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A B S T R A C T

A20, also known as TNFAIP3, is a potent regulator of ubiquitin (Ub) dependent signals. A20 prevents multiple
human diseases, indicating that the critical functions of this protein are clinically as well as biologically im-
pactful. As revealed by mouse models, cell specific functions of A20 are linked to its ability to regulate diverse
signaling pathways. Aberrant expression or functions of A20 in specific cell types underlie divergent disease
outcomes. Discernment of A20’s biochemical functions and their phenotypic outcomes will contribute to our
understanding of how ubiquitination is regulated, how Ub mediated functions can prevent disease, and will pave
the way for future therapeutic interventions.

1. A20 and the Ub mediated regulation of cellular processes

Protein ubiquitination is a post-translational modification that or-
chestrates diverse cellular functions. The prevalence of intracellular
ubiquitination events is expansive, and proteomic analyses reveal a
large fraction of the mammalian genome is dedicated to encoding Ub
associated and Ub interacting proteins [1–3]. Substrate proteins may be
modified by the addition of a single Ub (monoubiquitination) by an
enzyme complex that includes an E1 Ub activating enzyme, an E2 Ub
conjugating enzyme, and an E3 Ub ligase. These enzyme complexes can
further catalyze ubiquitination of substrate-conjugated Ub, resulting in
substrate polyubiquitination.
Interubiquitin linkages can conjugate in different topologies de-

pending on which of Ub’s seven lysines (e.g., K48, K63 polyubuiquitin)
or N-terminal Ub methionine (M1) is conjugated to the preceeding Ub
molecule [4–6]. This biochemical “Ub code” provides the cell with
profound post-translational plasticity. For example, while modification
of proteins with K48-linked polyubiquitin chains targets proteins for
proteolytic degradation, modification with K63-linked or M1-linked Ub
chains stimulates a wide array of protein–protein interactions, in-
cluding the recruitment of signaling proteins during signal transduction
[7]. The generation of distinct types of poly-Ub chains requires the
collaboration of specific combinations of E2 and E3 Ub ligase enzymes.
Meanwhile, the recognition of distinct types of poly-Ub chains requires
Ub sensor proteins that directly bind to specific types of Ub oligomers
[8]. Further complexity in the Ub code has been introduced by recent
evidence suggesting K63 linked Ub chains can also be used as a sub-
strate for building M1 linked Ub chains. The resulting “hybrid” Ub
chains may be integral for coordinating recruitment of diverse

combinations of Ub binding proteins [9–13]. Such heterotypic Ub
chains — conjugates with mixed or branched chains—modulate sig-
naling pathway output both spatially and temporally [14]. In summary,
the distinct and diverse types of Ub modifications mediate a broad
spectrum of protein–protein interactions that provide a cell’s ability to
dynamically regulate cellular processes, including receptor recycling,
signal transduction, cell cycle, transcription, and subcellular localiza-
tion. Correspondingly, the regulators of ubiquitination are critical for
preserving cellular and organismal homeostasis.
Given the diverse protein functions that Ub modification co-

ordinate, it is no surprise that misregulation of this process can lead to
numerous and disparate human diseases. The multitude of human dis-
eases that can be impacted by aberrant ubiquitination is prominently
exemplified by A20, also known as TNFAIP3. A20 is a unique Ub
modifying protein — exhibiting deubiquitinating, Ub E3 ligase, and Ub
binding activities — that has been linked to manifold human diseases.
This review focuses on how A20 expression and biochemical functions
impact disease outcomes, with a concentration on immune mediated
diseases.

