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Regulation of NF-kB signaling by the A20 deubiquitinase

Noula Shembade and Edward W Harhaj

The NF-kB transcription factor is a central mediator of inflammatory and innate immune signaling pathways. Activation of NF-kB is

achieved by K63-linked polyubiquitination of key signaling molecules which recruit kinase complexes that in turn activate the IkB

kinase (IKK). Ubiquitination is a highly dynamic process and is balanced by deubiquitinases that cleave polyubiquitin chains and

terminate downstream signaling events. The A20 deubiquitinase is a critical negative regulator of NF-kB and inflammation, since

A20-deficient mice develop uncontrolled and spontaneous multi-organ inflammation. Furthermore, specific polymorphisms in the

A20 genomic locus predispose humans to autoimmune disease. Recent studies also indicate that A20 is an important tumor

suppressor that is inactivated in B-cell lymphomas. Therefore, targeting A20 may form the basis of novel therapies for autoimmune

disease and lymphomas.
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INTRODUCTION

The NF-kB transcription factor is ubiquitously expressed and is

activated by diverse immune stimulatory ligands, including inter-

leukin-1b (IL-1b), tumor necrosis factor-a (TNF-a), bacterial lipo-

polysaccharide (LPS) and antigenic peptides. NF-kB forms various

combinations of homo- and heterodimers containing p50 (NF-kB1),

p52 (NF-kB2), RelA (p65), RelB and c-Rel.1 NF-kB subunits each

contain an approximately 300-amino-acid domain located in the

amino (N)-terminus known as the Rel homology domain. The Rel

homology domain confers DNA binding, nuclear localization and

dimerization of NF-kB proteins. Under resting conditions, NF-kB is

held inactive as a latent complex in the cytoplasm by the ankyrin

repeat domain containing inhibitor IkBa as well as other IkB family

members.2 In response to immune-activating stimuli or stress, IkBa

is phosphorylated by the IkB kinase (IKK) complex, which consists

of two catalytically active kinases, IKKa and IKKb, and a regulatory

subunit IKKc (NEMO).3 Phosphorylation of IkBa on serines 32 and

36 trigger its ubiquitination and proteasome-dependent degradation

thus allowing bound NF-kB dimers to translocate to the nucleus and

activate gene expression. The transcriptional activity of NF-kB must

be tightly regulated to curb persistent NF-kB activation that may

harm the host. IkBa is itself an NF-kB target gene and contributes to

the termination of NF-kB signaling in a negative feedback loop.4 A

number of other negative regulatory mechanisms, some of which

will be described later in this review, also function to inhibit NF-

kB and maintain homeostasis.

It has become clear that ubiquitination of key signaling molecules

plays a central role in the activation of IKK and NF-kB. Ubiquitin is

covalently attached to lysine residues on protein substrates and either

triggers proteasomal degradation, protein trafficking, signal transduc-

tion or the DNA damage response. Ubiquitination involves a three-step

enzymatic reaction catalyzed by three classes of proteins: E1 ubiquitin-

activating enzymes, E2 ubiquitin-conjugating enzymes and E3 ubiquitin

ligases.5 The E1 enzyme activates ubiquitin via adenosine triphosphate

and forms a thioester linkage between the catalytic cysteine of the E1

and the carboxy (C)-terminal glycine of ubiquitin. The activated ubi-

quitin is then transferred to a specific E2 ubiquitin-conjugating enzyme

forming an E2 ubiquitin thioester. The E3 ubiquitin ligase then con-

jugates ubiquitin to a lysine residue in the substrate in the final step of

ubiquitination. There are over 600 E3 ubiquitin ligases in humans that

are classified into different groups, such as homologous to E6-

associated protein C-terminus (HECT) and really interesting new gene

(RING). The E3 ligase is thought to confer specificity to ubiquitination

and directly contacts the substrate, although the mechanism of ubiqui-

tin transfer differs among the E3 ligase groups. For example, HECT E3

ligases directly transfer the ubiquitin to substrates, whereas RING ligases

function as scaffolds and coordinate transfer together with the E2

enzyme.6

Polyubiquitination of proteins occurs when ubiquitin molecules are

linked to one another via internal lysine residues to form chains. There

are seven potential lysine (K6, K11, K27, K29, K33, K48 and K63)

residues in ubiquitin that may participate in chain linkage formation.7

In addition, ubiquitin molecules may be assembled into linear chains

whereby the carboxy and amino termini of ubiquitin molecules are

linked.8 Linear polyubiquitination has emerged as an important regu-

lator of NF-kB activation by multiple stimuli although the precise role
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of linear ubiquitin chains in these pathways is not well understood.9

An E3 ligase complex termed LUBAC (linear ubiquitin chain assembly

complex) containing two RING finger proteins, HOIL-1L and HOIP,

and a third subunit known as SHARPIN, catalyzes linear polyubiqui-

tin chains and is important for NF-kB activation in multiple inflam-

matory pathways.8,10

In addition to linear polyubiquitination, both K48- and K63-linked

polyubiquitin chains also play important roles in NF-kB signaling.

