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Summary

The nuclear factor-xB (NF-xB) pathway is a critical regulator of innate and adaptive immunity.
Noncanonical K63-linked polyubiquitination plays a key regulatory role in NF-xB signaling
pathways by functioning as a scaffold to recruit kinase complexes containing ubiquitin-binding
domains. Ubiquitination is balanced by deubiquitinases that cleave polyubiquitin chains and
oppose the function of E3 ubiquitin ligases. Deubiquitinases therefore play an important role in the
termination of NF-xB signaling and the resolution of inflammation. In this review, we focus on
NF-xB regulation by deubiquitinases with an emphasis on A20 and CYLD. Deubiquitinases and
the ubiquitin/proteasome components that regulate NF-xB may serve as novel therapeutic targets
for inflammatory diseases and cancer.
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Introduction

The nuclear factor xB (NF-xB) transcription factor has been intensely studied since its
discovery by Sen and Baltimore in 1986 (1). Although NF-xB was first described as a factor
binding to the x light chain enhancer in B cells, its critical importance in not only adaptive
immunity but also innate immune responses have been well established. Furthermore, NF-
xB is also a critical regulator of anti-apoptotic genes and cell survival. The importance of
NF-xB is not limited to the immune system, since it also plays diverse roles regulating
development, metabolism and key aspects of the central nervous system (Reviewed in 2).
Given these roles, it is not surprising that dysregulation of NF-xB plays an underlying role
in chronic inflammation, septic shock, autoimmunity, and cancer (Reviewed in 3).

NF-xB is composed of homo- and heterodimeric protein complexes containing RelA, c-Rel,
NF-xB1, NF-xB2 and RelB (Reviewed in 4). Each of the NF-xB proteins contains an
approximately 300 amino acid domain located in the amino-terminus known as the Rel
homology domain (RHD). The RHD is essential for DNA binding, nuclear localization, and
dimerization of NF-xB proteins (Reviewed in Ghosh et af., this volume). Furthermore, NF-
xB1 and NF-xB2 are precursor proteins that are processed by the proteasome to yield the
mature subunits, p50 and p52, respectively. NF-xB is expressed in virtually all cell types
and is activated by diverse stimuli ranging from stress, radiation, cytokines, bacterial and
viral products, and antigen. NF-xB complexes are sequestered in the cytoplasm in
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unstimulated cells by inhibitory 1«B proteins (IxBa plays a predominant role) that all share
a series of ankyrin repeat domains (Reviewed in 5 and Hinz et al., this volume). NF-xB
activating stimuli trigger the degradation of IxBa with the concomitant nuclear
translocation of NF-xB where it activates target genes. The degradation of IxBa is preceded
by its site-specific phosphorylation on two amino-terminal serine residues by a multi-subunit
kinase complex IKK [inhibitor of NF-xB (I1xB) kinase] consisting of two catalytic subunits
(IKKa and IKKp) and a regulatory subunit (IKKy or NEMO) (Reviewed in 6 and Liu et al.,
this volume). The multisubunit SCFBTRCP (Skp, Cullin, F-box containing complex, beta-
transducin repeat containing protein) E3 ubiquitin ligase complex recognizes phosphorylated
IxBa and ubiquitinates 1«Ba leading to its degradation by the proteasome (7, reviewed in
Kanarek & Ben-Neriah, this volume). NF-xB is tightly regulated by multiple checks and
balances in order to prevent persistent NF-xB activation that could have deleterious effects
on the host. Indeed, IxBa is an NF-xB target gene and inhibits NF-xB activation in a
negative feedback loop (8). Numerous other negative regulatory mechanisms, both in the
cytoplasm and nucleus, ensure that NF-xB activation is transient.

The signaling events upstream of IKK have been largely elucidated for NF-xB activators
such as the cytokines tumor necrosis factor (TNF) and interleukin-1p and bacterial
lipopolysaccharide (LPS). A pervasive theme is the importance of ubiquitin in the activation
of IKK and NF-xB (Reviewed in Chen, this volume). Ubiquitin is a 76 amino acid
polypeptide that is covalently attached to lysine residues on protein substrates (9). Although
ubiquitination is best known as a trigger for protein degradation by the proteasome,
emerging studies in the past decade have revealed multi-faceted roles of ubiquitin in
receptor trafficking, signal transduction, and the DNA damage response (10). Ubiquitination
requires the coordinated activities of three classes of enzymes: E1 ubiquitin activating
enzymes, E2 ubiquitin conjugating enzymes, and E3 ubiquitin ligases (Reviewed in 11). The
E1 enzyme activates ubiquitin in an adenosine triphosphate (ATP)-dependent manner,
forming a thioester linkage between the catalytic cysteine of the E1 and the carboxy terminal
glycine of ubiquitin. The E1 transfers the activated ubiquitin to the active-site cysteine
residue of an E2 ubiquitin conjugating enzyme forming an E2-ubiquitin thioester. Finally, an
E3 ubiquitin ligase conjugates ubiquitin to a protein substrate by linking the C-terminal
glycine of ubiquitin to the e-amino group of a lysine residue. The E3 ligase provides
specificity because it directly contacts the substrate, however the mechanisms of ubiquitin
transfer differ based on the class of E3 enzyme. For example, HECT (homologous to E6-
associated protein C-terminus) domain E3 ligases form a thioester intermediate with
ubiquitin, and directly transfer the ubiquitin to a substrate (12). Conversely, RING (really
interesting new gene) domain, U-box, and F-box E3 ligases lack the catalytic cysteine
residue needed to form the thioester intermediate and instead function as scaffolds and
transfer ubiquitin to substrates in conjunction with specific E2 enzymes (13). The human
proteome consists of 2 E1 enzymes, ~40-50 E2 enzymes, and over 600 E3 enzymes thus
highlighting the complexity and versatility of ubiquitination.

Proteins may be modified by ubiquitin in a variety of ways. Monoubiquitination occurs
when a single ubiquitin molecule is conjugated to a lysine residue. Ubiquitin itself has seven
internal lysine residues (K6, K11, K27, K29, K33, K48, and K63) that may serve as acceptor
sites for ubiquitination to form polyubiquitin chains (Reviewed in 14). Alternatively, the
amino-terminus of ubiquitin can be used to form linear polyubiquitin chains in a head-to-tail
linkage. An E3 ligase complex known as LUBAC (linear ubiquitin chain assembly complex)
containing two RING-type E3 ligases HOIL1 and HOIP specifically assembles linear
polyubiquitin chains that play an important role in NF-xB activation by multiple stimuli
(15). SHARPIN was recently identified as a third component of the LUBAC complex that is
essential for linear ubiquitination of the IKK subunit NEMO and NF-xB activation (16-18).
Although the functional significance of linear polyubiquitin chains is just now coming into
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focus, the importance of K48-linked and K63-linked polyubiquitin chains for a variety of
biological processes are well established. K48-linked polyubiquitin chains are recognized by
the 26S proteasome and generally trigger the degradation of the protein substrate (11). K63-
linked polyubiquitin chains typically do not trigger protein degradation but instead regulate
nonproteolytic functions including protein trafficking, kinase activation, the DNA damage
response and signal transduction (Reviewed in 19). Other types of polyubiquitin chains are
poorly understood although K11, K27, and K29-linked polyubiquitin chains have each been
linked to protein degradation (20-22). The topology of the different polyubiquitin chains
likely dictates the distinct functional outcomes.