2. A20’s links to human disease

A20, or TNFAIP3, is a remarkably potent regulator of Ub dependent
signals and of immune homeostasis. Among ubiquitination regulators,
A20 has garnered increasing attention because of its multiple links to
human disease [15,16]. Initially, genome wide association studies
(GWAS) linked single nucleotide polymorphisms (SNPs) in the A20
gene locus with the incidence of rheumatoid arthritis, systemic lupus
erythematosus (SLE), psoriasis, rheumatoid arthritis, celiac disease,
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inflammatory bowel disease (IBD), multiple sclerosis, scleroderma, and
asthma. Among disease associated susceptibility SNPs, putative causal
SNPs were shown to cause reduced A20 expression [17–19]. More re-
cently, it was shown that transgenic mice bearing human A20 genes
with susceptibility SNPs develop autoimmunity and arthritis [20]. In
addition, reductions in A20 expression have been observed in-
dependently of germline polymorphisms in both involved and unin-
volved tissues from psoriasis and asthma patients [21–24]. Reduced
A20 expression has also been correlated with disease and anti-TNF re-
sponsiveness in inflammatory bowel disease patients [25–27].
A20’s ability to protect against human disease has been further

amplified by recent descriptions of patients that carry heterozygous
loss-of-function mutations of A20 that present with Behcet-like dis-
orders, defining a new autoinflammatory syndrome termed A20 hap-
loinsufficiency (HA20) [28–31]. Over 45 cases of HA20 from diverse
geographic regions have been reported since the first report in 2016
[28,30]. Symptoms of HA20 patients commonly occur in early child-
hood, and include recurrent fever, oral, genital and/or gastrointestinal
ulcers, arthralgia, arthritis, autoimmune hepatitis, and cutaneous le-
sions. Germline inactivating A20 mutations have also been recently
found in patients presenting with early onset inflammatory bowel dis-
ease [32]. HA20 patients have been treated with immunosuppressive
therapies, including corticosteroids and biologic cytokine inhibitors
(anti-TNF, anti-IL-1, anti-IL-6) with variable effectiveness [31]. Inter-
estingly, promising results were observed using therapeutic approaches
directed by functional cytokine testing, suggesting that a more detailed
mechanistic understanding of HA20 disease will allow more effective
diagnosis and treatment of these patients.
Loss of A20 expression also leads to malignancies, especially B cell

lymphomas. Somatic biallelic somatic mutations of A20 are found in up
to 30% of human B lymphomas [33–36]. In addition, germline and
somatic genetic variations of A20 are observed in 77% of patients with
mucosa-associated lymphoma associated with primary Sjogren’s syn-
drome [36,37]. Furthermore, aberrant A20 expression has been sug-
gested to contribute to both the incidence and/or prognosis of a number
of non-hematopoietic malignancies [38–43].
Overall, these links between A20 and human disease provide com-

pelling evidence that understanding A20 function is not only biologi-
cally important, but also clinically impactful. The mechanisms by which
A20 may prevent human diseases are likely complex. Early studies in
fibroblasts linked A20 with the regulation of NF-κB signaling and with
the regulation of ubiquitination [44–46]. Both A20 and NF-κB can be
expressed in virtually all cell types. Additionally, Ub modifications
regulate signaling proteins beyond the NF-κB signaling cascades. Thus,
A20 regulates immune and non-immune functions via a wide array of
NF-κB-dependent and -independent mechanisms. As discussed below,
these functions have been most assiduously explored using mouse
models bearing targeted mutations of A20 alleles.

3. A20 and adaptive immunity

Most cell types express baseline levels of A20 protein that is further
induced by stimulation with a variety of ligands such as TNF that
trigger NF-κB signaling. The induction of A20 expression by pro-in-
flammatory signals suggests A20 is a negative feedback regulator of
inflammation. Spontaneous activation of multiple immune cell types
was first observed in globally A20 deficient (A20−/−) mice, leading to
multi-organ inflammation and perinatal death [46]. A20’s broad ex-
pression presented several potential non-cell-autonomous as well as
cell-autonomous mechanisms by which global A20 deficiency could
perturb immune homeostasis. The generation of mice lacking A20 in
specific cell lineages has helped clarify these mechanisms.
Mice lacking A20 in CD19+ B cells (LoxP-flanked A20 (A20FL) bred

to CD19-Cre mice) exhibited spontaneous B cell activation, expansion
of germinal center (GC) B cells, and production of autoantibodies
[47–49]. The accumulation of GC B cells was correlated with increased