K48-linked polyubiquitin chains trigger proteasomal degradation of

substrates, whereas K63-linked polyubiquitin chains generally regu-

late nonproteolytic functions such as receptor trafficking, kinase

activation, signal transduction and the DNA damage response.5,7

The E2 enzyme Ubc13, together with Uev1a, is specific for the syn-

thesis of K63-linked polyubiquitin chains, although UbcH5 may also

function as an E2 for K63-linked ubiquitination.11,12 The roles of other

ubiquitin linkages such as K6, K11, K27, K29, or K33 are poorly

understood, although K11-, K27- and K29-linked polyubiquitin

chains may also promote protein degradation.13,14

The proinflammatory cytokine TNF is a potent activator of NF-kB.

TNF binding to TNF receptor 1 (TNFR1) triggers trimerization of the

receptor and recruitment of the signaling molecule TRADD to the

death domain of the receptor. TRADD serves as a platform for binding

to the adaptor molecule RIP1 and the E3 ligases TRAF2, cIAP1/2 and

LUBAC.15 RIP1 then becomes modified with K63-linked and linear

polyubiquitin chains which function as scaffolds to recruit ubiquitin-

binding domain protein complexes.16,17 The ubiquitin-binding adap-

tors TAB2/TAB3 and NEMO recruit the kinases TAK1 and IKK,

respectively, to ubiquitinated RIP1 to enable TAK1 to phosphorylate,

and hence activate IKKb.18–20 A similar paradigm exists in other NF-

kB pathways, such as IL-1R/TLR4 signaling.

IL-1b or LPS binding to IL-1R or TLR4, respectively, results in the

rapid association of the adaptor molecule Myd88 with the receptors

and subsequent recruitment of the kinases IRAK1 and IRAK4.21

Activation and phosphorylation of IRAK kinases leads to the recruit-

ment of the E3 ubiquitin ligase TRAF6 which undergoes K63-linked

autoubiquitination and serves as a scaffold to recruit TAK1 and IKK

kinases through binding to TAB2/3 and NEMO, respectively.21 TAK1

is subsequently activated and triggers IKK/NF-kB and mitogen-

activated protein kinase/c-Jun N-terminal kinase activation.22

Ubiquitination can be reversed by deubiquitinating enzymes

(DUBs) or deubiquitinases that cleave ubiquitin molecules and there-

fore disassemble polyubiquitin chains from the substrate. The human

genome contains nearly 100 DUBs, subdivided into five families based

on sequence and structural similarity: ubiquitin-specific proteases,

ubiquitin C-terminal hydrolases, ovarian tumor proteases (OTUs),

Machado–Joseph disease protein domain proteases and JAMM/

MPN domain-associated metallopeptidases (JAMMs).23 The ubiqui-

tin carboxy-terminal hydrolase, ubiquitin-specific protease, OTU and

Josephin DUBs function as cysteine proteases, and JAMMs are zinc

metalloproteases.24,25 Many DUBs harbor ubiquitin-binding motifs,

such as the zinc finger ubiquitin-specific protease domain, the ubiqui-

tin-interacting motif and the ubiquitin-associated domain.26 These

motifs likely coordinate the recognition and the recruitment of ubi-

quitinated substrates to ensure specificity and tight control.

Given the central role of ubiquitination in NF-kB signaling path-

ways, it is not surprising that DUBs play a critical role in the inhibition

of NF-kB pathways. The two most prominent and best studied DUBs

that regulate NF-kB are cylindromatosis (CYLD) and A20.27 Both

CYLD and A20 are key inhibitors of NF-kB and are important for

homeostatic control of NF-kB and inflammation. The role of CYLD in

the inhibition of NF-kB has been reviewed elsewhere,28 and the main

focus of this review article will be on A20 inhibition of NF-kB.

