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Induction of type I interferons by the transcription factor
IRF3 is essential in the initiation of antiviral innate immunity.
Activation of IRF3 requires C-terminal phosphorylation by the
upstream kinases TBK1-IKKi, where IRF3 phosphorylation pro-
motes dimerization, and subsequent nuclear translocation to
the IFNB promoter. Recent studies have described the ubiq-
uitin-editing enzyme A20 as a negative regulator of IRF3 signal-
ing by associating with TBK1-IKKi; however, the regulatory
mechanism of A20 inhibition remains unclear. Here we describe
the adaptor protein, TAX1BP1, as a key regulator of A20 func-
tion in terminating signaling to IRF3. Murine embryonic fibro-
blasts (MEFs) deficient in TAX1BP1 displayed increased
amounts of IFNf production upon viral challenge compared
with WT MEFs. TAX1BP1 inhibited virus-mediated activation
of IRF3 at the level of TBK1-IKKi. TAX1BP1 and A20 blocked
antiviral signaling by disrupting Lys®3-linked polyubiquitina-
tion of TBK1-IKKi independently of the A20 deubiquitination
domain. Furthermore, TAX1BP1 was required for A20 effector
function because A20 was defective for the targeting and inacti-
vation of TBK1 and IKKiin Tax1bp1 ~/~ MEFs. Additionally, we
found the E3 ubiquitin ligase TRAF3 to play a critical role in
promoting TBK1-IKKi ubiquitination. Collectively, our results
demonstrate TBK1-IKKi to be novel substrates for A20 and fur-
ther identify a novel mechanism whereby A20 and TAX1BP1
restrict antiviral signaling by disrupting a TRAF3-TBK1-IKKi
signaling complex.

The hallmark of an innate immune response against virus
infection is the induction of a rapid, nonspecific antiviral state
that coordinates the rapid elimination of the virus and the acti-
vation of a secondary T-cell-mediated adaptive immune
response (1-4). This fundamental aspect of innate antiviral
immunity is mediated by type I interferons (IFNa and IFN),
key cytokines produced in the course of a viral infection, which,
upon secretion, engage the IFNaf receptor on neighboring
cells to activate a signaling cascade that culminates in the pro-
duction of interferon-stimulated genes that collectively pro-
mote an antiviral state by blocking virus replication and spread
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(3, 5). IFN production is tightly regulated to prevent persistent
IEN production, which has been associated with a variety of
immunological disorders, including systemic lupus erythema-
tosus and Sjogren syndrome (6—8).

During acute viral infection, double-stranded RNA is often
generated during replicative cycles and serves as a pathogen-
associated molecular pattern. These pathogen-associated
molecular patterns are detected by pattern recognition recep-
tors, which activate antiviral signaling cascades leading to IFN
production (1, 2, 5). Two major classes of pattern recognition
receptors have been described for detecting pathogen-associ-
ated molecular patterns derived from viral nucleic acids: Toll-
like receptors (TLRs)* and the Rig-I-like helicases. TLRs are
membrane-bound and are found on the cell surface or in endo-
somal compartments. Recognition of double-stranded RNA by
TLR3 results in the recruitment of the adaptor molecule TRIF,
leading to NF-«B activation via RIP1/TRAF6-mediated activa-
tion of the canonical IkB kinases (IKK) and IRF3 activation via
TRAF3-mediated activation of the TBK1-IKKi kinases. The
Rig-I-like helicases are cytoplasmic sensors of viral nucleic
acids. Upon double-stranded RNA detection, these receptors
reconform to associate with IPS-1 (also known as MAVS, VISA,
or Cardif) (9-12) via CARD-CARD domains found in both
molecules. IPS-1 further complexes with other adaptor pro-
teins, including WDR5, TRADD, FADD, RIP1, and STING
(also known as MITA or ERIS) to activate the NF-«B and IRF3
transcription factors (13-18). Signal bifurcation toward NF-kB
is thought to be mediated in part by a TRAF6-IKK complex,
whereas IRF3 activation involves the TRAF3-TBK1-IKKi mod-
ule (1, 2, 12). Ultimately, NF-kB and IRF3 activate IFN produc-
tion by binding to the enchancer/promoter region of the IFNf3
gene (1-3, 5, 19).

The ubiquitin-editing enzyme A20 (also known as TNFAIP3)
has been shown to negatively regulate antiviral signaling path-
ways leading to IRF3 activation; however, its mechanism of
inhibition is poorly defined (20-22). In this report, we identify
the A20-interacting protein, TAX1BP1 (Tax1-binding protein
1) (also known as T6BP or TXBP151) as a novel negative regu-
lator of antiviral signaling pathways. A20 and TAX1BP1 coop-
erate to terminate antiviral signaling by antagonizing Lys®*-
linked polyubiquitination of TBK1 and IKKi. TAX1BP1
probably functions as an adaptor molecule for A20 because A20

2 The abbreviations used are: TLR, Toll-like receptor; DUB, deubiquitination;
lug, luciferase; IKK, 1B kinase(s); MEF, mouse embryo fibroblast; GFP, green
fluorescent protein; HA, hemagglutinin; Ub, ubiquitin; ELISA, enzyme-
linked immunosorbent assay; IP, immunoprecipitation; IFN, interferon;
siRNA, small interfering RNA.
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is unable to interact with TBK1 or IKKi in the absence of
TAX1BP1. Furthermore, our results suggest that A20 inhibits
IRF3 signaling via a novel mechanism independent of A20 DUB
function.