The type of ubiquitin linkage formed during a ubiquitination reaction is dependent on the
protein transferring the ubiquitin to the substrate (E2 or HECT E3), although RING E3
ligases may also play a role in linkage selection (10). For HECT domain E3 ligases, the
chain type specificity has been mapped to the last 60 amino acids of the C lobe of the HECT
domain (23). The E2 enzyme Ubc13, together with Uev1a, is specific for the synthesis of
K63-linked polyubiquitin chains (24, 25). Other E2s such as UbcH5 are more promiscuous
and may participate in the formation of multiple types of polyubiquitin chains (26, 27).

TNF binding to the TNF receptor (TNFR) leads to receptor trimerization and the recruitment
of adapter molecules TRADD (TNFR-associated death domain) and RIP1(receptor-
interacting protein 1) and the E3 ubiquitin ligases TRAF2 (TNFR-associated factor 2),
TRAFS5, clAP1/2 (cellular inhibitor of apoptosis 1/2), and LUBAC (28, 29). Mass-
spectrometric analysis of the TNFR1 complex has revealed multiple polyubiquitin linkages
conjugated to proteins in the receptor complex including K48, K63, K11, and linear chains
(18). In response to TNF stimulation, RIP1 undergoes K63-linked polyubiquitination at
lysine 377 by clAP1/2 and is also conjugated with linear ubiquitin chains (18, 30, 31).
Although the precise role of TRAF2 in TNFR signaling is unclear, a recent study showed
that the lipid sphingosine-1-phosphate (S1P) directly activates TRAF2 ligase activity (32).
The sphingosine kinase 1 (Sphk1) and S1P are both essential for RIP1 K63-linked
polyubiquitination and NF-xB activation (32). It has also been reported that TRAF2 is not
essential for K63-linked polyubiquitination of RIP1 but rather that TRAF2 and TRAF5 may
facilitate clAP1/2-mediated RIP1 ubiquitination (33-35). RIP1 ubiquitination likely
functions as a molecular scaffold to recruit proteins bearing ubiquitin-binding domains
(UBDs). For example, the TAK1 kinase complex consisting of TAK1 and the ubiquitin
binding adaptors TAB2 and TAB3 are recruited to RIP1 via TAB2/TAB3 polyubiquitin
binding (36). Similarly, the IKK complex is recruited to RIP1 via NEMO binding to RIP1
polyubiquitin chains mediated through its UBD domains (31). Assembly of the ubiquitin-
directed membrane signaling complex permits TAK1 to phosphorylate the IKK activation
loop leading to NF-xB activation (37). Linear ubiquitination of NEMO by LUBAC
enhances the interaction of NEMO with the TNFR signaling complex, thus stabilizing the
complex and is required for efficient NF-xB activation (28).

NF-xB activation occurs by a similar mechanism in IL-1R/TLR4 signaling. The adapter
molecule myeloid differentiation factor 88 (Myd88) recruits kinases of the IL-1 receptor-
associated kinase (IRAK) family (IRAK1 and IRAK4) to the receptor complex, which
triggers the oligomerization and activation of the E3 ubiquitin ligase TRAF6 (38). TRAF6 is
dependent on the dimeric E2 enzyme complex Ubc13/Uevla for activation and downstream
signaling (25). TRAF6 undergoes K63-linked autoubiquitination, although it is unclear what
role autoubiquitination plays in NF-xB signaling (39). Regardless, TRAF6 is essential for
downstream TAK1 [TGFp (transforming growth factor p)-activated protein kinase], IKK,
MAPK (mitogen-associated protein kinase), and NF-xB activation (40).
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Deubiquitinases (DUBSs) are proteases that cleave ubiquitin from target proteins and
therefore oppose the function of E3 ligases. There are approximately 100 DUBs encoded in
the human genome (41), subdivided into five families based on specific structural domains:
ubiquitin C-terminal hydrolases (UCHSs), ubiquitin-specific proteases (USPs), ovarian tumor
proteases (OTUs), Josephins, and JAB1/MPN/MOV 34 metalloenzymes (JAMMS) (42). The
UCH, USP, OUT, and Josephin DUBs are cysteine proteases, whereas JAMMSs are zinc
metalloproteases (42, 43). The USPs comprise the largest subfamily of DUBSs, containing
more than 50 members (44). A common feature of DUBs are the presence of motifs
predicted to interact with ubiquitin, including the zinc finger ubiquitin-specific protease
(ZnF-UBP) domain, the ubiquitin-interacting motif (UIM) and the ubiquitin-associated
domain (UBA) (45). It is likely that these domains regulate the recognition and recruitment
of ubiquitinated substrates and therefore provide specificity.

DUBs play important functional roles that can be broadly categorized in three categories.
Ubiquitin is encoded by four genes (UBC, UBB, UBA52, and UBAS8O) and is made as a
precursor protein consisting of multiple ubiquitin proteins or ubiquitin fused to the amino
terminus of ribosomal proteins (46). DUBs play an essential role in cleaving these precursor
proteins to generate free ubiquitin (45). Second, DUBs cleave ubiquitin from proteins that
are modified post-translationally to either rescue protein degradation by removal of K48-
linked chains or modulate signaling or trafficking by removal of K63-linked chains (44).
The cleaved ubiquitin molecules may be recycled for additional ubiquitination events, thus
contributing to ubiquitin homeostasis (44). Third, DUBs may edit ubiquitin chains either by
modifying the number of ubiquitins or by altering the type of linkage (i.e. K63 to K48) (47).
The A20 deubiquitinase is an example of a ubiquitin-editing enzyme that modifies ubiquitin
linkages and is a major focus of this review article.