NF-κB responses to CD40, increased Bcl-XL expression, and resistance to
Fas mediated cell death. The resistance of activated A20 deficient GC B
cells to undergo cell death may abrogate normal negative selection in
GCs, allowing survival of autoreactive B cells and secretion of auto-
antibodies. No gross defects in affinity maturation or class switching
have been reported to date. Whether A20 expression in B cells regulates
these functions remains an open question. The presence of auto-
antibodies and GC B cell expansion in heterozygous A20FL/+ CD19-Cre
mice showed that hypomorphic A20 expression in B cells confers
spontaneous autoimmunity and dose dependent NF-κB signaling re-
sponses [47]. The physiological impact of hypomorphic A20 expression
in mice provides experimental support for the importance of reduced
A20 expression in human tissues. Considered together with studies in-
dicating that A20 expression is tightly regulated via multiple tran-
scriptional, post-transcriptional, and post-translational mechanisms (to
be discussed later in this review), these observations revealed the im-
portance of finely tuned A20 expression in cells. Finally, A20 deficient B
cells elaborate more cytokines such as IL-6, and cause myeloid activa-
tion. These studies reveal cell autonomous mechanisms by which A20
deficiency in B cells compromises B cell tolerance and causes auto-
immunity.
Increased NF-κB signaling and survival of A20 deficient GC B cells

also provide critical insights into A20’s tumor suppressor function in
human B cell lymphomas. While A20’s ability to protect fibroblasts
from TNF induced cell death demonstrate its pro-survival function
[44,46], this pro-survival function aligns poorly with its tumor sup-
pressor function in B cells. The discovery that loss of A20 from B cells
increases their survival provides a mechanism explaining A20’s tumor
suppressor function. The apparent diametric affects of A20 in regulating
fibroblast versus B cell survival highlight the importance of studying
pleiotropically expressed proteins in cell specific fashion. They also
reinforce the notion that A20 restricts NF-κB responses via distinct
mechanisms from restricting cell death. Moreover, cellular integration
of activation and survival signals is known to vary at different stages
within lymphocyte development and activation, i.e., A20 may regulate
survival of resting B cells distinctly from activated B cells. Finally, al-
though B cell lymphomas have not been reported to date in A20FL/FL

CD19-Cre mice, histological studies of older mice revealed marked
perturbations of splenic architecture that resemble lymphomatous
states (Taveres and Ma, unpublished observations). Studies using mice
expressing collaborating B cell oncogenes might replicate multistep
carcinogenesis and further clarify the mechanisms by which A20 sup-
presses B cell tumorigenesis.
As in B cells, the functions of A20 in T cells include regulating NF-κB

responses as well as cellular survival. A20 deficient CD8+ T cells ela-
borate increased NF-κB responses and production of cytokines, leading
to enhanced tumor immunity [50]. Exaggerated NF-κB signaling of
these cells leads to increased IFNγ and TNFα expression as well as re-
duced PD-1 expression. Increased NF-κB responses are also observed in
A20 deficient CD4+ T cells, resulting in enhanced TCR-induced pro-
duction of IL-2 [51]. In contrast to activated B cells, activated A20-
deficient T cells exhibit increased sensitivity to cell death. These find-
ings again highlight the diverse outcomes associated with integration of
Ub dependent NF-κB and survival signals in distinct cell types. Recently
activated T cells require A20 to prevent RIP3 dependent necroptotic
death during experimental allergic encephalomyelitis (EAE) [51]. A20
also promotes CD4+ T cell survival via restriction of mTOR activity and
increased autophagy [52]. As RIP3 is not known to regulate NF-κB
signaling, A20’s regulation of RIP3 dependent death distinguishes A20’s
capacity to regulate NF-κB signals from its ability to regulate cell death.
T cell specific A20 expression supports secondary, but not primary,