EXPERIMENTAL PROCEDURES

Cell Culture, Reagents, and Antibodies—293T cells (ATCC),
Taxlbpl~'~ MEFs (23), and Traf3~ '~ MEFs (provided by Drs.
J. Bethea and G. Cheng) were grown in DMEM supplemented
with fetal bovine serum (10%) and penicillin/streptomycin
(1%). 293-TLR4/MD2-CD14 cells (provided by Dr. K. Tolba)
were cultured in Dulbecco’s modified Eagle’s medium plus fetal
bovine serum (10%), hygromycin B (50 nug/ml), and blasticidin
(10 pg/ml). Poly(I-C) was purchased from Invivogen. PMA,
ionomycin, cycloheximide, lipopolysaccharide, and anti-FLAG
M2 antibodies were purchased from Sigma. Other antibodies
used in this study were IRF3, GFP, TRAF6, and TRAF3 (Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA)); phospho-IRF3 and
Myc (Upstate); TBK1, TAX1BP1, and B-actin (Abcam); A20
(BD Biosciences); IKKi (Imgenex); ubiquitin (Stressgen); Lys®*-
linked ubiquitin (Biomol); and HA (Roche Applied Science).
Control scrambled, TAX1BP1, A20, TRAF6, and TRAF3
siGENOME SMARTpool® small interfering RNAs (siRNAs)
were purchased from Dharmacon/Thermo Scientific.

Plasmid Constructs—Plasmids encoding TAX1BP1, A20,
NF-kB-TATA luc, and ISRE luc reporter DNAs have been
described elsewhere (23). Constructs for ARig-I, AMDAS5,
IPS-1, TBK1, IKKi, IRF3, IRF3SA, IRF7, TRIF, and IFN luc
reporter DNAs have been described previously (16, 24). NFAT-
TA-luc reporter DNA, HA-ubiquitin WT, and Lys®*-only plas-
mids have been described previously (25, 26). HA-TRAF3 and
FLAG-A20 1-367 DNA constructs were provided by Dr. S.-C.
Sun and Dr. R. Beyaert, respectively.

Transfections and Reporter Assays—293T cells, 293-TLR4/
MD2-CD14 cells, and MEFs were transfected with FUuGENE 6
or FUGENE HD (Roche Applied Science). siRNA (60 pmol)
transfections were performed using Lipofectamine 2000
(Invitrogen). Reporter assays were performed 24 h after DNA
transfection unless otherwise indicated using a dual luciferase
assay kit (Promega). Results for firefly luciferase activity were
normalized to Renilla luciferase activity. Data are expressed as
mean -fold increase * S.E. relative to control levels from a rep-
resentative experiment performed 3—-4 times in duplicate or
triplicate. An asterisk indicates a p value of <0.05 as determined
by Student’s ¢ test.

ELISA—ELISAs for mouse IFNB were performed using
supernatants from cells where values are expressed as pg/ml *
S.E. as calculated from a standard curve derived from recombi-
nant [FN provided in the ELISA kit (PBL Interferon Source).

Immunoblotting, Co-immunoprecipitations, and Ubiquitina-
tion Assays—Whole cell lysates were generated by lysing cells in
radioimmune precipitation buffer on ice, followed by centrifu-
gation. Cell lysates were separated by SDS-PAGE, transferred
to nitrocellulose membranes, and subjected to immunoblot-
ting. For co-IPs, lysates were diluted 1:1 in radioimmune pre-
cipitation buffer and precleared with protein A-agarose beads
for 30 min at 4 °C. Precleared lysates were further incubated at
4. °C with the indicated antibodies (1-3 wl): 2 h for antibodies
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against transfected proteins, overnight for antibodies against
endogenous proteins. The protein-antibody complex was cap-
tured by the addition of protein A-agarose beads (40 ul) for 2h
at 4 °C. Three washes with radioimmune precipitation buffer
followed by the addition of 2X LSB allowed for the bound pro-
teins to be eluted. Detection of TBK1-IKKi conjugated to ubiq-
uitin was achieved by a similar co-IP method, where potential
ubiquitinated TBK1-IKKi-interacting proteins were removed
by stringent washes using radioimmune precipitation buffer
containing 1 M urea as described (26).