Discovery of A20 and its mechanisms of action

A20 was first identified in 1990 as a gene rapidly induced by TNF stimulation in human
umbilical vein endothelial cells and was also known as TNFa-induced protein 3 (TNFAIP3)
(48). Subsequent studies identified two NF-xB binding sites in the promoter as the critical
TNF-responsive ciselements (49). Shortly thereafter, additional NF-xB activating stimuli
such as the viral oncoproteins LMP1 (encoded by Epstein Barr virus) and Tax (encoded by
the human T-cell leukemia virus 1), and the phorbol ester phorbol myristate acetate (PMA)
were found to induce expression of A20 (50). Although A20 was found to contain several
repeats of a Cys,/Cys, zinc finger motif, there was little clue regarding its biological
function. The first indication for a function of A20 arose upon analysis of A20 expression in
different isolates of the breast cancer cell line MCF-7 that were either sensitive or resistant
to TNF killing. A20 was markedly upregulated in the cells resistant to TNF-induced cell
death (51). Indeed, transfection of A20 into cells provided protection from TNF killing
suggesting that A20 was a bona fide inhibitor of TNF-induced cytotoxicity (51). Thus, the
first ascribed function of A20 was as an inhibitor of cell death.

In 1996, several groups showed that overexpression of A20 inhibited NF-xB activation in
response to TNF or IL-1 stimulation (52-54). In one of these studies, a yeast two-hybrid
screen identified A20 as an interacting protein of TRAF2, a key signaling mediator of the
TNF signaling pathway (53). The N-terminus of A20 was shown to interact with TRAF2
whereas the C-terminal zinc fingers were critical for NF-xB inhibition (53). A20 also
abrogated NF-xB activation in response to TRAF2 overexpression, suggesting that TRAF2
was the target of A20 in the TNFR pathway. The adapter molecule RIP1 was also a potential
target for A20, because A20 inhibited RIP1-induced activation of NF-xB (55). A20 also
inhibited IL-1 signaling at the level of TRAF6 and an interaction was also observed between
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A20 and TRAF6 (56). Collectively, these studies, while based on overexpression
experiments, identified key targets for A20 in the TNFR and IL-1R pathways.

A breakthrough in our understanding of the physiological function of A20 came in 2000
when the Ma group reported the phenotype of A20-deficient mice (57). Mice lacking A20
succumbed shortly after birth due to multi-organ tissue inflammation and cachexia (57).
A20-deficient mice were also exquisitely sensitive to inflammatory stimuli and rapidly
perished when exposed to sub-lethal doses of TNF, IL-1, or LPS (57). The spontaneous
inflammation and perinatal death was likely due to uncontrolled activation of NF-xB which
was persistently activated in TNF-stimulated A20-deficient MEFs. This study clearly
established that A20 was a critical negative feedback regulator of NF-xB essential for
homeostasis of the immune system.

In the early 2000s, the mechanism of how A20 inhibited NF-xB was still poorly understood.
However, in 2004 two independent reports (47, 58) demonstrated that A20 contains a DUB
domain from the ovarian tumor (OTU) family in its N-terminus. Remarkably, A20 was
found to inhibit NF-xB via its DUB domain by hydrolyzing K63-linked polyubiquitin chains
on key NF-xB signaling molecules (47). Furthermore, one of the C-terminal zinc finger
domains (ZnF4) was found to harbor intrinsic E3 ligase activity (47). Rabex-5 also contains
an A20-like ZnF with E3 ligase activity suggesting a new class of E3 ligases (59, 60).
Therefore, A20 is a novel ubiquitin-editing enzyme with both DUB and E3 ligase activity.
Although paradoxical that a protein would contain domains with opposing activities, it is
likely that the DUB and E3 ligase activities of A20 are tightly regulated and function in a
cooperative and sequential manner. The ubiquitin-editing function of A20 has been mainly
described in the TNF signaling pathway. Upon TNF stimulation, A20 expression is induced
by NF-xB, A20 is recruited to RIP1 and cleaves K63-linked polyubiquitin chains on RIP1
(47). At later times after TNF stimulation (i.e., 3-6 h), A20 conjugates K48-linked
polyubiquitin chains on RIP1 to trigger its degradation by the proteasome (47). Therefore,
A20 inactivates RIP1 via sequential deubiquitinase and E3 ligase activities (Fig. 1). A20
may also target substrates for degradation via the lysosomal pathway, since A20 localizes to
lysosomes and triggers the degradation of TRAF2 in lysosomes (61, 62).

The functional effects of A20 on TRAFG6 activation have been described in a number of
studies. Overexpression of A20, but not a catalytically inactive DUB mutant, inhibits
TRAF6 ubiquitination, and genetic ablation of A20 triggers persistent LPS-induced TRAF6
ubiquitination (63). Although A20 clearly inhibits K63-linked TRAF6 ubiquitination, it does
not cause its degradation as observed with RIP1, suggesting a distinct mechanism of
inhibition. Indeed, A20 was recently shown to downregulate the activity of TRAF6 and
other E3 ligases including TRAF2 by a novel mechanism involving the disruption of E2:E3
ubiquitin enzyme complexes (64). In the IL-1R/TLR4 pathway, A20 disrupts the I1L-1-
inducible binding of TRAF6 with the E2 enzymes Ubc13 and UbcH5¢ (Figure 1) (64).
Similarly, A20 antagonizes TNF-dependent interactions between TRAF2, clAP1/2, and
Ubc13 in the TNFR pathway (64). A20 then targets Ubc13 and UbcH5c for proteasome-
dependent degradation (64). The catalytic cysteine residue (C103) of A20 in the OTU
domain as well as zinc finger domain 4 (ZnF4) are critical for A20 to disrupt E2:E3
complexes and trigger E2 degradation (64). Interestingly, the OTUB1 deubiquitinase uses a
similar mechanism to inhibit DNA damage-induced chromatin ubiquitination (65). OTUB1
interacts with and inhibits Ubc13 independently of its DUB domain (65).

Structural studies of the A20 DUB domain and ZnF4 have provided important new
mechanistic insight regarding A20 ubiquitin-editing function. A20 DUB activity does not
appear to be specific for K63-linked polyubiquitin chains, but rather preferentially
deubiquitinates K48-linked chains /n vitro (66). However in vivo, A20 deubiquitinates K63-
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linked polyubiquitin chains indicating that other factors may determine the specificity of
A20 for K63-linked polyubiquitin chains. Indeed, as discussed later, A20 functions in the
context of a multi-protein ubiquitin-editing complex. The catalytic mechanism of the A20
OTU domain is unique compared to other cysteine proteases, however A20 shares a minimal
catalytic triad with a conserved cysteine (Cys103), histidine (His256,) and possibly aspartic
acid (Asp70) (67, 68). The DUB domain also contains two highly conserved surface sites
adjacent to the active site that likely comprise the ubiquitin binding elements (67).
Surprisingly, instead of disassembling K63-linked polyubiquitin chains from a substrate in a
processive manner, A20 cleaves at the junction of the substrate and the polyubiquitin chain
(68).

