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Abstract

The deubiquitinating enzyme A20 (also known as TNFAIP3) is essential for maintaining immune
homeostasis. A20 is a key regulator of inflammatory, antiviral and apoptotic signaling pathways.
Here, we review recent advances illustrating the role of A20 as an essential negative regulator of
inflammatory and antiviral signaling.
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1) Introduction

The innate arm of the immune system plays a critical role as a first line of defense against
invading pathogens including bacteria, fungi, and viruses. This immune response is initiated
upon the recognition of highly invariant microbial components common to pathogens (aptly
termed microbial-associated molecular patterns (MAMPS)) by germline-encoded sensors
called pattern recognition receptors (PRRs) [1]. Receptor ligation yields the activation of
key anti-microbial programs and further initiates a secondary adaptive immune response
which ultimately results in pathogen elimination. Because anti-microbial programs typically
utilize pro-inflammatory cytokines to serve as mediators of host defense, tight regulation is
critical upon pathogen clearance as excessive inflammation is associated with numerous
autoimmune pathologies and cancers. A20 (also known as TNFAIP3) is a key negative
regulator of the inflammatory response and here we review the role of A20 in regulating
three essential innate immune functions: 1) the inflammatory response, 2) the antiviral
program and 3) programmed cell death. We further provide insight into potential
mechanisms by which A20 functions in the context of a multi-protein ubiquitin-editing
complex to attenuate inflammatory signaling.
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2) Innate Signaling via Polyubiquitination

Ubiquitination is an enzymatic process that results in the covalent linkage of substrate
proteins with a ubiquitin moiety-a small peptide containing 76 amino acids, in a post-
translational manner. The process of protein ubiquitination is carried out in a three-step
enzymatic cascade where a ubiquitin activating protein (E1) initially forms a high energy
thioester linkage with a ubiquitin molecule, which is then transferred to a ubiquitin
conjugating enzyme (E2) in a second step of activation [2]. Lastly, in conjunction with a
ubiquitin ligase (E3), the ubiquitin molecule is then targeted to the epsilon amino group of a
lysine residue on the substrate protein forming an isopeptide bond, resulting in
monoubiquitination of the target protein [2]. Further addition of ubiquitin molecules onto the
previously conjugated ubiquitin via the above enzymatic cascade results in the formation of
a polyubiquitin chain. As the ubiquitin peptide itself contains seven lysine residues, the
manner by which each ubiquitin moiety is linked to each other within a polyubiquitin chain
is critical because the topological structure attributed to various polyubiquitin chain types
results in disparate outcomes. Accordingly, ubiquitin molecules linked via lysine at position
48 (K48) within the ubiquitin chain typically target the substrate for proteasomal-mediated
degradation [3]. Alternatively, ubiquitin molecules linked via lysine at position 63 (K63)
yield proteasome-independent outcomes and often potentiate signaling by serving as
signaling scaffolds that recruit proteins bearing ubiquitin-binding domains [4]. Like many
other post-translational modifications, ubiquitination is a reversible process, therefore
editing of ubiquitin chains provides an additional layer of regulation for protein function.
Indeed, K63-linked polyubiquitination of substrate proteins has pervaded many biological
programs including innate immune pathways [4], and are subject to additional regulation by
isopeptidases or deubiquitinases (DUBSs) that disassemble ubiquitin chains [5].

3) Ubiquitin-Editing Function of A20

In most cell types, A20 functions as a negative feedback regulator of inflammatory signaling
pathways. As such, A20 is transcriptionally upregulated by Nuclear Factor-kappa B (NF-
kB), a family of evolutionarily conserved transcription factors critical in mediating the pro-
inflammatory response. A20 is a 90 kDa protein that belongs to the ovarian tumor family of
DUBs where it contains an N-terminal cysteine protease/DUB domain [6]. Because A20
also harbors seven carboxy-terminal zinc fingers, of which zinc finger 4 (ZNF4) confers E3
ubiquitin ligase activity, it can be classified as a dual function ubiquitin-editing enzyme [7].
A20 has been shown to cleave K63-linked ubiquitin residues via its DUB domain, as well as
to conjugate K48-linked ubiquitin chains via its zinc finger domain [7]. However, two recent
reports have described an additional mechanism for substrate inactivation whereby A20
disrupts the interactions between essential components of the ubiquitination cascade [8,9].
Specifically, A20 targets E3 ubiquitin ligase-substrate and/or E2 ubiquitin conjugating
enzyme-E3 ubiquitin ligase interactions, and thus attenuates the activation of specific E3
ubiquitin ligases such as TNFo Receptor Associated Factor 6 (TRAF6) [8,9]. It was
additionally shown that A20 could further promote K48-linked ubiquitination and
proteasomal degradation of the E2 enzyme responsible for facilitating K63-linked ubiquitin
conjugation as a measure to fully terminate the assembly and formation of K63-linked
ubiquitin chains [9]. Nonetheless, this dual nature of A20 with a capacity to disassociate
K63-linked ubiquitin chains to initially block signal transduction, and then assemble K48-
linked ubiquitin chains to promote degradation of key signaling molecules, establishes a
novel mechanism to modulate innate immune pathways.
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4) A20-Mediated Inhibition of Inflammation