Native Gel Dimerization Assay—293T cells recovered from
6-well dishes were harvested in 100 ul of Triton X lysis buffer
(20 mMm Tris-Cl, pH 7.6, 1% Triton X-100, 150 mm NaCl, 5%
glycerol, 40 mm B-glycerophosphate, 1 mm EDTA) containing
protease inhibitors. 10 ug of protein was mixed with 2X native
PAGE sample buffer (125 mm Tris-Cl, pH 6.8, 30% glycerol,
bromphenol blue) and subjected to electrophoresis on non-
denaturing 7.5% polyacrylamide gels as described (22).

Virus Infections—293T cells were infected with VSV-AM at a
multiplicity of infection of 0.1. MEFs were infected with either
VSV-AM or Sendai virus at a multiplicity of infection of 1.0.
VSV-AM is a vesicular stomatitis virus containing a mutation in
its matrix protein compromising its function in controlling cel-
lular mRNA nuclear export (27).

RESULTS

TAXIBP1 Is a Negative Regulator of Antiviral Signaling—
Our work and that of others has demonstrated that the NF-«B
inhibitory function of A20 is dependent on TAX1BP1 (23, 28).
Furthermore, TAX1BP1-deficient MEFs display a similar phe-
notype to A20-deficient MEFs with respect to NF-«B activa-
tion, suggesting a cooperative role between A20 and TAX1BP1
(23, 28, 29). Because A20 has been shown to block signaling to
IRF3, we sought to determine if TAX1BP1 could similarly
inhibit IRF3. Indeed, reporter assays evaluating IEN3 promoter
activation in 293T cells revealed that expression of TAX1BP1
potently blocked IFNf activation mediated by virus infection
(supplemental Fig. 1A4). In addition to the production of type I
interferons, virus infection also triggers the synthesis of proin-
flammatory cytokines, many of which are regulated by NF-«B
transcription factors. To determine if TAX1BP1 regulated
virus-mediated NF-«kB activation, reporter assays measuring
NF-kB activity were also performed. As shown in supple-
mental Fig. 1B, overexpression of TAX1BP1 blocked virus-me-
diated activation of NF-kB.

To determine whether TAX1BP1 inhibition of IFNB was
specific to virus infection, we examined other agonists capable
of eliciting IRF3 activation. Our results demonstrate that
TAX1BP1 also blocked poly(I-C) and lipopolysaccharide-me-
diated activation of IFNf (supplemental Fig. 1, C and D). To
confirm the effects of TAX1BP1 on the negative regulation of
virus-mediated activation of IRF3, reporter assays measuring
the activity of the IFNB promoter were performed using
siRNAs targeting TAX1BP1. Efficient knockdown of endoge-
nous TAX1BP1 was confirmed by Western blotting (supplemen-
tal Fig. 1E). Knockdown of TAX1BP1 by siRNA enhanced virus-
mediated activation of IFNf (supplemental Fig. 1F). To further
confirm the role of TAX1BP1 in blocking IRF3, IFN activation was
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FIGURE 1. TAX1BP1 is a negative regulator of antiviral signaling. A-C, Tax1bp1*’~ or Tax1bp1~/~ MEFs
were transfected with an IFN luc reporter (200 ng) and pRL-tk (20 ng). Cells were virally infected (A), treated
with poly(l-C) (25 ng/ml) (B), or treated with lipopolysaccharide (1 ug/ml) (C). IFNB luciferase assays were
performed 16 h after the respective stimulations. D, Tax1bp1*’~ or Tax1bp1~/~ MEFs were mock-infected,
virally infected, or transfected with poly(l-C) (6 ug) for 16 h. Supernatants were subjected to IFNB ELISA. E, 293T
cells were transfected with the indicated plasmids (1 ug of FLAG-IRF3, GFP-TAX1BP1, or FLAG-A20 and 100 ng
of GFP-ARig-), and lysates were subjected to native PAGE (top) or SDS-PAGE (bottom) and immunoblotted (/B)

with the indicated antibodies. Error bars, S.E.

measured in cells lacking TAX1BP1. Tax1bpl~'~ MEFs exhib-
ited enhanced levels of IFNB promoter activation after virus
infection, poly(I-C) treatment, or lipopolysaccharide treatment
(Fig. 1, A-C). Furthermore, the inhibitory effects of TAX1BP1
were specific toward NF-«B and IRF3 transcription factors
because NFAT activation was not inhibited by TAX1BP1
(supplemental Fig. 1G). To corroborate our findings that
TAX1BP1 is a negative regulator of IRF3, IFN3 protein produc-
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(supplemental Fig. 1)). Clearly,
TAX1BP1 functions as a negative
regulator of IFNS.