A20 ZnF4 is essential for NF-xB inhibition and also is responsible for the E3 ligase activity
of A20 (47, 64). The crystal structure of A20 ZnF4 together with ubiquitin and UbcH5a has
revealed that A20 ZnF4 does not directly bind to E2 enzymes or substrates, but rather
interacts with monoubiquitin and K63-linked polyubiquitin chains (69). Distinct regions of
A20, predominantly ZnF1 and surrounding regions mediate binding to RIP1, whereas
ZnF5-7 interact with E2 enzymes (69). Thus, distinct regions of A20 contribute to its
ubiquitin-editing function and downregulation of NF-xB signaling.

A20 regulation of innate and adaptive immunity

In most cell types, A20 is inducible by proinflammatory cytokines or mitogens and inhibits
NF-xB in a negative feedback loop. However, T lymphocytes express high basal levels of
A20 that are diminished upon stimulation with T-cell receptor agonists (70), suggesting that
A20 is regulated differently in lymphocytes compared to other cell types. The distinct
regulation of A20 expression in different tissues may occur, in part, due to post-
transcriptional control by microRNAs. A recent study identified the microRNA miR-29c as
a negative regulator of A20 expression in hepatocytes (71). Interestingly, NF-xB directly
binds to the miR-29c promoter and suppresses its transcription which presumably relieves
the negative control of A20 expression (72). In addition, A20 is regulated at the post-
translational level by phosphorylation of Ser381 by IKKp (73). Although the mechanism is
still unclear, A20 phosphorylation enhances its ability to suppress NF-xB signaling.

The spontaneous inflammation in A20-deficient mice is not triggered by uncontrolled TNF
signaling since crossing A20-deficient mice with mice deficient in TNFa or the TNFR1
does not rescue the spontaneous inflammation and premature lethality (63). Furthermore, the
phenotype is unaltered on a RagZ~/~ background, indicating that lymphocytes are
dispensable for the spontaneous inflammation (57). However, genetic deletion of the TLR
adapter molecule Myd88 rescued A20-deficient mice from uncontrolled inflammation and
lethality, suggesting that Myd88-dependent TLR signaling pathways were dysregulated (74).
Indeed, it was revealed that TLR signaling was constitutively activated in A20-deficient
mice due to inappropriate and exaggerated responses to commensal intestinal bacteria (74).
Taken together, these findings underscore the importance of A20 in controlling immune
homeostasis, particularly in the intestine.

Due to the limitations of studying conventional A20-deficient mice as a result of the
premature lethality, A20 conditional knockout mice have provided important new insight in
the role of A20 in innate and adaptive immunity as well as other biological functions.
Deletion of A20 in B lymphocytes, dendritic cells (DCs), or myeloid cells does not
recapitulate the severe inflammatory phenotype observed in A20-deficient mice, although
autoimmunity does occur in each case. Genetic ablation of A20 in B cells triggers the
production of autoantibodies and the development of autoimmune disease resembling
systemic lupus erythematosus (SLE) (75-77). Interestingly, polymorphisms in the human
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AZ0 gene locus have been linked to development of SLE (78). B cells lacking A20 exhibit
increased NF-xB activation and proliferation in response to anti-CD40, LPS, and CpG DNA
(75). The increased cytokine production by A20-deficient B cells causes a sustained
inflammatory response which leads to a breakdown in B-cell tolerance together with an
expansion of myeloid cells and effector T cells (75, 76). Since these mice do not develop
lymphomas, it is clear that loss of A20 alone is not sufficient for the development of B-cell
lymphomas.

Deletion of A20 in DCs causes a more severe form of systemic autoimmunity also similar to
SLE characterized by autoantibody production, nephritis, splenomegaly, and
lymphadenopathy (79). DCs lacking A20 spontaneously undergo maturation and are
hyperresponsive to TLR ligands and cytokines (79). These hyperactive DCs directly
stimulate B cells and also provoke the activation of T cells (79). Thus, loss of A20 in DCs
leads to autoimmunity and spontaneous activation of both B and T cells. These results are
consistent with an earlier sSiRNA study showing that knockdown of A20 in conventional
DCs leads to enhanced maturation, cytokine production and antigen presentation (80).

Myeloid-specific deletion of A20 does not result in an SLE-like disease but rather leads to
an autoimmune disease resembling rheumatoid arthritis. Although serum levels of
inflammatory cytokines TNF, IL-1f and IL-6 were elevated in the knockout mice,
inflammation was primarily restricted to the joints (81). As expected, macrophages lacking
A20 exhibit enhanced NF-xB activation and proinflammatory cytokine production (81).
Interestingly, the arthritis was not dependent on T and B lymphocytes or the TNF pathway
but rather was triggered by the TLR4-Myd88 pathway (81). This particular aspect is shared
with the conventional A20-deficient mice, which undergo spontaneous inflammation via a
Myd88-dependent pathway. Nevertheless, it is remarkable that uncontrolled inflammation in
myeloid cells results in joint-specific pathology.

Epidermis-specific A20 knockout mice have also been generated, and surprisingly these
mice do not develop spontaneous skin inflammation (82). Instead, lack of A20 in the
epidermis leads to keratinocyte hyperplasia and developmental abnormalities such as
disheveled hair and abnormal ectodermal appendages also observed with mice
overexpressing ectodysplasin-Al (EDA-AL) or ectodysplasin receptor (EDAR) (82, 83).
Indeed, A20 was shown to function as a negative feedback regulator of NF-xB in the EDAR
pathway in the skin, independent of its DUB domain (82). Taken together, A20 is important
for skin homeostasis and appendage development by inhibiting the EDAR pathway.

Because A20 has been identified as a susceptibility locus for inflammatory bowel disease
(IBD), A20 was also deleted in intestinal epithelial cells (IECs) by crossing with Cre
transgenic mice driven by the IEC-specific promoter villin (84). Although A20'EC-KO mjce
do not develop spontaneous inflammation or colitis, they exhibit enhanced susceptibility to
experimental colitis as characterized by increased colon shortening, crypt loss, and immune
cell infiltration (84). Interestingly, this phenotype is not TLR-dependent but is instead
triggered by increased TNF-dependent apoptosis of IECs that compromises intestinal barrier
function and promotes inflammation (84). Thus, A20 is a key anti-apoptotic protein in IECs
that is essential to maintain epithelial barrier integrity and homeostasis under
proinflammatory conditions (Reviewed in Pasparakis, this volume). As mentioned
previously, the two main functions of A20 are to inhibit NF-xB and inflammation and to
prevent apoptosis. The collective A20 conditional gene targeting studies reveal that the main
function of A20 in B cells, DCs, myeloid cells and keratinocytes is to restrict NF-xB
signaling, whereas in the intestinal epithelium A20 is mainly an anti-apoptotic protein.
Further studies are needed to determine if the anti-apoptotic function of A20 plays
physiological roles in other tissues or organs.
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In addition to regulating TLR signaling, A20 also inhibits signaling through other pattern
recognition receptors including NOD2 (nucleotide-binding oligomerization domain
containing 2) and RIG-I/MDA5. NOD?2 (also known as CARD15) recognizes muramyl
dipeptide (MDP), a derivative of peptidoglycan (85). Upon sensing of MDP, NOD2 engages
the adaptor molecule RIP2 (also known as RICK) which becomes modified by K63-linked
polyubiquitin chains in a clAP1/clAP2-dependent manner (86). RIP2 polyubiquitination is
critical for NF-xB and MAPK activation by recruiting the TAK1 kinase complex leading to
IKK and JNK/p38 activation and the induction of key cytokines and chemokines important
for host defense (87). A20 inhibits NOD2 signaling by deubiquitinating RIP2 to block
downstream NF-xB signaling (88, 89) (Fig. 2). Consistently, A20-deficient bone marrow-
derived macrophages exhibit enhanced MDP-dependent RIP2 ubiquitination and NF-xB
activation (89). Further /in vivo studies showed that MDP induced greater levels of serum
IL-6 in A20-deficient mice (89). Together, these results suggest that A20 is an important
negative regulator of NOD2 signaling by inhibiting RIP2 ubiquitination. It is unclear if
ubiquitin editing and the E3 ligase activity of A20 is important to inactivate RIP2 as is
necessary for RIP1 in the TNFR pathway.

