradients, and centrifuged
at 50,000 X g for 4 h. The mitochondria were collected at the 10%/30% iodixanol interface.

Cycloheximide chase assay. Cells were treated with 10 ug/ml of cycloheximide (CHX). Total cell
lysates were prepared in RIPA buffer using a sonicator, resolved by SDS-PAGE, and subjected to
Western blotting with anti-MAVS. The intensity of MAVS bands was determined using Image)
software (53) and normalized by B-actin bands on a parallel gel. The MAVS band intensity relative
to that of CHX-untreated controls is indicated under the bands and depicted in the line graph.

qRT-PCR. Total RNA was isolated using an RNeasy minikit (Qiagen, Valencia, CA). First-strand cDNA
was synthesized from 1 pg of total RNA using SuperScript V reverse transcriptase (Invitrogen) with
random hexamers. Quantitative real-time PCR (qRT-PCR) was performed in a 96-well microplate using an
ABI Prism 7500 detection system (Applied Biosystems, Foster City, CA) with KiCqStart SYBR green qPCR
Readymix (Sigma). Reactions were performed in a total volume of 25 ul and contained 50 ng of
reverse-transcribed RNA (based on the initial RNA concentration).
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