TAXI1BP1 Blocks IFNB Activation
by Targeting TBK1-IKKi—Next, we
overexpressed key antiviral signal-
ing molecules to determine where
TAX1BP1 functions to block IFN.
Rig-I and MDAS5 are cytoplasmic
sensors of viral nucleic acid that
both contain RNA binding domains
and CARD domains. Overexpres-
sion of the Rig-I CARD domain
(ARig-I) potently activated the
IENR reporter and was significantly
blocked by TAX1BP1 (Fig. 2A).
Consistently, ARig-1 enhanced the
activation of the IFNB promoter in
cells expressing TAX1BP1 siRNA
(supplemental Fig. 2A). Similar results were obtained in
TAX1BP1-deficient MEFs (supplemental Fig. 2B). Further-
more, reconstitution of TAX1BP1 in TaxIbpl '~ MEFs
restored the suppression of ARig-I mediated activation of IFN
(supplemental Fig. 2C). TAX1BP1 also blocked MDA5-medi-
ated IFNp activation (Fig. 2B). Both Rig-I and MDAJ5, via their
N-terminal CARD domains, interact with IPS-1 to transduce
signals to IRF3 and NF-kB. Overexpression of TAX1BP1
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FIGURE 3. A20 requires TAX1BP1 to terminate antiviral signaling. A, 293T cells were transfected with the TAXI1BPI1 Interacts with TBKI-
indicated plasmids (1 ug each). Co-IP and immunoblots were performed with the indicated antibodies. B, IKKi  JKKi—Because TAX1BP1 blocked
was immunoprecipitated from whole cell lysates derived from mock-infected and virally infected wild-type . .

MEFs. Bound proteins were detected viaimmunoblotting, and lysates were probed as indicated. C, Tax1bp1 ™/~ s1gna11ng to the IFNB pFomoter at
or Tax1bp1~/~ MEFs were mock-infected or virally infected for 16 h, and lysates were subjected to immuno-  the level of TBK1-IKKi, we next
precipitation and/orimmunoblotting using the indicated antibodies. D, 293T cells were transfected with either  axamined if TAX1BP1 interacted
control scrambled siRNA or TAX1BP1 siRNA. After 24 h, cells were transfected with IFNS luc (100 ng) and pRL-tk ith th ki .
(10 ng) DNA and plasmids encoding IKKi (1 g) and A20 (200 ng) as indicated. E, Tax1bp1™/~ or Tax1bp1 =/~ with these kinases. Co-IP experi-
MEFs were transfected with an IFN3 luc reporter (200 ng) and pRL-tk (20 ng) and a plasmid encoding A20 (1 ng)  ments were performed in 293T cells
as indicated. After 36 h, cells were either mock-infected or infected with virus for 16 h, followed by luciferase transfected  with epitope—tagged

assays. IB,immunoblot; IP, immunoprecipitation. Error bars, S.E. .
constructs of TAX1BP1, IKKi, and

blocked IPS-1-mediated IRF3 (Fig. 2C) and NF-«B activation TBK1. As shown in Fig. 34,
(Fig. 2D). Consistently, siRNA-mediated knockdown of TAXI1BP1 interacted with both IKKi and TBK1. The interac-
TAXIBP1 further enhanced IPS-1-mediated activation of IRF3 ~ tion between TAX1BP1 and IKKi or TBK1 was confirmed by
(supplemental Fig. 24). Next, we examined the effect of co-IPs using endogenous proteins. TAX1BP1 interaction with
TAX1BP1 on TBKI-IKKi-mediated activation of IFNB. IKKiwas entirely dependent upon virus infection (Fig. 3B). Low
TAXI1BP1 overexpression blocked activation of the IFNB levels of TAX1BP1 were found to be persistently associated
reporter by TBK1-IKKi (Fig. 2, E and F) but not by a constitu- with TBK1, although the interactions were substantially
tively activated form of IRF3 (IRF3 SA) (Fig. 2G). Knockdown of ~ increased upon virus infection (supplemental Fig. 34). These

FIGURE 2. TAX1BP1 inhibits IFNS activation at the level of TBK1-IKKi. A-C, 293T cells were transfected with IFNS luc reporter (100 ng) and pRL-tk (10 ng)
plasmids together with ARig-I (A), AMDA5 (B), or IPS-1 (C) (1 ng) and a plasmid expressing TAX1BP1 (1 ng). D, 293T cells were transfected as described in C
except an NF-«B luc reporter (100 ng) was used. E-G, 293T cells were transfected as in A-C using plasmids (1 ng each) encoding either TBK1 (E), IKKi (F), or a
constitutively active form of IRF3 (IRF3 SA) (G) with or without TAX1BP1 DNA (1 pg). H, 293T cells were transfected with either control (Cont.) scrambled or
TAX1BP1 siRNA. After 24 h, cells were transfected with IFN luc, pRL-tk, and IKKi plasmids as in F. Error bars, S.E.
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terminate antiviral signaling. Thus,
we performed IFNS reporter assays
to determine if A20 required
TAX1BP1 to exert its inhibitory
function. As shown in Fig. 3D, A20
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FIGURE 4. TAX1BP1 and A20 target TBK1-IKKi for deubiquitination. A, 293T cells were cotransfected with
epitope-tagged constructs as indicated (1 ng of FLAG-TBK1, FLAG-A20 WT, FLAG-A20 C103A, and FLAG A20
1-367 and 500 ng of HA-Ub Lys®3-only). Co-IPs and immunoblots evaluating TBK1 ubiquitination and immu-
noprecipitation were performed using the indicated antibodies. B, epitope-tagged constructs (1 ug of FLAG-
IKKi, 500 ng of HA-Ub, and 1 or 2 ug of GFP-TAX1BP1) were transfected into 293T cells. Co-IPs and immunoblots
evaluating IKKi ubiquitination were performed as in A. C, 293T cells were transfected with control scrambled
siRNA or siRNA targeting TAX1BP1. After 24 h, cells were cotransfected with the indicated plasmids (1 ug of
FLAG-IKKi and 500 ng of HA-Ub Lys®3-only), and IKKi polyubiquitination was determined as in B. D, TaxTbp1™*/~
or TaxTbp1~’~ MEFs were mock-infected or virally infected for 16 h, and lysates were subjected to immuno-
precipitation and/orimmunoblotting as indicated. £, 293T cells were cotransfected with IFNS luc (100 ng) and
pRL-tk (10 ng) DNA and plasmids encoding TBK1 or IRF7 (1 ug) and Lys®*-only ubiquitin (500 ng) as indicated.