RIG-1/MDADS constitute a class of pattern recognition receptors that recognize viral nucleic
acid and trigger the production of type I interferons (90). RIG-I specifically binds to
uncapped 5’-triphosphate RNA derived from viral genomes, whereas MDAS5 detects double-
stranded RNA (91, 92). RIG-I/MDAS5 sensing of viral nucleic acid leads to a conformational
change and inducible binding with the mitochondrial adaptor molecule MAVS (also known
as IPS-1, Cardif, or VISA), which then triggers the activation of TRAF3 and the
noncanonical kB kinases TBK1/IKKi (93). IRF3 and IRF7 are phosphorylated by TBK1/
IKK:i triggering their dimerization and nuclear translocation and subsequent induction of
type I interferons (94). A20 is induced by virus infection and blocks the phosphorylation and
dimerization of IRF3 in a negative feedback loop (95-97). A20 also inhibits TLR3-induced
activation of NF-xB and IFN-B (97). The main target of A20 in the RIG-I pathway appears
to be TBK-1/IKKi, since A20 interacts with these kinases and inhibits their K63-linked
polyubiquitination (95, 98) (Fig. 2). Interestingly, the OTU domain of A20 is dispensable for
A20 to inhibit antiviral signaling (96, 98). Additional studies are needed to examine
responses of A20 conditional knockout mice to virus infection. Other DUBs that target the
RIG-1/MDADS pathway include CYLD and DUBA which target RIG-1 and TRAF3
ubiquitination respectively (99, 100) (Fig. 2).

A20 is also a key negative regulator of NF-xB signaling downstream of the T-cell receptor
(TCR) and B-cell receptor (BCR) in T and B lymphocytes, respectively. As mentioned
earlier, A20 is regulated uniquely in lymphocytes compared to other cell types because of its
high basal levels and mechanism of inactivation (70). MALTL1 is a key signaling molecule in
the TCR and BCR pathways and assembles a protein complex termed ‘CBM’ with Carmal
and Bcl10 (101). The CBM complex links protein kinase C (PKC8 in T cells and PKCP in B
cells) with the IKK complex to trigger NF-xB activation (101). A20 targets MALTL in the
TCR and BCR pathways by removing K63-linked polyubiquitin chains in an OTU domain-
dependent manner (102) (Fig. 2). However, MALT1 inactivates A20 by cleavage after
arginine 439 to disrupt its inhibitory effect on NF-xB (103) (Fig. 2). Therefore, MALT1
proteolytic activity regulates the threshold of NF-xB activation and “fine tunes’ TCR and
BCR signaling by cleaving A20 and possible other substrates such as RelB (104). MALT1
also cleaves the NF-xB inhibitor CYLD in the TCR pathway, however CYLD cleavage is
required for JNK, but not NF-xB activation (105). In B-cell lymphomas, the delicate balance
between MALT1 and A20 is disrupted leading to constitutive NF-xB activation and
enhanced cell survival. MALT1 may serve as a therapeutic target for lymphoma since
inhibitors of MALT1 catalytic activity suppress NF-xB activation and rescue A20 cleavage
in diffuse large B-cell lymphomas (DLBCL) of the activated B-cell (ABC) type (106).
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However, because A20 is frequently mutated or deleted in lymphoid malignancies it is
unclear if MALT inhibitors will trigger cell death in the absence of functional A20.

Regulation of A20 by interacting proteins

A20 preferentially cleaves K48-linked polyubiquitin chains /n vitro suggesting that it may
rely on cofactors to target K63-linked polyubiquitin chains and provide target specificity /in
vivo (66). Indeed, A20 functions in the context of a multi-protein complex referred to as the
*A20 ubiquitin-editing complex’ consisting of A20, TAX1BP1 and the E3 ubiquitin ligases
Itch and RNF11. The A20 ubiquitin-editing complex is assembled in response to TNF, IL-1
or LPS stimulation and loss of either subunit of the complex (TAX1BP1, Itch, or RNF11)
impairs A20 function and the negative feedback of NF-xB. It is also possible that there are
additional yet-to-be identified subunits and further the composition of the A20 complex may
vary depending on the cell type or specific stimulus. For instance, A20, TAX1BP1 and
ABINL1 form an inducible complex that restricts antiviral signaling and IFN-f production in
response to virus infection (98, 107) (Fig. 2).

TAX1BP1 was initially isolated in yeast two-hybrid screens using the HTLV-I Tax
oncoprotein, A20, and TRAF6 as bait (108-110). TAX1BP1 was first shown to regulate cell
death by mediating the anti-apoptotic function of A20 (109). Subsequent gene targeting
studies in mice established TAX1BP1 as a key regulator of A20 and NF-xB signaling. Mice
lacking TAX1BP1 are hyperresponsive to inflammatory stimuli and also exhibit
spontaneous inflammatory infiltrates in the heart and skin (111, 112). The spontaneous
inflammation in TAX1BP1-deficient mice is dependent on hematopoietic cells although the
precise cell type that mediates the inflammation has not been identified (112). Both
macrophages and fibroblasts lacking TAX1BP1 have enhanced and persistent NF-xB
activation in response to TNF, IL-1, or LPS stimulation (111, 112). TAX1BP1-deficient
cells also have enhanced K63-linked ubiquitination of TRAF6 and RIP1 upon LPS or TNF
stimulation, respectively (111, 112). Mechanistically, TAX1BP1 functions as an adaptor
molecule that links A20 with its substrates RIP1 and TRAFG in the TNFR and IL-1R/TLR4
pathways respectively (111, 112). Since TAX1BP1 contains a ubiquitin-binding domain
(UBD) within its zinc finger domain, TAX1BP1 probably senses ubiquitinated substrates via
the UBD initially and then recruits A20 to inactivate the substrates.