The induction of pro-inflammatory cytokines is controlled in part by the NF-xB family of
transcription factors. NF-xB dimers are sequestered in the cytoplasm as inactive subunits by
IxB proteins that contain ankyrin repeat domains [10]. In response to specific stimuli,
including pro-inflammatory cytokines or microbial infection, the IxB kinase (IKK)
signalosome, consisting of IKKa, IKKp and IKKy (also known as NEMO), phosphorylates
IxB proteins thus triggering their ubiquitination and proteasomal degradation allowing NF-
kB to enter the nucleus and activate target genes [11]. In feedback regulation, A20
associates with the IKK complex and further undergoes IKKp-dependent phosphorylation
resulting in optimal effector function [12]. A20 targets key upstream components such as
RIP1 and TRAF6 that are critical in signaling to the IKK complex, ultimately resulting in
the inhibition of inflammatory pathways [7,13]. Indeed, mice lacking A20 die prematurely
due to severe multi-organ inflammation and cachexia [14], underscoring an essential role of
this gene in limiting inflammatory signaling.

Upon engagement of TNFa receptor 1 (TNFR1) by TNFa, Receptor Interacting Protein 1
(RIP1) undergoes K63-linked polyubiquitination in lipid rafts, where its ubiquitin
modification is an essential prerequisite for IKK complex activation and downstream NF-xB
signaling [15,16]. To blunt signaling in a negative feedback loop, A20 is recruited to RIP1
and promotes RIP1 deubiquitination via its OTU domain [7]. In addition, A20 targets the
RIP1 E3 ligase complex consisting of cellular inhibitor of apoptosis 1/2 (clAP1/2), TRAF2
and possibly TRAF5 [9]. A20 antagonizes E3 ligase activity of this complex by disrupting
the associations between clAP1/2, TRAF2 and the E2 enzyme Ubc13 [9]. A20 sequentially
assembles K48-linked polyubiquitin chains onto Ubc13 resulting in its proteasomal
degradation and further inhibition of NF-«xB signaling [9]. In an additional step to ultimately
terminate TNFR1 signaling to NF-kB, RIP1 also undergoes K48-linked polyubiquitination
and proteasomal-mediated degradation [7]. However, it is currently unclear if A20 is the E3
ligase that conjugates K48-linked polyubiquitin chains onto RIP1 although the zinc finger
domain of A20 is required for RIP1 degradation [7]. In addition, the E3 ubiquitin ligases
Itch (also known as AIP4) and RNF11 have also been shown to facilitate RIP1 degradation
in an E3 ligase-dependent manner [17,18]. Furthermore, the E3 ubiquitin ligase TRIAD3A
inhibits NF-«B signaling by degrading RIP1 [19], however it remains to be determined if
TRIAD3A is a component of the A20 ubiquitin-editing complex. Interestingly, both Itch and
RNF11 are dispensable in TNFa-mediated degradation of Ubc13 [9]. Because the above E3
ligases appear to have nonredundant functions, it will be of great interest to fully elucidate
their precise roles in controlling the inflammatory response.