A20 INHIBITION OF NF-kB SIGNALING

A20 (also known as TNFAIP3) was first discovered in 1990 as a cyto-

kine-induced gene in human umbilical vein endothelial cells.29 It was

also found that multiple NF-kB activating stimuli induce A20 expres-

sion via NF-kB sites in the A20 promoter.30,31 Although A20 was

initially described as an inhibitor of TNF-induced cell death,32 sub-

sequent studies showed that overexpression of A20 inhibited NF-kB

activation in response to different stimuli.33,34 In the TNFR pathway,

A20 was found to interact with the E3 ligase TRAF2 and inhibit

TRAF2-induced NF-kB activation.34 Similarly, A20 also inhibited

NF-kB activation triggered by RIP1 overexpression.35 These initial

studies suggested that A20 may be targeting upstream receptor prox-

imal molecules to regulate NF-kB signaling. Indeed, A20 also inter-

acted with the E3 ligase TRAF6 and inhibited IL-1-induced NF-kB

activation at the level of TRAF6.36

Mice lacking A20 were generated shortly thereafter and provided

important insight into the biological role of A20. A20-deficient mice

died prematurely as a result of spontaneous multi-organ inflam-

mation and cachexia.37 These mice also exhibited a profound defect

in resolving acute inflammatory responses and succumbed to expo-

sure to sublethal doses of LPS.37 Mechanistic studies performed in

A20-deficient mouse embryonic fibroblasts (MEFs) indicated a defect

in the termination of TNF-induced IKK and NF-kB activation.37

Thus, A20 is an important negative feedback regulator of NF-kB

essential for immune homeostasis.

Despite the important insight into A20 function from initial studies

with A20-deficient mice, it was still yet to be elucidated how A20

inhibited NF-kB. A20 was subsequently found to contain an OTU

DUB domain embedded in its N-terminus.38,39 Overexpression of

A20, but not a catalytically inactive DUB mutant, inhibited both

RIP1 and TRAF6 ubiquitination.39,40 A20 also contains seven C-

terminal zinc finger domains, one of which functions as an E3 ligase.

Taken together, A20 functions as a ubiquitin-editing enzyme in the

TNFR pathway by first cleaving K63-linked polyubiquitin chains on

RIP1 followed by catalysis of K48-linked chains via the fourth zinc

finger (ZnF4) to trigger proteasomal degradation of RIP1 (Figure 1).39

The DUB and E3 ligase activities likely function in a sequential man-

ner, although the degradation of RIP1 does not occur until several

hours after TNF stimulation, at which time NF-kB signaling is largely

inhibited.

Thus far, the ubiquitin-editing function of A20 has only been

described in the TNFR pathway. In the IL-1R/TLR4 pathways, A20

blocks TRAF6 ubiquitination, although it does not trigger its degra-

dation, in contrast to the TNFR pathway where RIP1 is degraded.

Therefore, A20 either inhibits IL-1R/TLR4 solely via its DUB

domain, or alternative mechanisms exist. We have described such

an alternative mechanism that occurs independently of the catalytic

function of A20, whereby A20 targets E3 ligases and disrupts the

interactions between E2:E3 ubiquitin enzyme complexes.41 A20 is

recruited to the E3 ligases TRAF6, TRAF2 and cIAP1/2, and disrupts

their binding with the E2 enzymes Ubc13 and UbcH5c, and further-

more triggers the ubiquitination and degradation of the E2 enzymes

at later time points after stimulation (4–6 h) (Figure 2).41 Therefore,

it appears that A20 utilizes distinct mechanisms to inhibit NF-kB

activation in different pathways.

A20 contains seven zinc finger domains, one of which (ZnF4)

appears to function as an E3 ligase domain.39 Interestingly, structural
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studies have revealed that ZnF4 interacts with mono-ubiquitin and

K63-linked polyubiquitin chains.42 Therefore, ZnF4 may participate

in the recognition of ubiquitinated A20 substrates. The zinc finger

domains of A20 may also be involved in targeting A20 to a mem-

brane-associated compartment where it targets certain substrates such

as TRAF2 for lysosomal degradation.43 This function of A20 was

restricted to zinc fingers 6–7, although redundancy with adjacent zinc

fingers was observed, consistent with other studies showing that some

of the A20 zinc fingers are functionally redundant.44

Recently, a study by the Chen group reported that A20 inhibits IKK

by a noncatalytic mechanism. When overexpressed in 293 cells, A20

inhibits TNF-induced IKK activation without reducing RIP1 ubiqui-

tination.45 The A20 DUB mutant (C103A) inhibited IKK activation as

effectively as wild-type A20 in this system. A20 inhibition of IKK was

dependent on A20 binding to NEMO which was induced by K63-

linked polyubiquitin chains.45 The binding of A20 with NEMO

occurred rapidly upon IL-1 stimulation (2–5 min) in HeLa cells.45

Therefore, the polyubiquitin chains that serve to activate IKK also

serve a dual function in its negative regulation by the recruitment of

A20 to NEMO. The interaction of A20 with NEMO blocked the phos-

phorylation of IKK by TAK1. Interestingly, A20 zinc fingers 4 and 7

interacted with ubiquitin and were important for the inhibition of NF-

kB consistent with prior studies.42 How can these results be reconciled

with previous studies that clearly showed that A20 functions upstream

of IKK?39,41 Why would A20 need to inhibit multiple targets in the

same pathway, particularly those downstream of its other well estab-

lished targets? It is important to note that A20 is not expressed (or

expressed at very low levels) in most cell types but is induced within

30–60 min upon NF-kB activation. Therefore, caution must be taken

upon overexpression studies with A20 or the use of transformed cell

lines where the expression of A20 may be dysregulated. The findings by

Chen and colleagues suggest that A20 forms a complex with NEMO

within minutes of ligand binding to the receptor, leading to inhibition

of IKK via a noncatalytic mechanism. Therefore, this model may be

more relevant in T and B lymphocytes where the basal levels of A20 are

high.46 Taken together, it has become increasingly clear that A20 may

inhibit NF-kB independently of its deubiquitinase activity, although

additional studies are clearly needed to further test and refine the

different models of A20 inhibition of NF-kB.