TAX1BP1 has been shown to interact with the HECT E3 ligase Itch via two ‘PPXY’ (where
P=Proline, X=any amino acid and Y=tyrosine) motifs located within the C,H, zinc finger
motifs in TAX1BP1 (113). PPXY motifs interact with “WW’ (where W=tryptophan)
domains and indeed Itch contains several WW domains (114). Itch was further shown to
regulate the targeting of A20 to substrates, and A20 was unable to inhibit NF-xB in the
absence of Itch (113). As observed with A20-deficient cells, Itch-deficient MEFs also
exhibit elevated and persistent NF-xB signaling in response to TNF or IL-1 (113). Mice
lacking Itch (/fchy mice) succumb to inflammation, predominantly in the lungs and skin,
although the phenotype is not as severe as A20-deficient mice (115). Itch was previously
demonstrated to interact with a RING E3 ligase RNF11 (RING Finger Protein 11) via a
conserved PPXY motif in RNF11 (116). RNF11 regulates tumor growth factor g (TGF-B)
signaling by interactions with Smurf2 and SMAD4 (117, 118). In addition, a high-
throughput yeast two-hybrid screen identified numerous interacting proteins of RNF11
including A20, TAX1BP1, Itch, NEMO and ABIN1 suggesting that RNF11 may regulate
NF-xB (119). Indeed, RNF11 inducibly interacts with TAX1BP1, Itch and RIP1 upon TNF
stimulation, and is required for A20 to suppress NF-xB (120). Consistently, SIRNA-
mediated knockdown of RNF11 leads to enhanced NF-xB activation in monocytes and
impairs A20-mediated inhibition of NF-xB (120). Taken together, the E3 ligases ltch and
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RNF11 are both essential subunits of the A20 ubiquitin-editing complex although their
precise roles remain to be determined.

ABIN1 (A20 binding inhibitor of NF-xB 1) was identified in a yeast two-hybrid screen as
an A20-binding protein and subsequently shown to inhibit NF-xB upon overexpression (55,
121). ABIN1 may also serve as an adaptor molecule for A20 and certain substrates such as
NEMO (122). ABINL1 contains a UBD termed UBAN (UBD in ABIN proteins and NEMO)
that interacts with both linear and K63-linked polyubiquitin chains (123, 124). ABIN1-
deficient mice are embryonic lethal due to fetal liver apoptosis, anemia and hypoplasia
(124). ABINL1 also plays a critical role in inhibiting TNF-induced cell death, although
ABIN1-deficient MEFs are largely normal for NF-xB signaling (124). Recently, knockin
mice were generated that harbor a mutation in the ABIN1 UBAN domain that disrupts the
ubiquitin binding of ABIN1 (125). These mice develop an autoimmune disease similar to
lupus characterized by spontaneous formation of germinal centers, isotype switching and
production of autoreactive antibodies (125). Therefore, ABIN1 sensing of ubiquitin appears
to be important for the suppression of autoimmunity. The ABIN1-related proteins ABIN2
and ABIN3 also contain UBAN domains, interact with A20 and inhibit NF-xB, however
genetic studies have revealed distinct functions for these molecules (123, 126-128). ABIN2
is essential for the stabilization of the Tpl2 kinase which ensures efficient TLR4-induced
ERK activation in macrophages (129, 130). Although ABIN3 is inducible by LPS, the NF-
xB inhibitory function appears to be selective for human versus mouse ABIN3 (128).
Further studies are necessary to determine the role of ABIN3 in NF-xB signaling.

Other proteins found to interact with A20 in yeast two-hybrid screens include 14-3-3 and
YMER. Several isoforms of 14-3-3 interact with A20 and may modulate the localization of
A20 by acting as a chaperone (131, 132). However, it does not appear that 14-3-3 proteins
regulate the NF-xB inhibitory function of A20 (132). YMER (also known as CCDC50) also
interacts with A20 and harbors a UBD important for inhibition of NF-xB (133). YMER may
act as an adaptor molecule for A20 although additional studies are needed.

A key feature of the A20 ubiquitin-editing complex is the inducible formation of the
complex in response to cytokine stimulation. We have recently demonstrated that TAX1BP1
is phosphorylated by IKKa on Ser593 and Ser624 upon TNF or IL-1 stimulation (134).
Phosphorylation of TAX1BP1 is essential for assembly of the A20 ubiquitin-editing
complex and the termination of NF-xB signaling (134). TAX1BP1 phosphorylation likely
triggers a conformational change which promotes binding to other subunits of the A20
complex. Previous studies have demonstrated that macrophages lacking IKKa or expressing
a catalytically inactive IKKa have enhanced canonical NF-xB activation and produce more
inflammatory cytokines (135, 136). Thus, IKKa phosphorylation of TAX1BP1 plays a
central role in the assembly and function of the A20 ubiquitin-editing complex (Fig. 3).

A20, inflammatory disease, and cancer

Since A20 is of central importance as a negative regulator of innate and adaptive immune
pathways, it is not surprising that is has been implicated in the development of human
inflammatory and autoimmune diseases as well as lymphoid malignancies. A20 has been
identified as a susceptibility locus for rheumatoid arthritis, SLE, type 1 diabetes,
inflammatory bowel disease (IBD), celiac disease, psoriasis, and coronary artery disease
(137-143). Mucosal biopsies from Crohn’s disease patients revealed decreased A20
expression (144), whereas an SLE-associated A20 variant with a SNP within the DUB
domain of A20 (Phel127Cys) was less effective than wildtype A20 in NF-xB inhibition
(138). An African-derived polymorphism has also been found in the DUB domain of A20
(Alal25Val) that increases the risk of IBD (145). This A20 variant reduces A20 DUB
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activity, possibly by impairing the structure of the DUB domain. Taken together, certain
polymorphisms within the A20 locus predispose to autoimmunity, either due to reduced
expression or impaired function of A20.