WT, wild type; IB, immunoblot; /P, immunoprecipitation.

results are similar to published data that demonstrated an A20
interaction with TBK1-IKKi upon overexpression (21) and are
consistent with a recent screen identifying TBK1 as an A20-
interacting protein (30).

A20 Requires TAXIBPI to Terminate Antiviral Signaling—
Previous work from our laboratory and others has demon-
strated that A20 requires TAX1BP1 to target and inactivate
specific NF-«kB regulatory proteins, including RIP1 and TRAF6
(23, 28). To assess whether A20 required TAX1BP1 to target
IKKi or TBK1 for inactivation, we analyzed IKKi/TBK1-A20
interactions in TaxIbpl '~ MEFs. A20 interacted with IKKi in

15004 JOURNAL OF BIOLOGICAL CHEMISTRY

ated inhibition of the IFNf reporter
in response to virus activation was
impaired in TAXI1BP1-deficient
MEFs (Fig. 3E).

Previous studies from our labora-
tory have shown that TAX1BP1
recruits the E3 ligases Itch and
RNF11 via two C-terminal zinc fin-
ger domains and associated PPXY
motifs to terminate NF-«B signaling
(25, 26). To determine if TAX1BP1
required its two zinc fingers or
PPXY motifs to inhibit IRF3 activa-
tion, Taxlbplf/ ~ MEFs were re-
constituted with either wild-type
TAX1BP1 or TAX1BP1 containing
point mutations in the zinc fingers
or PPXY motifs. TAX1BP1 contain-
ing point mutations in either of its
PPXY motifs or both zinc fingers
could not suppress virus-mediated
activation of an IFNB reporter
(supplemental Fig. 3C).

TAX1BP1 and A20 Inhibit TBKI-
IKKi Lys®3-linked Polyubiquitina-
tion—Saitoh et al. (21) have pub-
lished that A20 inhibits IFNB by targeting TBKI-IKKj;
however, the mechanism of inhibition remains to be deter-
mined. A20 has been proposed to function as a ubiquitin-edit-
ing enzyme for RIP1 by cleaving Lys®*-linked polyubiquitin
chains and adding Lys*®-linked polyubiquitin chains, ultimately
resulting in the termination of NF-«B signaling (31, 32). Recent
studies have also indicated that TBK1 and IKKi undergo
polyubiquitination, which has been proposed to promote
IRF3 activation (33, 34). Because A20 interacted with TBK1-
IKKi, we next examined if TBK1-IKKi polyubiquitination
was modulated by A20. Both TBK1 (Fig. 44) and IKKi

SN
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(supplemental Fig. 44) when overexpressed were clearly poly-
ubiquitinated via Lys®*-linked ubiquitin chains. Interestingly,
both wild-type A20 and an A20 DUB mutant (C103A) inhibited
TBK1 and IKKi Lys®*-linked polyubiquitination. However, an
A20 deletion mutant (residues 1-367) lacking all of its C-ter-
minal zinc fingers was unable to inhibit Lys®?-linked polyubiq-
uitination of TBK1 (Fig. 4A) and IKKi (supplemental Fig. 4A).
Similar to A20, TAX1BP1 also inhibited IKKi polyubiquitina-
tion (Fig. 4B). In agreement with the above data, knockdown of
TAX1BP1 using siRNA yielded enhanced IKKi polyubiquitina-
tion (Fig. 4C). To further corroborate the siRNA results, we
evaluated endogenous levels of Lys®*-specific linked ubiquitin
chains conjugated onto TBK1 or IKKi in TaxIbpl '~ MEFs.
Consistent with the above results, Lys®>-linked polyubiquitina-
tion of endogenous TBK1 (Fig. 4D, compare lane 1 versus lane
3) or IKKi (supplemental Fig. 4B, compare lane I versus lane 3)
was enhanced in MEFs lacking TAX1BP1. To gain better
insight into the functional relevance of Lys®*-linked poly-
ubiquitination of TBK1-IKKi, we evaluated the effect of
Lys®*-linked ubiquitin overexpression in TBK1-mediated
activation of IFNB. As shown in Fig. 4E, Lys®*-linked ubiq-
uitin significantly enhanced the activation of IFN by TBKI.
In the TNFR pathway, TAX1BP1 regulates A20 ubiquitin-
editing function, resulting in the addition of Lys*®-linked
ubiquitin chains on RIP1 to trigger its proteasomal degrada-
tion (31). TAX1BP1, however, did not promote the degrada-
tion of TBK1, as determined by cycloheximide chase assays
in TaxIbpl~'~ MEFs, suggesting that it did not promote
Lys®-linked polyubiquitination of TBK1 (supplemental Fig.
4C). Taken together, our results suggest that A20 and
TAXI1BP1 restrict antiviral signaling by inhibiting TBK1-IKKi
Lys®3-linked polyubiquitination.