The IL-1®R and Toll-like receptors (TLRs) share structurally similar intracellular domains
and consequently signal downstream to the IKK complex utilizing common adaptor
molecules [20]. Ligation of these receptors results in oligomerization and K63-linked auto-
ubiquitination of the E3 ubiquitin ligase TRAF6 and subsequent activation of the IKK
signalosome [21]. Similar to RIP1 targeting in the TNFR pathway, A20 is recruited to
TRAF6 and disassembles K63-linked polyubiquitin chains [13]. In addition, A20 attenuates
TRAF6 activation by disrupting its interactions with its cognate E2 conjugating enzymes
Ubc13 and UbcH5 (Fig. 1) [9]. Likewise, in a second step of inhibition, A20 further
catalyzes K48-linked polyubiquitin chains onto Ubc13 and UbcH5 (but not TRAF6)
yielding their degradation to completely terminate signaling [9]. Because Itch and RNF11
also play critical roles in mediating TRAF6 deubiquitination and have dispensable roles in
Ubc13 and UbcH5 degradation, it remains to be determined exactly how these E3 ubiquitin
ligases contribute towards A20-mediated inhibition of TRAF6-dependent signaling. One
possibility is that the Itch and RNF11 E3 ligases may not be true feedback inhibitors, but
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rather ligand-triggered molecules that nucleate substrates to rapidly drive feedback
inhibition by initiating the recruitment of A20.

Although TRAF6 clearly undergoes K63-linked polyubiquitination in the IL-1/TLR4
pathway, the functional importance of TRAF6 auto-ubiquitination remains unclear. Lamothe
et al. mapped the auto-ubiquitination site on TRAF6 to Lys124, and demonstrated that this
lysine residue is critical for IKK activation and osteoclast differentiation [22]. However, an
independent study revealed that a lysine-deficient TRAF6 mutant remains fully competent to
activate TAK1 and NF-kB suggesting that TRAF6 auto-ubiquitination may not be essential
for NF-xB activation in the IL-1R/TLR pathway [23]. If this is indeed the case, it is puzzling
why TRAF6 is subject to ubiquitination and deubiquitination after receptor stimulation. It is
plausible that K63-linked polyubiquitination of TRAF6 serves as a signal or homing marker
for recruiting A20 to TRAF6. Indeed, A20 requires the ubiquitin sensor and adaptor
molecule TAX1BP1 to target to K63-linked polyubiquitinated substrates [24,25]. This can
be described in a model whereby A20 is recruited to Ubc13 and UbcH5 indirectly via
TRAF6 as part of a TRAF6/Ubc13/UbcH5 complex (where only TRAF6 is K63-linked
polyubiquitinated) via TAX1BP1 thereby allowing A20 to disrupt TRAF6-E2 binding and
consequently disable TRAF6 E3 ligase function. Because TRAF6 E3 ligase activity is
dependent on Ubc13 and UbcH5 for generating free polyubiquitin chains or ubiquitinating
the regulatory kinase IRAK1 [26,27], A20 targeting to ubiquitinated TRAF6 may be
essential to disrupt TRAF6/Ubc13/UbcH5 interactions and thereby terminate NF-xB
signaling. Interestingly, A20 also requires TAX1BP1 to target Ubc13 and UbcH5 although
these E2s do not appear to be conjugated by K63-linked ubiquitin [9]. Because A20
facilitates the disruption between TRAF6 and Ubc13/UbcHS5 in a manner dependent on
TAX1BP1, it will be of interest to determine exactly how these E2s are targeted by A20 for
K48-linked polyubiquitination since they are displaced from the TRAF6/TAX1BP1/A20
complex upon A20 recruitment.

Nucleotide Oligomerization Domain 2 (NOD2) is an intracellular receptor of the bacterial
cell wall component muramy! dipeptide, which upon ligand binding also signals to NF-xB
via the IKK complex [28,29]. In NOD2-mediated signaling to IKK, the adaptor protein RIP2
(also known as RICK or Cardiak) is subject to K63-linked polyubiquitination via clAP1/2 to
drive NF-«B signaling [30,31]. Polyubiquitinated RIP2 is then targeted by A20 for
deubiquitination to terminate NF-«xB activation [32]. In vitro studies suggested that A20
required its cysteine protease activity to directly cleave K63-linked polyubiquitin chains
from RIP2, however a stable RIP2-A20 association was not detected, consistent with the
observation that A20 does not further promote RIP2 degradation [32]. Because A20 can
inhibit K63-linked polyubiquitination by targeting E2—E3 enzyme complexes, it is possible
that the clAP1/2-Ubc13/UbcH5 complex is first disrupted by A20, and then Ubc13/UbcH5
are further conjugated via K48-linked polyubiquitin chains to attenuate RIP2 K63-linked
polyubiquitination and activation of NF-kB upon NOD2 stimulation. Interestingly, it was
recently shown that the E3 ligase Itch served as a positive regulator of RIP2-mediated
induction of Map kinase (MAPK) activation, as well as a negative regulator of RIP2-
mediated activation of NF-xB [33]. Mechanistically, it was demonstrated that Itch triggered
the K63-linked polyubiquitination of RIP2 to drive MAPK activation [33]. In this scenario,
Itch may initially serve as an E3 ligase that conjugates K63-linked polyubiquitin chains onto
RIP2 after receptor stimulation to activate MAPKS, including c-Jun N-terminal kinase
(JNK). Because JNK phosphorylates lItch, in part to activate its E3 ligase function for
assembling K48-linked polyubiquitin chains [34], a phosphorylation-dependent
conformational change on Itch may facilitate its association with A20 and further mediate
NF-xB inhibitory function. Indeed, the kinetics of Itch targeting to its substrates, at least in
TNFR and TLR signaling, is more rapid than that of A20 targeting to the same complex [9],
in accordance with the above model whereby Itch mediates disparate A20-independent and
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dependent roles. As in IL-1R/TLR signaling, substrates for K48-linked polyubiquitination
by Itch in NOD2-dependent signaling however, have yet to be identified.