A20 REGULATION OF INNATE AND ADAPTIVE IMMUNITY

As mentioned earlier, Tnfaip3–/– mice develop spontaneous multi-

organ inflammation that leads to premature lethality.37 Tnfaip3–/–

mice on a Rag1–/– background still developed spontaneous inflam-

mation, indicating that adaptive lymphocytes were not essential for

the uncontrolled inflammatory response,37 although hematopoietic

Figure 1 Mechanisms of NF-kB inhibition by A20 in the TNFR1 signaling pathway. A20 is induced by NF-kB in the TNFR1 pathway and functions in a negative

feedback loop. The A20 adaptor molecule TAX1BP1 is phosphorylated on Ser593 and Ser624 by IKKa which nucleates the A20 ubiquitin-editing complex and is

essential for interactions between TAX1BP1, Itch, RNF11 and A20. The A20 ubiquitin-editing complex inhibits RIP1 K63-linked polyubiquitination to terminate NF-kB

signaling downstream of TNFR1. IKK, IkB kinase; RNF11, ring finger protein 11; TAX1BP1, Tax1-binding protein 1; TNFR1, TNF receptor 1.
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cells were clearly involved.47 Signals from TNF were similarly dis-

pensable for the inflammation in Tnfaip3–/– mice, and A20 potently

inhibited TLR signaling in macrophages.40 Consistent with these

observations, homeostatic TLR signaling dependent on the Myd88

adaptor was dysregulated in A20-deficient mice.47 The homeostatic

Myd88-dependent signals were derived from commensal intestinal

bacteria since treatment of Tnfaip3–/– mice with broad spectrum

antibiotics reduced systemic inflammation and prevented cach-

exia.47 A20 is therefore a critical regulator of immune homeostasis

and TLR signaling in vivo.

Conditional A20 knockout mice have revealed important and sur-

prising roles of A20 in different tissues. Mice lacking A20 in B cells

(Tnfaip3fl/flCD19-Cre) developed autoimmune disease similar to

systemic lupus erythematosus and exhibited autoantibody produc-

tion.48–50 B cells deficient in A20 were hyper-responsive to B cell-

activating stimuli and had much greater activation of NF-kB which

led to enhanced proliferation and survival.48 Tnfaip3fl/flCD19-Cre

mice had increased levels of proinflammatory cytokines such as IL-6

which contributed to a loss of B-cell tolerance coupled with an expan-

sion of myeloid and effector T cells.48,49 Thus, A20 expressed in the

B-cell compartment is essential for B-cell homeostasis and the preven-

tion of autoimmunity.

Deletion of A20 in dendritic cells (DCs) and myeloid cells also results

in autoimmunity. Mice lacking A20 in DCs (Tnfaip3fl/flCD11c-Cre) did

not develop severe multi-organ inflammation observed in Tnfaip3–/–

mice, but rather exhibited splenomegaly, lymphadenopathy and auto-

immune diseases such as colitis and spondyloarthritis.51 These mice

also displayed characteristic features of autoimmunity such as autoanti-

body production and nephritis.52 A20-deficient DCs spontaneously

matured, were hyper-responsive to TLR ligands and produced greater

amounts of cytokines such as IL-6 and TNF.51,52 Knockdown of A20

with small interfering RNA in DCs also enhanced DC maturation and

activation.53 The loss of A20 in DCs also has a profound effect on other

immune cell populations, and their activation since A20-deficient DCs

trigger the expansion of myeloid and lymphoid cells and the aberrant

activation of T and B lymphocytes.51,52 Tnfaip3fl/flCD11c-Cre mice

developed spontaneous inflammatory bowel disease that was medi-

ated by activated T lymphocytes.51 Young (2–3 months of age)

Tnfaip3fl/flCD11c-Cre mice were also more susceptible to dextran

sodium sulfate-induced colitis.51 A20 also plays a role in human

inflammatory bowel disease, since genome wide association studies

have identified single-nucleotide polymorphisms in human A20 asso-

ciated with Crohn’s disease.51 Indeed, mucosal biopsies from Crohn’s

disease patients revealed aberrantly low A20 expression, suggesting that

Figure 2 Mechanisms of NF-kB inhibition by A20 in IL-1R/TLR4 signaling pathways. A20 is induced by NF-kB downstream of IL-1R/TLR4. TAX1BP1 cooperates with