TRAF3 Is Required for TBKI-IKKi Ubiquitination—Because
our results indicate that TAX1BP1 and A20 inhibit TBK1-IKKi
ubiquitination, we next performed studies to identify mole-
cules that regulate TBK1-IKKi ubiquitination. TRAF3 is a
critical antiviral signaling molecule that has been proposed
to function upstream of TBK1-IKKi (35-37). Because
TRAF3 may also function as a ubiquitin ligase (38 —40), we
hypothesized that it may play a role in TBK1-IKKi ubiquiti-
nation. Using an siRNA approach to knock down TRAF3
expression, the ubiquitination status of IKKi was examined.
Interestingly, upon TRAF3 knockdown, Lys®3-linked poly-
ubiquitination of IKKi was impaired (Fig. 54). TRAF3-de-
pendent ubiquitination of IKKi was specific because TRAF6
knockdown had little effect on IKKi ubiquitination (Fig. 54).
Furthermore, the endogenous Lys®*-linked polyubiquitina-
tion of TBK1 was impaired in Traf3" /'~ MEFs (Fig. 5B).
These results suggest that TRAF3 is critical for the polyubiq-
uitination of TBK1-IKKi.

TAX1BP1 and A20 Disrupt a TRAF3-TBKI-IKKi Complex—
A20 has been shown previously to inhibit antiviral signaling
independent of its DUB domain (20 -22). In agreement with
these findings, our results demonstrated that an A20 mutant
impaired in DUB activity (C103A) was able to inhibit IKKi-
mediated activation of IRF3 (supplemental Fig. 2G). Surpris-
ingly, WT A20 and the A20 DUB mutant were equally capa-
ble of inhibiting TBK1 and IKKi polyubiquitination (Fig. 44
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and supplemental Fig. 4A4), suggesting that A20 inhibits
TBK1-IKKi ubiquitination in a DUB-independent manner.
Therefore, as an alternative mechanism of inhibition, we
hypothesized that A20 may disrupt the interactions between
TRAF3 and TBK1-IKKi, thus inhibiting TRAF3-dependent
ubiquitination of TBK1-IKKi. Indeed, both WT A20 and the
C103A mutant disrupted the binding between TRAF3 and
IKKi, whereas an A20 mutant lacking C-terminal zinc fingers
did not (Fig. 5C). Similarly, overexpression of TAX1BP1 also
disrupted the interactions between TRAF3 and IKKi (Fig.
5D), whereas the absence of TAX1BP1 resulted in persistent
TRAF3-TBKI1 interactions (supplemental Fig. 54). The dis-
ruption of TRAF3 and IKKi binding by TAX1BP1 was spe-
cific because TAX1BP1 had no effect on the binding between
IKKi and IRF3 (supplemental Fig. 5B). Because A20 and
TAX1BP1 disrupted a TRAF3-IKKi complex, we next deter-
mined the functional effects. Overexpression of TRAF3 alone is
unable to induce IFN 3 promoter activity; however, it synergizes
with TBK1 or IKKi to enhance IFN activation (36). Therefore,
we investigated if A20 or TAX1BP1 disrupts the synergy
between TRAF3 and TBK1 in IFNf reporter assays. Indeed,
TRAF3 enhanced the activation of the IFN reporter by TBK1,
and both A20 and TAX1BP1 inhibited the synergistic effect
(Fig. 5, E and F). Collectively, these results reveal that TRAF3 is
important for TBK1-IKKi ubiquitination and activation. Fur-
thermore, A20 and TAX1BP1 function together to inhibit
TBK1-IKKi polyubiquitination by antagonizing the interac-
tions between TRAF3 and TBK1-IKKi.