T cell responses against Listeria monocytogenes [53]. These findings re-
inforce the notion that A20 dependent functions may be differentially
regulated at different stages of T cell differentiation. A20 also restrains
intrathymic differentiation of regulatory T cells (Tregs) and NKT dif-
ferentiation [54,55]. The degrees to which these phenotypes are due to
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A20’s regulation of NF-κB signaling or cell survival—or potentially
other cell biological functions—remain open questions. Overall, A20
exerts diverse influences on physiological T cell survival, differentia-
tion, and function. These T cell intrinsic functions regulate host auto-
immunity, anti-pathogen immunity, and anti-tumor immune responses.
Studies of A20 in T cells also unveiled an interesting post-transla-

tional mode of regulating A20 stability. This regulation implicated
MALT1, a protein that was identified from its frequent translocation in
mucosal associated lymphomas (MALT lymphomas), and whose over-
expression drives T cell activation and proliferation. MALT1 was found
to support T cell receptor (TCR) mediated activation of T cells by
functioning as a paracaspase to cleave A20 protein [56]. In addition,
MALT1 undergoes ubiquitination with K63-linked polyubiquitin chains,
and A20 removes these chains. Hence, MALT1 and A20 exhibit an in-
teresting post-translational cross-talk. Combined with NF-κB dependent
transcriptional induction of A20 expression, post-translational proteo-
lytic mechanisms provide dynamic negative feedback of TCR signaling.

4. A20 functions in innate immunity

Spontaneous inflammation, perinatal lethality, and enhanced NF-κB
signaling are the most prominent phenotypes in A20−/− mice. These
inflammatory phenotypes persist in A20−/− RAG-1−/− compound
mutant mice, indicating that A20 performs critical physiological func-
tions independently of adaptive lymphocytes [46]. T and B cell in-
dependent regulatory functions of A20 may broadly be partitioned into
regulation of innate immune cells or non-hematopoietic cells. Potent
inhibition of innate immune functions by A20 was initially demon-
strated by exaggerated LPS induced NF-κB and cytokine responses in
A20−/− bone marrow derived macrophages (BMDMs) [57]. A20 di-
rectly restricts both MyD88 dependent and TRIF dependent TLR signals
[58] as well as signals triggered by the intracellular microbial sensor
NOD2 [59]. The physiological importance of these activities is seen in
A20 mediated control of LPS induced circulatory “shock” in chimeric
mice bearing A20 deficient hematopoietic cells [57]. It is also evident in
the amelioration of spontaneous inflammation in A20−/− mice by
MyD88−/− deficiency [58].
Innate immune functions of A20 are evident in mice lacking A20

specifically in CD11c+ dendritic cells (DCs) [60–62]. A20 deficient DCs
are spontaneously activated in A20FL/FL CD11c-Cre mice, leading to
production of high levels of pro-inflammatory cytokines and activation
of B, T, and myeloid cells. Somewhat divergent phenotypes were ob-
served in independently generated A20FL/FL CD11c-Cre mouse strains.
In our lab, mice developed colitis and sero-negative ankylosing ar-
thritis—a symptom complex resembling human IBD and IBD-associated
spondyloarthritis [60]. Kool et al observed lymphosplenomegaly,
plasma cell expansion, and autoantibody production—features resem-
bling SLE [61]. These divergent phenotypes could be due to micro-
biome differences and/or to distinct targeting strategies. Overall, these
marked phenotypes indicate critical roles for DC A20 expression to
preserve basal immune homeostasis as well as to prevent autoimmune
and autoinflammatory disease. A20 deficiency in CD11c+ DCs elabo-
rate exaggerated amounts of cytokines such as IL-6, IL-12, TNF, and
BAFF that drive inflammation and abrogate T and B cell tolerance.
Mice bearing A20 deficient LysM-Cre+ myeloid cells (macrophages