In inflammatory signaling pathways, A20 clearly serves as a negative feedback inhibitor that
is induced by NF-kB transcription factors. In T cells however, A20 is constitutively
expressed thus allowing for A20 to act as both a steady-state inhibitor as well as a feedback
inhibitor during T-cell receptor (TCR) signaling to NF-xB [35]. Upon TCR ligation, a
CARMAI1-BCL10-MALTL1 (CBM) signaling complex is assembled via PKC6-dependent
phosphorylation of CARMAL1 [36]. The CBM complex then recruits the E3 ligase TRAF6
(and possibly TRAF2) which triggers the K63-linked polyubiquitination of MALT1, BCL10
and IKKy [36-39]. Polyubiquitinated MALTL1 likely serves as a scaffold to recruit the IKK
complex via ubiquitin-binding domains present within IKKy [40]. In early signaling,
MALT1 functions as a paracaspase to cleave A20, thus compromising the effector function
of A20 and allowing for downstream signal transmission to the IKK complex [41]. A20 also
undergoes proteasomal degradation at early times upon antigen receptor signaling, but is
induced at later times in a negative feedback loop and targets polyubiquitinated MALT1 for
deubiquitination which attenuates IKK and NF-kB activation [42]. Because TRAF6 likely
serves as the E3 ligase for MALT1 and Ubc13 has been demonstrated to be essential for
TCR signaling to NF-«xB [43], it is plausible that in addition to deubiquitinating MALT1,
A20 may disrupt a MALT1-TRAF6/Ubc13 complex and/or the TRAF6/2-Ubc13 complex to
further block MALT1 K63-linked polyubiquitination and promote Ubc13 degradation at
later times. Like TRAF6 and RIP2, A20 does not target MALT1 for degradation during
feedback inhibition, however CARMAU1 has been demonstrated to undergo K48-linked
polyubiquitination followed by proteasomal degradation in response to TCR stimulation,
although A20 has not been directly implicated in this process [44]. Although the roles of
Itch, RNF11 and TAX1BP1 have not been formally demonstrated in regulating TCR-
mediated signaling to NF-kB, it is likely that these molecules contribute towards modulating
A20 effector function in this pathway.