DISCUSSION

Excessive production of type I interferons can be detrimental
to host cells and must be tightly regulated by the innate arm of
the immune system (3, 6). Indeed, host cells use a wide array of
mechanisms to ensure that antiviral signaling pathways are
activated transiently and are terminated when viral infections
are cleared (41). Negative regulators, including NLRX1, SIKE,
Atg5-Atgl2, DAK, and CYLD, are constitutive or steady-state
inhibitors of antiviral signaling, keeping aberrant IFN activa-
tion in check via mechanisms involving sequestration or com-
petition (42-46). Other physiological regulators, such as
RNF125, RNF5, Pinl, ISG15, ISG56, RBCK1, Ro52/TRIM21,
gClqR, DUBA, OTUB1/2, and optineurin, inhibit type I
interferon production via negative feedback mechanisms
(39, 40, 47-55). A20 is one such physiological inhibitor of
IEN; however, its mechanism of action has remained elusive.
A20 is a gene rapidly induced by tumor necrosis factor «, a
key cytokine produced during virus infection (32, 41). Recent
studies by our laboratory and others have indicated that A20
requires at least three additional subunits, TAX1BP1, Itch,
and RNF11, to form a ubiquitin-editing complex that inhib-
its NF-kB signaling (23, 25, 26, 28). Although TAX1BP1
functions as an adaptor molecule for A20, the roles of Itch
and RNF11 in the function of A20 are less clear. Neverthe-
less, we examined the role of TAX1BP1 and A20 in regulat-
ing antiviral signaling in this report.

Our results have clearly demonstrated that, similar to A20,
TAXI1BP1 is a negative regulator of antiviral signaling. Both
TAX1BP1 and A20 interacted with the TBK1-IKKi kinases and
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inhibited antiviral signaling by targeting these two proteins. By

Western blotting, we have observed a band shift of TAX1BP1 in
the presence of either TBK1 or IKKi (Fig. 34), suggesting that
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TAX1BP1 may be phosphorylated by these kinases. Similar
results were observed for A20 co-expressed with TBK1-IKKi
(21). Because A20 phosphorylation by IKKB resulted in
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enhanced A20 effector function in the context of NF-«B signal
regulation (56), it is tempting to speculate that A20 and/or
TAX1BP1 phosphorylation by TBK1-IKKi may also modulate
their function in antiviral signaling. Future studies will address
this possibility. Although A20 has been previously demon-
strated to interact with TBK1-IKKj, a satisfactory mechanism
of inhibition of antiviral signaling by A20 has been lacking.
TAX1BP1 probably functions as an adaptor molecule for A20
to terminate antiviral signaling because A20 recruitment to
IKKi/TBK1 and A20-mediated inhibition of antiviral signaling
was impaired in the absence of TAX1BP1 (Fig. 3, C-E). Because
TAX1BP1 harbors a novel ubiquitin-binding motif (28),
TAXI1BP1 probably recruits A20 to ubiquitinated TBK1-
IKKi that are targeted for inactivation. However, what deter-
mines the specificity toward ubiquitinated TBK1-IKKi by
TAX1BP1 remains unclear because other components
involved in IRF3 signal transduction are modified by Lys®*-
linked polyubiquitin chains (41). TAX1BP1 harboring point
mutations in its PPXY motifs or zinc fingers was defective in
blocking virus-mediated IFN activation (supplemental Fig.
3C). Because these motifs are essential in protein-protein inter-
actions, it is plausible that other, yet to be identified proteins
may participate with TAX1BP1 and A20 to terminate IRF3
signaling.

Lys®3-linked polyubiquitination of key substrates in IRF3/7
signaling has critical implications in activating type I interfer-
ons (32, 38, 41, 46, 57, 58). Our results indicated that A20 and
TAX1BP1 counteract TBK1-IKKi Lys®*-linked polyubiquitina-
tion (Fig. 4, A-C). Interestingly, both TBK1 and IKKi were
polyubiquitinated under basal conditions in TaxIbpl '~
MEFs, whereas in control MEFs, their ubiquitination occurred
only upon virus infection (Fig. 4D and supplemental Fig. 4B).
These results may be explained by the persistent TRAF3-TBK1
(E3-substrate) association in TaxIbpl~'~ MEFs, as opposed to
interactions dependent on virus infections in wild-type MEFs
(supplemental Fig. 54). Because TaxIbpl '~ MEFs displayed
high levels of basal Lys®*-linked polyubiquitination of TBK1
that may promote IRF3 activation (Fig. 4E), it is surprising that
Tax1bpl~'~ MEFs did not spontaneously activate IFN (Fig. 1,
A-D). We hypothesize that Lys®*-linked polyubiquitination of
TBK1-IKKi is necessary but not sufficient to activate IFN.
Experiments utilizing knock-out cells reconstituted with
TBK1-IKKi containing lysine substitutions in their ubiquitin
acceptor sites will be important in understanding the physio-
logical roles of TBK1-IKKi ubiquitination. Although TBK1-
IKKi Lys®®-linked polyubiquitination was inhibited by
TAX1BP1 and A20, TAX1BP1 did not trigger the degradation
of TBK1 (supplemental Fig. 4C), consistent with a report indi-
cating that A20 does not degrade either TBK1 or IKKi (22).