and neutrophils) spontaneously develop arthritis that occurs in-
dependently of TNF, functional T and B cells, but requires MyD88
signaling [63]. NLRP3 inflammasomes cause arthritis in these mice as
deletion of NLRP3, caspase-1 or the interleukin-1 receptor ameliorate
disease pathology [64]. Similarly, A20 in CX3CR1-Cre+ myeloid cells
inhibits inflammasome dependent neuroinflammation [65]. Hence, A20
deficient macrophages drive arthritis via inflammasome products such
as IL-1β, IL-18, and/or pyroptotic death. Together with studies using
A20FL/FL CD11c-Cre mice, these studies highlight the critical im-
portance of A20 expression in myeloid cells. A20 likely also regulates
human myeloid cells, as HA20 patients express less A20 protein in

peripheral monocytes and respond to treatments with inhibitors of TNF
and IL-1 β. Hence, A20 dependent functions in innate immune cells
appear to be central mediators of human disease [28,30,31].
Mice lacking A20 expression in other innate immune cell types have

revealed additional functions for this pleiotropic protein. In each cell
type, the pathophysiological potential of these cells is highlighted by
releasing signals normally restricted by A20. Deletion of A20 from
brain-resident CX3CR1+ microglia leads to increased feeding behavior
due to microglial cross-talk with hypothalamic neurons [66]. Deletion
of A20 from IL-5 expressing intestinal cells (i.e., ILC2s) resulted in
spontaneous expansion of intestinal goblet cells and intestinal length-
ening [67]. While deletion of A20 from mast cells does not affect mast
cell degranulation, it leads to amplified pro-inflammatory responses
and aggravated models of experimentally induced arthritis and asthma,
indicating that hyperactive mast cells may exacerbate inflammatory
disorders [68]. The molecular mechanisms by which A20 functions in
these cell types remain unclear. Nevertheless, A20 expression in innate
immune cells clearly preserves immune homeostasis and prevents in-
flammatory and autoimmune pathology.

5. Non-hematopoietic functions of A20

A20 expression is induced in non-hematopoietic cells as well as
immune cells. The genetic association of A20 with a variety of distinct
autoimmune diseases—including diseases afflicting specific tissue-
s—prompted investigations of A20’s physiological functions in tissue
restricted cell types such as intestinal, lung, and skin epithelial cells.
A20 deficiency in villin-expressing intestinal epithelial cells (IECs)
renders mice susceptible to dextran sulfate sodium (DSS) [69]. This
defect also confers sensitivity of the intestinal tissue to non-in-
flammatory neoplastic transformation, a finding that correlates with
reduced A20 expression in human adenomatous and cancerous in-
testinal tissues [38]. While mice bearing A20 deficient IECs exhibit
minimal spontaneous disease, IEC-specific defects in A20 function can
collaborate with immune cell specific A20 defects to perturb tissue
homeostasis. A20FL/FL villin-Cre, LysM-Cre compound mutant mice
bearing A20 deficient IECs and A20 deficient macrophages exhibit in-
creased susceptibility to intestinal damage and cancer [70].
Marked synergy is observed in mice lacking A20 in combination

with partial or complete deficiency of A20 binding inhibitor of NF-κB-1,
or ABIN-1, selectively in IECs. Tamoxifen induced deletion of A20 and
ABIN-1 triggers spontaneous IEC death that causes uniform mouse
death within 72 hrs [71]. Tamoxifen induced deletion of only one copy
of ABIN-1 in conjunction with A20 deletion also leads to spontaneous
IEC and mouse death, and this epistatic interaction occurs despite the
fact that ABIN-1 protein levels are higher in A20FL/FL ABIN-1FL/+ than
in wild type cells. Hence, elevated levels of ABIN-1 are critical for the
survival of A20 deficient IECs, and ABIN-1 appears to partially com-
pensate for A20 in protecting IECs from cell death. Therefore, studies of
isolated A20 deficiency likely underestimate the importance of this
protein’s physiological functions.
A20 deficiency in lung epithelial cells confers sensitivity to house