Deletion of chromosome band 6q is a common event in non-Hodgkin’s lymphomas (146).
Indeed, the A20 gene which maps to this region is commonly deleted in several subtypes of
B-cell lymphomas including marginal zone lymphoma, DLBCL, follicular lymphoma,
MALT lymphoma, and Hodgkin’s lymphoma (147-151). Loss of A20 may also occur by
inactivating point mutations or epigenetic inactivation of A20 by promoter methylation
(150). A20 deletions have also been observed in Sezary syndrome, a cutaneous T-cell
lymphoma (152). Genetic lesions in the NF-xB pathway occur frequently in B-cell
lymphomas (approximately 40% of lymphomas have NF-xB pathway mutations), and target
both canonical and noncanonical NF-xB pathways (153). Interestingly, few mutations were
observed in A20 in Epstein Barr virus (EBV) positive Hodgkin’s lymphomas, suggesting
that EBV may potentially inactivate A20 (151). However, these observations did not extend
to EBV-associated acquired immunodeficiency syndrome-related lymphomas where A20
mutations were identified in both EBV* and EBV™ cases (154). However, EBV latent
membrane protein 1 (LMP1), which is a strong activator of NF-xB, was not expressed in the
majority of EBV cases lacking A20 (154). Besides A20, mutations have been found in other
negative regulators such as ABIN1, although these occur less frequently compared to A20
mutations (155).

Although A20 clearly functions as a tumor suppressor in lymphoid malignancies owing to
its potent NF-xB inhibiting function, A20 may exert oncogenic activity in certain solid
tumors. This can be explained by the anti-apoptotic role of A20 which may predominate
over NF-xB inhibition in certain tissues. Large-scale cancer genome sequencing efforts have
identified numerous A20 mutations in lymphoid malignancies, but very few thus far in solid
tumors. A20 is highly expressed in aggressive breast carcinomas lacking expression of the
estrogen receptor (ER), progesterone receptor (PR), or in tumor samples with high
histological grade (156). Stable transfection of A20 in the breast cancer line MCF-7
conferred protection against cell death upon tamoxifen treatment (156). A20 is also
overexpressed in glioma cells and may exert oncogenicity in glioblastoma. Knockdown of
A20 in glioma cells reduces proliferation, promotes cell cycle arrest and apoptosis (157).
A20 is also overexpressed in glioma stem cells and is important for cell survival, self-
renewal, and tumorigenesis (158). Taken together, it appears that A20 can function as an
oncogene or tumor suppressor depending on the context and tissue.

CYLD and the regulation of NF-kB

The cylindromatosis gene Cy/dencodes a tumor suppressor commonly mutated in familial
cylindromatosis, a genetic condition characterized by benign tumors of skin appendages
(159). CYLD is a deubiquitinase of the USP family with a C-terminal catalytic domain
where mutations and truncations frequently occur in cylindromatosis patients and lead to
impaired DUB activity (160). CYLD was found to be a NEMO-interacting protein that
inhibits IKK and NF-xB by removing K63-linked polyubiquitin chains from TRAF2,
TRAF6, and NEMO (160-162). Other CYLD substrates important for NF-xB regulation to
be discussed later include TAK1, Bcl3, and RIP1 (163-165) (Fig. 2). In addition to
regulating NF-xB, CYLD has also been implicated in a number of other pathways including
antiviral signaling, MAPK pathways, proximal TCR signaling, cell cycle, and calcium
signaling (99, 166-169).

In vitro studies have confirmed that CYLD preferentially cleaves K63-linked and linear
polyubiquitin chains compared to K48-linked chains (66). Similar to A20, CYLD may also

Immunol Rev. Author manuscript; available in PMC 2013 March 01.



1X31-)lew1a1ems 1X31-){Jewiaremsg

1Xa1-)lewarems

Harhaj and Dixit

Page 12

depend on ubiquitin-binding adaptor molecules in certain pathways to ensure specificity. For
example, p62 (also known as sequestosome 1) links CYLD with TRAF6 downstream of
RANK and neurotrophin receptors in osteoclasts and neurons, respectively (170, 171).
Optineurin may be a ubiquitin-binding adaptor for CYLD in the TNFR pathway, since
knockdown of optineurin impaired CYLD binding to RIP1 and NF-xB inhibition in TNF
stimulated cells (172). However, it is unclear if CYLD is dependent on either p62 or
optineurin to interact with other known CYLD substrates and also if CYLD relies on
additional adapter molecules.

Several Cyld genetic mouse models have been generated that have elucidated novel
functions of CYLD in diverse biological processes. CYLD plays essential roles in T-cell
development in addition to regulating immune homeostasis and inflammation. Cy/d™/~ mice
have fewer mature CD4* and CD8* T cells in the thymus and periphery owing to a defect in
proximal TCR signaling (167, 173). CYLD cleaves K48-linked and K63-linked
polyubiquitin chains from the Ick kinase and links Ick with its substrate ZAP70 (167). The
development of natural killer T (NKT) cells is also impaired in Cy/d™'~ mice due to
impaired expression of the costimulatory molecule ICOS (inducible costimulator) that is
essential for NKT cell development (174). CYLD deficiency leads to spontaneous activation
of peripheral T lymphocytes, leading to an autoimmune disease resembling inflammatory
bowel disease (163). Consistently, Cy/d™'~ mice were more prone to inflammation and
tumor formation in an experimentally induced colitis model (175). In mature T cells, CYLD
restrains IKK and NF-xB activation in the TCR pathway by removing K63-linked
polyubiquitin chains from TAK1 (163) (Fig. 2). CYLD also downregulates Strepfococcus
pneumoniae-induced NFAT (nuclear factor for activated T cells) activation and
inflammation by inhibiting TAK1 ubiquitination (176). CYLD deficiency also triggers
spontaneous B-cell activation and hyperplasia as a result of constitutive NF-xB activation
(177, 178). Furthermore, macrophages from Cy/a™'~ mice are hyperresponsive to TLR
stimuli, anti-CD40, and TNF and exhibit enhanced NF-xB activation and proinflammatory
cytokine production (175). Finally, DCs from mice expressing the short splice variant of
CYLD lacking exons 7 and 8 exhibit a hyperactive phenotype accompanied by enhanced
NF-xB activation (179). Together, these findings underscore the importance of CYLD in
both the development and homeostasis of specific immune cell subsets.

Studies with Cy/a™'~ mice have also revealed critical roles for CYLD in the regulation of
bone homeostasis and germ cell apoptosis. Receptor activator of NF-xB (RANK) is a
member of the TNFR family and together with its ligand RANKL are critical for the
activation and differentiation of osteoclasts, cells involved in bone resorption (180). Cy/d/~
mice exhibit aberrant osteoclast differentiation and develop severe osteoporosis (170).
CYLD inhibits RANK-mediated signaling in osteoclasts in a negative feedback loop by
deubiquitinating TRAF6 (170) (Fig. 2). As mentioned earlier, CYLD requires the p62
adapter molecule to engage TRAF6 for its inactivation. Cy/a™/~ male mice are sterile due to
testicular atrophy caused by an impairment of the early wave of germ cell apoptosis, a
hallmark of spermatogenesis (165). CYLD deficiency promotes the activation of NF-xB and
induction of anti-apoptotic genes in germ cells. RIP1 is a key target of CYLD in testicular
cells and is persistently ubiquitinated in the absence of CYLD (165).