A20 to disrupt the interactions between the E3 ligase TRAF6 and the E2 enzymes Ubc13 and UbcH5c upon IL-1R/TLR4 stimulation. At later times, A20 conjugates

K48-linked polyubiquitin chains on the E2 enzymes to trigger their proteasomal degradation. TAX1BP1, Tax1-binding protein 1.
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polymorphisms that decrease A20 expression may predispose indivi-

duals to Crohn’s disease.54

Further insight into the role of A20 in preventing inflammatory

bowel disease has been obtained by the generation of mice with specific

deletion of A20 in intestinal epithelial cells (Tnfaip3fl/flVillin-Cre).55

These mice did not develop spontaneous colitis, but were more

susceptible to dextran sodium sulfate-induced colitis.55 Since

Tnfaip3fl/flVillin-Cre mice on a TNFR1-deficient background developed

less severe colitis, it appears that a key function of A20 in enterocytes is

to restrict TNFR signaling.55 However, intestinal epithelial cells lacking

A20 were more sensitive to TNF-dependent apoptosis, resulting in

impaired intestinal barrier function and subsequent commensal bac-

teria infiltration and systemic inflammation.55 Therefore, A20 is a key

anti-apoptotic protein in intestinal epithelial cells that maintains epi-

thelial barrier integrity and homeostasis. A20 also promotes intestinal

epithelial barrier integrity and maintains homeostasis by a distinct

mechanism involving deubiquitination of the tight junction protein

occludin.56

Mice lacking A20 specifically in the myeloid compartment

(Tnfaip3fl/flLysM-Cre) also developed autoimmune disease, although

in this case the mice had spontaneous destructive polyarthritis.57

Tnfaip3fl/flLysM-Cre mice exhibited elevated serum levels of inflam-

matory cytokines TNF, IL-1b, IL-6 and MCP-1 that was also mirrored

in joint tissue.57 A20-deficient peritoneal macrophages displayed

enhanced LPS-induced IkBa degradation and TNF secretion.57 The

autoimmunity and pathology in Tnfaip3fl/flLysM-Cre mice was

dependent on IL-6 and the TLR4-Myd88 pathway, but independent

of TNF.57 In humans, genome wide association studies have identified

variants of the A20 locus, as well as other NF-kB regulatory genes such

as TRAF1 and CD40 that are associated with rheumatoid arthritis.58

A20 has also been deleted in keratinocytes by crossing Tnfaip3fl/fl

mice with transgenic mice expressing Cre under the control of the

keratin 14 (K14) gene promoter (Tnfaip3fl/flK14-Cre).59 Interestingly,

these mice do not develop pronounced skin inflammation but exhibit

keratinocyte hyperproliferation and developmental abnormalities

such as disheveled hair and abnormal ectodermal appendages59

Thus, the predominant function of A20 in keratinocytes is to oppose

NF-kB in the ectodysplasin receptor pathway that regulates append-

age development and skin homeostasis.59

A20 also regulates NF-kB signaling by the pattern recognition

receptor NOD2 (nucleotide-binding oligomerization domain con-

taining 2) which recognizes muramyl dipeptide, a peptidoglycan con-

stituent. A20 inhibits NOD2 signaling by deubiquitinating the adaptor

RIP2 (also known as RICK) to block downstream NF-kB signal-

ing.60,61 Macrophages lacking A20 show increased muramyl dipeptide-

induced RIP2 K63-linked polyubiquitination and downstream NF-kB

activation.61 Thus, A20 targets RIP2 ubiquitination to restrict NOD2-

dependent signaling.