dust mite induced disease, and A20 expression is reduced in primary
lung epithelial cultures from asthma patients [22]. The clinical re-
lationship between A20 expression and asthma may be related to early
life exposure to farm environs, suggesting that environmental ligands
might induce mucosal tolerance via A20 expression [22]. Decreased
A20 expression is also correlated with increased asthma incidence in
two distinct populations of inbred farming communities [72].
A20 deficiency in K14+ skin epithelial cells causes keratinocyte

hyperplasia and ectodermal abnormalities [73]. These mice also exhibit
sensitivity to imiquimod induced psoriasis [24]. Reduced A20 expres-
sion is also seen in the non-involved skin of psoriasis patients, further
validating the clinical relevance of these mouse models. Broadly, these
studies suggest that A20 functions in tissue epithelial cells may colla-
borate with A20 functions in immune cells to protect against disease.
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6. A20 beyond NF-κB signaling

Lineage specific studies of A20 have not only highlighted diverse
cell type specific functions for this protein, but have also expanded
A20’s cell autonomous functions. While A20’s capacity to prevent in-
flammation has largely been ascribed to its ability to restrict NF-κB
signaling, A20 also appears to regulate additional Ub dependent sig-
nals.
While cells with deficient NF-κB signals are more susceptible to

programmed cell death, A20 deficient fibroblasts and T cells are more
susceptible to cell death while exhibiting robust or exaggerated NF-κB
signaling. In addition, distinct cell populations exhibit variably in-
creased or decreased susceptibility to cell death, despite consistently
increased NF-κB responses. Hence, A20’s cell survival functions are
unlikely to be due entirely to exaggerated NF-κB signaling. While the
cell biological mechanisms by which A20 restricts cell death remain
incompletely understood, some clues are provided by the observations
that several death signaling proteins undergo physiological ubiquiti-
nation, and ubiquitinated death signaling complexes are dependent
upon A20. RIP1 kinase undergoes ubiquitination after TNFR ligation,
and RIP1 ubiquitination is enhanced after TNF stimulation of A20 de-
ficient fibroblasts [74]. However, RIP1 ubiquitination is thought to
support NF-κB signaling and to inhibit death promoting RIP1 kinase
activity [75]. Hence, increased cell death in these cells is probably not
due to disproportionate RIP1 ubiquitination versus RIP1 kinase activity.
It is possible that A20 restricts both RIP1 ubiquitination and RIP1 ki-
nase activity. In addition, as multiple types of polyubiqutin chains can
be attached to the same signaling molecules, it is also possible that
distinct types of polyubiqutin chains may be built on distinct RIP1 ly-
sines to alter cell death signaling.
Understanding how A20 regulates cell death has been augmented by

mass spectrometry (MS) studies in primary cells. For example, anti-Gly-
Gly antibody assisted MS studies of ubiquitinated peptides of A20 de-
ficient cells revealed that ubiquitination of RIP3 on the lysine at posi-
tion 5 occurs during caspase independent necroptosis. This ubiquiti-
nation event supports the formation of RIP1-RIP3 complexes and
necroptotic cell death [51]. Quantitative stable isotope labeling (SILAC)
MS experiments indicated that this specific ubiquitination event is
highly A20 dependent. As necroptosis is an inflammatory form of cell
death, exaggerated necroptosis in A20 deficient tissues could contribute
to their susceptibility to inflammation and disease.
A20 regulates additional ubiquitination signaling events in myeloid

cells. Activation of NLRP3 inflammasomes normally requires NF-κB
dependent transcriptional induction of pro-IL-1 β and NLRP3, followed
by ATP triggered assembly of these inflammasome components along
with ASC and caspase 1. However, A20 deficient macrophages process
and secrete mature IL-1 β without extracellular ATP, a phenomonen
described as “spontaneous” inflammasome activation [76]. Notably,
NF-κB induction of pro-IL-1 β is disconnected from IL-1 β cleavage and
secretion. Hence, spontaneous inflammasome activation in A20−/−