5) A20-Mediated Inhibition of Innate Antiviral Pathways

The Toll-like receptors and Rig-I like helicases are pattern recognition receptors that
recognize MAMPs derived from viral components to drive the activation of antiviral
programs during viral infection. This antiviral response is mediated in part by the production
of both antiviral and pro-inflammatory cytokines regulated by the Interferon Regulatory
Factor 3/7 (IRF3/7) and NF-«kB transcription factors, respectively [45]. As activation of both
transcription factors in the context of virus infection requires the K63-linked protein
polyubiquitination of key signaling components, it is not surprising that A20 plays an
important role in terminating the antiviral immune response by inhibiting ubiquitin-
dependent signal transduction. NF-«xB activation during antiviral signaling is mediated by
TRAF6 and is likely targeted by A20 in negative feedback regulation analogous to IL-1®R
and TLR4 signaling inhibition. The mechanism by which A20 inhibits IRF3 activation
however, has remained elusive until recently, although several groups had reported that A20
was a potent inhibitor of innate antiviral signaling [46—48]. Interestingly, it was shown that
A20 did not require its DUB domain, but rather its carboxy-terminal zinc finger domains to
inhibit signaling to IRF3 [47]. This result suggested that A20 inhibited antiviral signaling
independently of protein deubiquitination. Consistent with these results, we found that A20
(also in a manner independent of its DUB function), in conjunction with TAX1BP1,
disrupted TRAF3-dependent K63-linked polyubiquitination of TBK1 and IKKi kinases to
inhibit signaling to IRF3 (Fig. 1) [8]. A20 also required TAX1BP1 to target to TBK1/IKKi
and block TBK1/IKKi-dependent activation of IRF3 [8]. Because overexpression of
TAX1BP1 was shown to be sufficient to block signaling to IRF3 by disrupting the TRAF3-
TBK1/IKKi complex, it is plausible that TAX1BP1 serves as an early effector in blocking
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the antiviral response, whereas A20 functions at later times by targeting UbcH5 for
proteasomal degradation, since the role of this E2 has been recently demonstrated in
facilitating signaling to IRF3 [49]. The Itch and TRIAD3A E3 ubiquitin ligases have also
been shown to play essential roles in terminating IRF3 activation by targeting the
mitochondrial antiviral signaling adaptor (MAVS; also known as IPS-1, Cardif or VISA)
and the E3 ligase TRAF3, respectively, for degradation [50,51]. Because TRIAD3A had
previously been shown to target and degrade RIP1 [19], which functions as a key signaling
adaptor in TLR-independent signaling to IRF3, it would be interesting to determine if
TRIAD3A also targets RIP1 in the context of antiviral signaling. It is currently unknown if
TAX1BP1 and A20 additionally cooperate with either Itch or TRIAD3A to modulate their
effector functions in antiviral signaling.

An additional report further identified the IRF7 transcription factor as a substrate for A20-
mediated inhibition of antiviral signaling [52]. However, similar to the effects of A20 on
TBK1 and IKKi, A20 was found not to directly deubiquitinate IRF7 [52]. Because it was
previously reported that TRAF6 is the E3 ligase that assembles K63-linked polyubiquitin
chains onto IRF7 [53], it may be possible that A20 disrupts TRAF6-dependent
ubiquitination of IRF7 to inhibit its activation. Unlike A20-mediated inhibition of IRF3
however, A20 was instead shown to require its DUB domain but not its carboxy-terminal
zinc fingers to block IRF7 activity [52]. Indeed, the DUB domain of A20 was determined to
be important for IRF7 association, thus providing evidence for its requirement in blocking
IRF7 [52]. Furthermore, since the catalytically inactive DUB mutant of A20 is defective in
its capacity to interact with UbcH5/Ubc13 (likely due to a change in conformation) [9], and
thus fails to disrupt its association with TRAF6 (and consequently TRAF6 E3 ligase
capability), it is in good agreement that A20 would require a catalytically intact DUB
domain to block TRAF6-dependent polyubiquitination and activation of IRF7. However,
since the A20 zinc fingers and in particular ZnF4, which has E3 ligase acticity, was shown
to be dispensable for IRF7 inhibition, it remains to be determined if A20 has a physiological
substrate for K48-linked polyubiquitin targeting in antiviral signaling. Moreover, since ZnF4
of A20 is essential for interacting with TAX1BP1, the requirement of TAX1BP1 in
regulating A20 effector function in IRF7 inhibition is currently unclear and further suggests
a TAX1BP1-independent role for A20 in blocking IRF7.

6) A20-Mediated Inhibition of Cell Death

Programmed cell death or apoptosis is a common mechanism used by the host to eliminate
virus-infected cells or to limit the number of activated lymphoid cells to maintain immune
homeostasis. The initiation of apoptotic programs involves the activation of effector
caspases that execute cell death. In apoptotic signaling via death receptors, upstream
initiator caspases (i.e. caspase 8) form a death inducing signaling complex (DISC) and are
activated in a manner dependent on the ubiquitin conjugation machinery [54]. Incidentally,
A20 was initially identified as an inhibitor of programmed cell death however, whether A20
modulates ubiquitin in death receptor signaling as a sole mechanism of inhibition is not
entirely clear. In this context, K63-linked polyubiquitination of caspase 8 has been shown to
be antagonized by A20 to block death receptor-induced apoptosis [55]. Like RIP1, caspase 8
is also subject to K48-linked polyubiquitination, however it is currently unknown if A20 has
a direct role in targeting caspase 8 for degradative ubiquitination. In the TNFR1 pathway,
A20 prevents cell death by disrupting the recruitment of TRADD and RIP1 to the receptor
signaling complex [56]. It was recently shown that the A20 binding protein ABIN1
functions as a ubiquitin sensor to block apoptosis, but interestingly both A20 and ABIN1
were demonstrated to operate independently of each other in inhibiting cell death [57].
Although ABIN1 was shown to require its ubiquitin binding domain to block apoptosis, the
mechanism of inhibition was shown to be via disruption of the DISC complex [57]. Because
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a disruption-based mechanism of the DISC complex was also attributed to A20 in mediating
the anti-apoptotic response, it is currently unclear whether A20 utilizes multiple mechanisms
to achieve effector function.