Although A20 is inducible by proinflammatory cytokines in most

cell types, the regulation of A20 differs in lymphocytes. T lymphocytes

express high basal levels of A20 that diminish upon T-cell activation.46

Nevertheless, A20 inhibits antigen receptor signaling to NF-kB in both

T and B lymphocytes downstream of protein kinase C. Carma1 (also

known as CARD11), Bcl10 and MALT1 form a signaling complex in T

and B cells known as ‘CBM’ that relays signals from protein kinase C

to IKK and NF-kB activation.62 MALT1 undergoes K63-linked poly-

ubiquitination by TRAF6 in response to TCR stimulation and this

event is antagonized by A20 via its DUB domain.63 MALT1 is a para-

caspase and mutually regulates A20 by cleavage at Arginine 439 to

impair its NF-kB inhibitory function.64 Therefore, the balance of A20

inactivation and MALT1 ubiquitination likely determines the thresh-

old of TCR-induced NF-kB activation. The regulation of MALT1 by

A20 has largely been studied in T lymphocytes although A20 clearly is

a negative regulator of BCR-induced NF-kB activation.49

REGULATION OF A20 BY ACCESSORY PROTEINS

In vitro studies conducted with recombinant A20 have indicated that

A20 does not efficiently hydrolyze K63-linked polyubiquitin chains,

but instead has a preference for K48-linked polyubiquitin chains.65

Therefore, A20 may rely on accessory proteins to provide specificity

for K63-linked chains in vivo. One such protein is TAX1BP1 (Tax1-

binding protein 1), a molecule that was identified in yeast two-hybrid

screens as an interacting protein of human T cell leukemia virus type 1

(HTLV-1) Tax, A20 and TRAF6.66–68 Initial studies with TAX1BP1

suggested that it cooperates with A20 to inhibit cell death, although the

mechanisms were unclear.67 Tax1bp1–/– mice were generated and

showed an impairment in resolving acute and homeostatic inflam-

mation, although the inflammation was not as severe as Tnfaip3–/–

mice and was mainly restricted to the heart and skin.69 Tax1bp1–/–

macrophages and fibroblasts activated NF-kB persistently in response

to proinflammatory cytokines indicating a defect in the termination of

NF-kB signaling.69,70 TAX1BP1 inhibits NF-kB upstream of IKK since

TRAF6 and RIP1 K63-linked ubiquitination were more pronounced

in LPS and TNF-stimulated Tax1bp1–/– MEFs.41,70 TAX1BP1 was also

essential for interactions between A20 and its substrates TRAF6 and

RIP1 in the IL-1R/TLR4 and TNFR pathways respectively.69,70

Therefore, TAX1BP1 serves as a bona fide adaptor molecule for A20,

consistent with previous studies that show that TAX1BP1 interacts

with A20 and mediates its anti-apoptotic function.67

In addition to TAX1BP1, there are also other components of the

A20 ubiquitin-editing complex that are essential for the function of

A20. Itch (also known as AIP4) and RNF11 (ring finger protein 11) are

E3 ligases that interact with each other and also both regulate A20.71

Itch contains several WW domains, a modular domain with conserved

tryptophan residues that mediates interactions with proline-rich

peptide-motifs 72 Itch interacts with TAX1BP1 in a TNF and IL-1-

dependent manner via two ‘PPXY’ motifs (where P5Proline, X5any

amino acid and Y5tyrosine) located within the zinc finger motifs in

TAX1BP1.73 Thus, TAX1BP1 recruits Itch to the A20 complex where

Itch somehow facilitates TAX1BP1 and A20 with the binding and/or

degradation of substrates. Itch-deficient MEFs phenocopy Tax1bp1–/–

MEFs since NF-kB signaling is persistent upon LPS or TNF stimu-

lation.73 The E3 ligase activity of Itch is also essential for NF-kB

inhibition and Itch is important for the TNF-induced degradation

of RIP1 which was impaired in Itch-deficient MEFs.73 Notably, Itchy

mice (Itch knockout mice) also exhibit spontaneous inflammation

and succumb to uncontrolled pulmonary inflammation.74

The RING domain E3 ligase RNF11 regulates tumor growth factor-

b signaling by interactions with multiple signaling pathway compo-

nents.75,76 As mentioned earlier, Itch interacts with RNF11 and also

ubiquitinates RNF11, suggesting that Itch may regulate RNF11 func-

tion.77 RNF11 was also shown to interact with A20, TAX1BP1 and

NEMO by yeast two-hybrid screening suggesting its potential involve-

ment in NF-kB signaling.78 Indeed, silencing of RNF11 by RNAi

potentiated NF-kB activation indicating its role as a negative regulator

of NF-kB.79 RNF11 interacts with TAX1BP1 and Itch upon TNF

stimulation and is required for targeting of A20 to RIP1.79 The

‘PPXY’ and RING domains of RNF11 are both essential for inhibition

of NF-kB, although it remains unclear what the exact substrates of

RNF11 are in NF-kB signaling. Regardless, RNF11 plays an important
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role in the termination of NF-kB signaling by regulating A20 in

the context of a ubiquitin-editing complex. Generation of RNF11-

deficient mice will be important to confirm its role as a regulator of

A20 and NF-kB.

A number of other A20 interacting proteins have also been shown to

inhibit NF-kB activation. ABIN1 (A20 binding inhibitor of NF-kB 1)