macrophages is not entirely due to exaggerated NF-κB signaling. In-
flammasome activation in these cells requires engagement of TRIF de-
pendent TLRs, and involves both caspase 1 and caspase 8. TRIF engages
RIP1; RIP1 binds RIP3; and spontaneous inflammasome activity in
A20−/− cells is entirely RIP3 dependent. Considered together with
A20’s role in regulating RIP1-RIP3 complexes during necroptosis, as
well as the ability of RIP3 deficiency to ameliorate perinatal lethality of
A20−/− mice, it is likely that A20 plays a critical role in regulating
RIP1 and RIP3 complexes. Studies of NLRP3 inflammasome induction
in A20−/− cells also revealed that pro-IL-1 β undergoes ubiquitination
on lysine 133, an event that supports pro-IL-1 β cleavage [76]. The
physiological importance of A20’s restriction of NLRP3 inflammasome
activation is evidenced by abrogation of arthritis in A20FL/FL LysM-Cre
mice by NLRP3, ASC, and caspase1/11 deficiency [64]. As inflamma-
somes are implicated in a number of experimental and clinical disease
models, restricting inflammasome activation is another mechanism by
which A20 can prevent disease.
Wnt ligands trigger β-catenin signals that support survival and

proliferation of stem cells. These ligands inhibit Skip-Cullen-F box (SCF)
dependent ubiqutination and degradation of β-catenin, thereby al-
lowing β-catenin translocation to the nucleus. A20 restricts Wnt in-
duced β-catenin signaling in IECs, and suppresses APC dependent
neoplastic transformation in vivo [38]. While the mechanism by which
A20 restricts Wnt signaling remains to be determined, this finding
amplifies A20’s tumor suppressor potential, and dovetails with the
clinical observation that A20 expression is reduced in adenomatous
intestinal tissues, and further reduced in intestinal carcinomas. Hence,
A20 restricts an array of Ub dependent signals that preserve immune
and tissue homeostasis.

7. Biochemical mechanisms by which A20’s mediates its functions

While A20 clearly regulates ubiquitination of multiple signaling
complexes, the precise biochemical mechanisms by which A20 per-
forms these functions remain surprisingly enigmatic and complex. The
A20 protein is a cysteine protease with de-ubiquitinating (DUB) activity
[45,57]. A20 also possesses seven zinc finger motifs that mediate
binding to at least two types of polyubiqutin chains, RIP1, IKKγ, TRAF2,
and a number of additional Ub dependent proteins (e.g., ABIN-1,
RNF11, TAX1BP1). Hence, A20 and its binding partners are extra-
ordinarily well equipped to regulate ubiquitinated signaling complexes
(Fig. 1).
A20’s DUB motif cleaves unanchored K48-linked [45,57] and K63-

linked polyubiquitin chains that are anchored to TRAF6 or RIP1
[57,74]. This activity is thought to remove “activating” K63 Ub chains
that support recruitment of downstream signaling molecules, broadly
parallel to the manner in which phosphatases reverse activating phos-
phorylation events. Knock-in mice bearing a point mutation of A20’s
catalytic cysteine are grossly normal but exhibit increased sensitivity to
DSS [77]. MEFs from these A20C103A mice exhibit increased RIP1