TAX1BP1 Negatively Regulates Antiviral Signaling

Surprisingly, A20-mediated inhibition of IKKi/TBK1 polyubiq-
uitination was independent of its DUB function (Fig. 44 and
supplemental Fig. 4A4). Previous studies have demonstrated that
A20 blocked antiviral signaling independently of its DUB
domain, where either an A20 deletion mutant lacking the OTU
domain or a point mutant (C103A) deficient in DUB function
still blocked IRF3 activation (20 -22). Our results are in agree-
ment with these data because the A20 C103A mutant blocked
IKKi-mediated activation of IRF3 as effectively as the wild-type
A20 (supplemental Fig. 2G) and inhibited TBK1-IKKi poly-
ubiquitination as robustly as wild-type A20. Consistent with
anew report detailing a mechanism by which A20 terminates
NE-«B signaling via a similar fashion (59), our results clearly
suggest that A20 inhibits antiviral signaling via a DUB-inde-
pendent mechanism. Instead, our results indicate that inhi-
bition of TBK1-IKKi ubiquitination is dependent on the
C-terminal zinc finger domains (Fig. 44 and supplemental
Fig. 4A4), known to be important for TAX1BP1 interaction and
E3 ligase activity (31, 60). This novel DUB-independent mech-
anism of inhibition employed by A20 contrasts with mecha-
nisms utilized by other deubiquitinating enzymes involved in
terminating antiviral signaling. Indeed, inhibition of IFN via the
deubiquitinases CYLD and DUBA require their DUB domains/
catalytic cysteine residues to deubiquitinate their cognate sub-
strates (39, 46).

To further dissect the mechanism of inhibition of antiviral
signaling by A20 and TAX1BP1, we focused on TBK1-IKKi
ubiquitination. Our results indicated that TRAF3 was required
for the Lys®*-linked polyubiquitination of TBK1-IKKi (Fig. 5, A
and B). Previous studies have demonstrated the importance of
TRAF3 in restricting antiviral signaling (35, 36). However, it is
not clear from our studies if TRAF3 directly ubiquitinates
TBK1-IKKi or functions as an adaptor for another E3 ligase. In
this context, a recent study has demonstrated that the ubiquitin
ligase NRDP1 functions as an E3 ligase for TBK1 (34). It is
possible that TRAF3 and NRDP1 function together to promote
TBK1-IKKi ubiquitination. Nevertheless, we found that
TAX1BP1 and A20 specifically disrupted the interactions
between TRAF3 and IKKi (Fig. 5, C and D) but not IPS-1 and
TRAF3 (data not shown) or IKKi and IRF3 (supplemental
Fig. 5B). This further indicates that IRF3 interaction with IKKi
does not require IKKi ubiquitination, which was blocked by
TAX1BP1. Furthermore, A20 and TAX1BP1 inhibited the syn-
ergy between TRAF3, TBK1, and IKKi in activating IFN (Fig. 5,
E and F). Therefore, it is plausible that loss of TRAF3 binding to
IKKi prevents the Lys®3-linked polyubiquitination of IKKi and
perhaps further unmasks a potential mechanism by which
TRAFS3 synergizes with these kinases, ultimately underscoring
the critical importance of TRAF3 ubiquitin ligase function in

FIGURE 5.A20 and TAX1BP1 disrupt a TRAF3-TBK1-IKKi signaling module. A, 293T cells were transfected with either control scrambled siRNA, TRAF3 siRNA,
or TRAF6 siRNA. After 24 h, cells were transfected with plasmids as indicated (1 ug of FLAG-IKKi, 500 ng of HA-Ub Lys®3-only). Cell lysates were subjected to
immunoprecipitation and immunoblotting with the indicated antibodies. B, TRAF3-deficient MEFs were transfected with either empty vector DNA or a plasmid
expressing TRAF3 (2.5 ug). After 36 h, MEFs were mock-infected or virally infected for 16 h. Lysates were subjected to immunoprecipitation and/or immuno-
blotting with the indicated antibodies. C and D, A20 and TAX1BP1 disrupt TRAF3-IKKi interactions. C, 293T cells were transfected with the indicated plasmids
(1 g of GFP-IKKi, HA-TRAF3, FLAG-A20 WT, FLAG-A20 C103A, or FLAG-A20 1-367). Whole cell lysates were subjected to co-IPs and/orimmunoblotting with the
indicated antibodies. D, 293T cells were cotransfected with HA-TRAF3 and FLAG-IKKi (1 g each) and either 1 or 2 ug of GFP-TAX1BP1 plasmid DNAs as
indicated. Lysates were subjected to co-IPs and immunoblotting as in C. E and F, 293T cells were transfected with IFN luc (100 ng) and pRL-tk (10 ng) DNA
together with the indicated plasmids (1 ng each). WT, wild type; IB, immunoblot; /P, immunoprecipitation. Error bars, S.E.
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antiviral signaling. In summary, we have identified a novel
DUB-independent function of A20 in antiviral signaling, where
A20 disrupts the interactions between an E3 ligase and its cog-
nate substrates.
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