was originally identified in a yeast two-hybrid screen as an A20-inter-

acting protein which inhibits NF-kB when overexpressed.35,80 There is

evidence that ABIN1 recruits A20 to NEMO as a mechanism to inhibit

NF-kB.81 However, MEFs derived from ABIN1 knockout mice did not

have any major defects in NF-kB regulation, suggesting that ABIN1

may have a tissue-specific role in NF-kB inhibition or there may be

redundancy with other ABIN molecules (ABIN2 and ABIN3).82 It is

also possible that ABIN1 regulates other TLR-associated inflammatory

pathways such as CCAAT/enhancer-binding protein b.83 Regardless,

ABIN1 appears to be an important negative regulator of TLR signal-

ing, since ABIN1-deficient mice developed a progressive lupus-like

inflammatory disease and died prematurely.83 A similar phenotype

was observed in ABIN1 knock-in mice with a disrupted ubiquitin-

binding domain.84,85

The 14–3–3 proteins also interact with A20 and may modulate the

localization of A20 via chaperone activity.86,87 However, 14–3–3 does

not appear to regulate NF-kB suggesting that binding to A20 is for a

distinct purpose.87 YMER (also known as CCDC50) was also reported

to interact with A20, inhibit NF-kB and interact with ubiquitin via a

ubiquitin-binding domain.88 However, YMER-deficient mice will be

needed to firmly establish its role as an A20 and NF-kB regulator.

Since A20 inducibly interacts with a number of accessory proteins

(TAX1BP1, Itch, RNF11) to assemble the A20 ubiquitin-editing com-

plex upon TNF or IL-1 stimulation, it is likely that a common signaling

protein in these pathways regulates the assembly of this complex.

Indeed, we recently reported that IKK phosphorylates TAX1BP1 on

two serine residues to trigger the nucleation of the A20 ubiquitin-

editing complex (Figure 1).89 Surprisingly, the IKKa (but not IKKb)

subunit of IKK was essential for TAX1BP1 phosphorylation and the

termination of TNF- and IL-1-induced NF-kB signaling.89 This find-

ing is consistent with prior studies performed with IKKa-deficient

mice and Ikka–/– macrophages, showing that IKKa was an essential

negative regulator of inflammation and canonical NF-kB signal-

ing.90,91 Exactly how TAX1BP1 phosphorylation nucleates the A20

ubiquitin-editing complex is unclear, but it is reasonable to predict

that a conformational change is triggered by the phosphorylation. IKK

also directly phosphorylates A20, although it is the IKKb subunit that

phosphorylates A20 on Ser381.92 A20 phosphorylation promotes NF-

kB inhibition although the mechanism is unclear.

THE ROLE OF A20 IN CANCER

NF-kB is persistently activated in most cancers and confers a survival

advantage to cancer cells leading to resistance to chemotherapy and

radiation therapies. It is now clear that genetic loss of key NF-kB

inhibitors such as A20 may predispose to certain lymphoid malignan-

cies. Indeed, A20 is commonly deleted in several subtypes of B-cell

lymphomas (about 40%) including marginal zone lymphoma, diffuse

large B-cell lymphoma, follicular lymphoma, MALT lymphoma and

Hodgkin lymphoma.93–97 Not surprisingly, persistent NF-kB activa-

tion is a hallmark of all of these malignancies. A20 is inactivated in

lymphomas by either point mutations, deletions or epigenetic inac-

tivation by promoter methylation.96 Loss of A20 has also been found

in Sezary syndrome, a cutaneous T-cell lymphoma.98 The paracaspase

MALT1, which cleaves A20, may serve as a therapeutic target for B-cell

lymphomas, since inhibitors of MALT1 catalytic activity suppress NF-

kB activation and rescue A20 cleavage in DLBC lymphomas of the

activated B-cell type.99 Whether MALT1 inhibitors will have efficacy

for the treatment of tumors genetically inactivated for A20 is unclear.

In the context of oncogenic virus infection (Epstein–Barr virus) in

Hodgkin lymphoma, much fewer mutations in A20 were observed

suggesting that the virus may have a mechanism to inactivate A20.97

In fact, this may be a common feature for oncogenic viruses, since the

HTLV-1 Tax oncoprotein blocks TAX1BP1 phosphorylation to

inhibit A20 function.89 Viral inactivation of A20 further underscores

its important tumor suppressor role in lymphoid cells.

The role of A20 in solid tumors is more complicated and is likely

tissue- and context-specific, since A20 may be oncogenic in certain

solid tumors such as breast carcinoma and glioma. In these cancers,

the anti-apoptotic function of A20 may have been usurped in the

pathway to tumorigenesis. A20 is overexpressed in aggressive breast

carcinomas lacking expression of the estrogen receptor or progester-

one receptor or in high-grade tumor samples.100 A20 protects against

cell death in the breast cancer cell line MCF-7 treated with tamoxi-

fen.100 A20 is similarly overexpressed in gliomas and also appears to

function as an oncogene. RNAi-mediated knockdown of A20 in

glioma cells reduced proliferation, promoted cell cycle arrest and trig-

gered cell death.101 Interestingly, A20 was also overexpressed in glioma

stem cells and played a role in cell survival, self-renewal and tumor-

igenesis.102 Although A20 may potentially serve as a therapeutic target

in breast cancer or glioma, systemic inhibition of A20 may have dele-

terious consequences on immune homeostasis as we have learned

from studies with knockout mice.