Fig. 1. Schematic representation of A20 protein. A20
can be divided into an N-terminal OTU (ovarian
tumor) domain and seven C-terminal Cys2-Cys2
(©©) zinc finger (ZF) domains. The catalytic cysteine
C103 in the OTU domain mediates A20’s deubiqui-
tinating activity [45,57,74,86]. A20’s DUB activity is
regulated by phosphorylation by IKKβ (purple
arrow) [87] that increases A20’s catalytic specificity
for K63 polyubiqutin chains [78]. A20’s ZF4 domain
(yellow square) and ZF7 domain (green square)
mediate binding to K63- and M1-polyubiquitin
chains, respectively. A20’s ZF4 may also directly (or

indirectly) mediate E3 Ub ligase activity to build K48 polyubiquitin chains on RIPK1 [74,78]. Knock-in mice bear inactivating mutations of A20’s hydrolase activity
(C103, green star) or ZF4-mediated polyubiquitin binding and/or E3 Ub ligase activities (Cys609Cys612, pink stars; Tyr599Phe600, blue stars). A20 forms a dimer
with critical dimerization residues in the OTU domain (green arrows) [77,88]. A20 is cleaved by MALT1 [56]. MALT1 cleavage sites (orange arrows) in human (h)
and mouse (m) are distinct.
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ubiquitination and modestly enhanced NF-κB responses after TNF sti-
mulation [77,78]. These findings confirm A20’s DUB activity upon
RIP1. However, A20C103A mice do not recapitulate the spontaneous
perinatal lethality observed in A20−/− mice [46,77–79]. Hence, A20
performs critical physiological functions independently of its DUB ac-
tivity. A20’s fourth zinc finger, ZF4, binds K63-linked Ub chains and
supports E3 ligase activity. Mice bearing knock-in mutations in this
motif, A20ZF4 mice, are grossly healthy for several months of age, and
exhibit sensitivity to DSS [77]. Like A20C103A cells, A20ZF4 cells exhibit
increased RIP1 ubiquitination and TNF induced NF-κB responses
[77,78]. These findings could be explained either by ZF4’s ability to
build degradative K48 Ub chains on RIP1 or by its ability to bind Ub
chains and recruit A20 or other DUBs to RIP1.
The unusual ability of A20 to exhibit both DUB and Ub E3 ligase

activity raised the possibility that A20 could function as an Ub editing
enzyme that exchanged one type of poly-Ub chain (e.g., K63 linked)
with another (e.g., K48 linked). However, A20’s C103 based DUB ac-
tivity can be physically separated from its ZF4 based activity in cell free
assays, and more importantly, A20C103A proteins can complement
A20ZF4 proteins in compound mutant A20C103A/ZF4 cells [77]. This
complementation occurs despite the fact that A20 proteins form dimers
and potentially higher order oligomers [77]. Thus, A20’s biochemical
activities are separable. A20’s C103 and ZF4 based motifs are also in-
tegral to A20’s ability to inhibit E2-E3 complex formation and limit
ubiquitination [80]. Inhibiting E2-E3 complexes provides an alternative
mechanism by which A20 may restrict ubiquitination of signaling
complexes. Finally, the relatively mild phenotypes of both A20C103A

mice and A20ZF4 mice compared with A20−/− mice suggests that A20
utilizes additional biochemical activities to prevent inflammatory dis-
ease. Such activities could be housed in other motifs, or could require
combinations of A20’s biochemical activities.

8. Outstanding questions/future areas for discovery

If A20 performs critical non-catalytic functions, then A20 may
partly function as an adaptor and/or scaffold protein. This function
could involve some of A20’s binding partners, several of which display
overlapping signaling functions with A20. For example, ABIN-1 and
TAX1BP1 share A20’s ability to restrict TNF and TLR induced NF-κB
responses as well as TNF induced cell death [81–85]. A20 would be an
unusual adaptor protein, as it is dynamically regulated at transcrip-
tional and post-transcriptional levels and as it harbors enzymatic ac-
tivities. In addition, the fact that ABIN-1 and TAX1BP1 lack known
enzymatic functions begs the question of how such A20 bearing com-
plexes regulate ubiquitinated signaling complexes. Overall, better de-
finition of the physiological functions of A20’s biochemical activities
should lead to better understanding of how Ub dependent signals are
regulated and how specific motifs might be targeted with small mole-
cules to achieve therapeutic benefits.
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