The TAX1BP1 adaptor, in addition to regulating A20 function in both anti-inflammatory
and antiviral pathways has also been shown to coordinate A20 anti-apoptotic activities [58].
Indeed, it was shown that antisense TAX1BP1 blocks the ability of A20 to inhibit cell death
in certain cell types, suggesting that TAX1BP1 and A20 function cooperatively to inhibit
apoptosis [58]. Because RIP1 K63-linked polyubiquitination is enhanced during TNFR1
stimulation in both A20 and TAX1BP1-deficient cells, and K63-linked polyubiquitination of
RIP1 has been shown to be a critical step in blocking the formation of the DISC complex
[59], it is not yet clear why cells lacking either A20 or TAX1BP1 are exquisitely sensitive to
cell death. Adding further complexity into the role of A20 in regulating cell survival is the
E3 ligase Itch. Although Itch cooperates with A20 and TAX1BP1 to terminate NF-xB
signaling [17], and was further shown to inhibit antiviral signaling [51], Itch does not inhibit
cell death but rather promotes the apoptotic response during death receptor signaling by
targeting the pseudo-caspase/DISC inhibitor c-FLIP [34]. Because Itch is important in
targeting RIP1 for proteasomal degradation following TNF receptor engagement, and RIP1
is also a component of the DISC complex, the connection between Itch, RIP1 and apoptosis
still requires further investigation.

A20 has also been recently linked to blocking autophagy, a form of programmed cell death
that operates independently of death receptors under nutrient deprivation or innate immune
activation [60]. During TLR4 or IL-1R activation, beclin-1 is subject to TRAF6-dependent
K63-linked polyubiquitination, thought to facilitate beclin-1 disassociation from the anti-
apoptotic protein Bcl-2, and further allow for self-association via its ubiquitin binding
domain, ultimately promoting the autophagic process [61]. In feedback inhibition, A20
targets beclin-1 for deubiquitination and consequently inhibits autophagosome formation
[61]. Although in vitro studies have suggested that A20 targets beclin-1 rather than TRAF6
to inhibit autophagy, the exact physiological substrate or target for A20 will require further
investigation since TRAF®6, and likely Ubc13/UbcHD5, are part of a beclin-1 containing
complex. Because TAX1BP1, Itch and RNF11 have been demonstrated to modulate A20
effector function in other signaling pathways, dissecting their roles in the autophagic process
may provide further insight into how A20 regulates this and other innate immune pathways.

7) Conclusions and Perspective

The important role of A20 in restricting inflammation is underscored by numerous
polymorphisms found within the A20 gene locus in nearly every human autoimmune disease
[62]. A20 is also an important tumor suppressor in both Hodgkin and non-Hodgkin subtypes
of B-cell lymphomas [63]. Although most studies have focused on the role of A20 in the
inhibition of NF-«B and inflammatory signaling, little is known about how A20 inhibits cell
death. This may be particularly relevant in certain cancers such as breast cancer or glioma
where A20 is overexpressed and exerts an anti-apoptotic effect [64,65]. In future studies,
determining the precise role and mechanisms by which A20 inhibits cell death promises to
be an exciting avenue of research.
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Figure 1. The role of A20 in the inhibition of NF-kB and antiviral signaling pathways

A) A20 inhibits TLR4-mediated NF-«xB activation by targeting TRAF6 for inactivation. A20
may directly disassemble K63-linked polyubiquitin chains from TRAF6 via its OTU
domain. In addition, A20 disrupts the interactions between TRAF6 and its E2 enzymes
Ubc13 and UbcH5, and later triggers the K48-linked polyubiquitination and degradation of
the E2 enzymes. A20 is dependent on the ubiquitin-binding adaptor molecule TAX1BP1 to
disrupt interactions between TRAF6 and its E2 enzymes Ubc13 and UbcH5. B) A20 inhibits
RIG-1-dependent antiviral signaling by disrupting TRAF3 binding to TBK1 and IKKg,
resulting in the inhibition of K63-linked polyubiquitination of TBK1 and IKKe. A20 also
requires TAX1BP1 to inhibit antiviral signaling.
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