CONCLUDING REMARKS AND OUTSTANDING QUESTIONS

In conclusion, the A20 deubiquitinase is a key negative regulator of

NF-kB signaling that is essential for maintaining immune homeostasis

and downregulating inflammation. However, it is important to con-

sider that in addition to A20, there are a number of other DUBs that

regulate NF-kB, most notably CYLD.103 Since A20 and CYLD share a

number of substrates such as RIP1, what are the key determinants for

specificity? It is likely that adaptor molecules, such as TAX1BP1 for

A20, play a major role in mediating specificity for individual DUBs. In

fact, there may be multiple adaptor and/or effector molecules that

assemble into unique ubiquitin-editing complexes containing both

DUBs and E3 ligases that are specific for certain substrates or path-

ways. In support of this notion, a recent study demonstrated that the

E3 ligase Itch also cooperates with CYLD to downregulate TAK1 ubi-

quitination and inflammation.104 Therefore, Itch appears to be a key

component of both A20 and CYLD complexes.

In addition to unique DUB-specific adaptor molecules and com-

plexes, DUBs may also hydrolyze distinct polyubiquitin chains (i.e.,

K11 vs. K63) on substrates. Therefore, multiple DUBs may target the

same substrate, but have specificity for different ubiquitin chains.

Finally, it is also important to consider that DUBs may regulate NF-

kB via distinct temporal and spatial differences. Indeed, CYLD is

thought to primarily inhibit basal NF-kB activation, whereas in most

cell types A20 inhibits activation-induced NF-kB.103

Despite the intense research on A20 and the impressive progress

made in the last decade on its mechanisms of action, certain key

questions remain. In addition to its well-ascribed functions as a

DUB and ubiquitin-editing enzyme, there is also evidence that A20

may inhibit NF-kB via non-catalytic mechanisms.41,45 For example,

A20 disrupts the binding between E2 and E3 ubiquitin enzyme com-

plexes to terminate IL-1R/TLR4 signaling.41 As mentioned earlier, a
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recent study suggests that A20 may also directly inhibit IKK through a

noncatalytic mechanism dependent on ubiquitin binding via zinc fin-

ger domains.45 Therefore, what are the precise roles of the A20 OTU

domain and the C-terminal zinc fingers in NF-kB and cell death

inhibition? The zinc fingers in A20 have been shown to regulate E3

ligase activity, cellular localization and binding to ubiquitin and

adaptor molecules. Which of these functions is most important for

inhibition of NF-kB? Further studies are also necessary to determine if

ubiquitin editing and/or noncatalytic inhibition of IKK or ubiquitin

enzyme complexes by A20 may serve tissue-specific roles. A20 com-

plexes and associated adaptor molecules may also differ depending on

the cell type. Finally, although A20 is an important tumor suppressor

in B-cell lymphomas, its role in other cancers seems to be highly tissue

and context-specific, probably relating to whether the dominant func-

tion of A20 in a particular tissue is to inhibit NF-kB or apoptosis. The

answers to the questions posed above may aid in the development of

future therapies that modulate A20 expression and/or function in

autoimmune diseases or cancer.

ACKNOWLEDGEMENTS

The laboratory of E W Harhaj is supported by NIH grant nos. PO1CA128115,

RO1CA135362 and RO1GM083143.

1 Hayden MS, Ghosh S. Shared principles in NF-kB signaling. Cell 2008; 132: 344–
362.

2 Hayden MS, Ghosh S. Signaling to NF-kB. Genes Dev 2004; 18: 2195–2224.

3 Hacker H, Karin M. Regulation and function of IKK and IKK-related kinases. Sci STKE
2006; 2006: re13.

4 Sun SC, Ganchi PA, Ballard DW, Greene WC. NF-kB controls expression of inhibitor
IkBa: evidence for an inducible autoregulatory pathway. Science 1993; 259: 1912–
1915.

5 Hershko A, Ciechanover A. The ubiquitin system. Annu Rev Biochem 1998; 67: 425–
479.

6 Bernassola F, Karin M, Ciechanover A, Melino G. The HECT family of E3 ubiquitin
ligases: multiple players in cancer development. Cancer Cell 2008; 14: 10–21.

7 Ikeda F, Dikic I. Atypical ubiquitin chains: new molecular signals. ‘Protein
modifications: beyond the usual suspects’ review series. EMBO Rep 2008; 9: 536–
542.

8 Tokunaga F, Sakata S, Saeki Y, Satomi Y, Kirisako T, Kamei K et al. Involvement of
linear polyubiquitylation of NEMO in NF-kB activation. Nat Cell Biol 2009; 11: 123–
132.

9 Iwai K, Tokunaga F. Linear polyubiquitination: a new regulator of NF-kB activation.
EMBO Rep 2009; 10: 706–713.
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