Cyld™'~ mice are more susceptible to chemically induced skin tumors thus underscoring the
important tumor suppressor function of CYLD in the skin. CYLD functions as an inhibitor
of atypical NF-xB activation by controlling nuclear translocation of the NF-xB coactivator
Bcl3. Treatment of keratinocytes with TPA (12-O-tetradecanoylphorbol-13-acetate) and/or
ultraviolet (UV) radiation triggered the K63-linked polyubiquitination and nuclear
translocation of Bcl3 where it activated expression of the cyclin D1 gene (164). CYLD
inhibits Bcl3 by antagonizing the K63-linked polyubiquitination of Bcl3 thus preventing its
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nuclear translocation. Keratinocytes from Cy/a™’~ mice stimulated with UV and TPA
exhibited elevated cyclin D1 expression and higher proliferation rates (164). CYLD
regulation of Bcl3 nuclear translocation may extend to other cell types including B cells,
DCs and smooth muscle cells (178, 179, 181).

Loss of the tumor suppressor function of CYLD in the skin not only predisposes to
cylindromas but also to other skin tumors such as basal cell carcinoma and melanoma.
CYLD expression is downregulated by the transcriptional repressor Snail in both basal cell
carcinoma and melanoma (182, 183). Similarly, CYLD is downregulated by Notch/Hes1 in
T-cell acute lymphoblastic lymphoma (T-ALL), thus leading to constitutive NF-xB
activation (184). CYLD is also downregulated in colon and hepatocellular carcinomas (185).
Finally, mutations in components of the canonical and noncanonical NF-xB pathways have
been found in patients with multiple myeloma (186, 187). CYLD is among the most
frequently mutated genes in multiple myeloma and likely contributes to the persistent NF-
xB activation and enhanced cell survival in these tumors. Unlike A20, mutations in CYLD
are a rare event in B-cell lymphomas (188). It should be stressed that the tumor suppressor
activity of CYLD is not entirely dependent on NF-xB, since CYLD also regulates the cell
cycle and microtubule polymerization (168, 189, 190).

Although CYLD and A20 substrates in NF-xB pathways overlap to a large degree (i.e. RIP1
and TRAF6) there is little functional redundancy between these proteins. This is due to
temporal differences in inhibition by A20 and CYLD. Whereas CYLD is important for
dampening basal NF-xB activation, A20 is more critical to inhibit activated NF-xB in a
negative feedback loop. CYLD interacts with NEMO and is phosphorylated by IKK as a
mechanism to inactivate CYLD DUB activity (191). Transient CYLD phosphorylation thus
allows for NF-xB activation to proceed in a stimulus-dependent and transient manner prior
to inhibition by the A20 ubiquitin-editing complex. However, constitutive phosphorylation
of CYLD by IKK inactivates CYLD in HTLV-1-induced leukemia to promote heightened
NF-xB activation (192). A similar mechanism is thought to occur in breast carcinogenesis
where IKKe phosphorylates and inactivates CYLD (193). CYLD may potentially be
inactivated by post-translational modifications such as phosphorylation in other
malignancies since persistent NF-xB activation is common in many cancers.

Additional deubiquitinases regulating NF-kB

In addition to A20 and CYLD, a number of other DUBSs have been implicated as regulators
of NF-xB signaling (Fig. 2). Cezanne (Cellular zinc finger anti-NF-xB) is a deubiquitinase
of the ovarian tumor superfamily with sequence similarity to A20 (194). Cezanne is induced
by TNF stimulation and inhibits NF-xB in a negative feedback loop (195). Cezanne requires
its catalytic activity to inhibit NF-xB and is recruited to the TNFR where it suppresses RIP1
ubiquitination (195). Interestingly, Cezanne has been recently identified as the first
deubiquitinase with specificity for K11-linked chains (196). Because K11-linked
polyubiquitin chains have been identified in the activated TNFR1 complex, these results
imply that Cezanne may inhibit TNF-induced NF-xB activation by hydrolyzing K11-linked
polyubiquitin chains on substrates present in the TNFR1 complex. Future genetic studies
will be essential to confirm the importance of Cezanne in the inhibition of NF-xB and
inflammation.

The deubiquitinase USP21 (ubiquitin-specific peptidase 21) has also been implicated as an
inhibitor of NF-xB in the TNF pathway. USP21 interacts with RIP1 and deubiquitinates
RIP1 in a DUB-dependent manner (197). Knockdown of USP21 with siRNA enhances RIP1
ubiquitination and TNF-induced NF-xB activation (197). However, it is unclear if USP21
exhibits specificity for a particular type of polyubiquitin chain. USP31 deubiquitinates K63-
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linked polyubiquitin chains and may also be another regulator of TNF-induced NF-xB
signaling (198). USP7 was shown to negatively regulate NF-xB in TLR pathways by
deubiquitinating TRAF6 and NEMO (199) (Fig. 2). Interestingly, the herpes simplex virus
ICPO protein exploits USP7 to inhibit innate responses to HSV (199). USP2 was recently
identified as a DUB that acts as a positive regulator of TNF-induced NF-xB activation and
induction of proinflammatory cytokines (200). However, the target of USP2 in the TNFR
pathway is unknown and requires further study.

Recently, a novel deubiquitinase, MCP-induced protein 1 (MCPIP1) (also known as
Zc3h12a), has been identified for TRAF2 and TRAF®6 that is essential for the termination of
JNK and NF-xB in inflammatory signaling pathways (201). McpipI™'~ mice exhibited
stunted growth after weaning, splenomegaly, lymphadenopathy and died prematurely (201).
Bone marrow-derived macrophages (BMDMSs) from Mcpip1~'~ mice produced more
proinflammatory cytokines including TNF, IL-1p and IL-6 compared to wild-type BMDMs
(201). Apparently, MCPIP1 functions as a deubiquitinase despite little sequence homology
with members from all known DUB families. Although MCPIP1 deubiquitinates K63-linked
polyubiquitin chains from TRAF2, TRAF6 and RIP1, it is unclear how MCPIP1 functions in
relation to other DUBs such as A20, CYLD, Cezanne, or USP21.

Most DUBs that regulate NF-xB operate upstream of the IKK complex and target TRAFs or
RIP1, however there is evidence that certain DUBs target IKK or downstream of IKK.
USP11 has been shown to deubiquitinate IKKa and IxBa in the TNFR pathway (202, 203).
USP11 presumably removes K48-linked chains from IxBa and thus protects IxBa from
degradation by the proteasome. Consistently, knockdown of USP11 leads to enhanced TNF-
induced IxBa degradation and NF-xB activation (203). USP15, a COP9 signalosome-
associated DUB, also removes K48-linked polyubiquitin chains from IxBa (204). It is
possible that USP11 and USP15 may cooperate to remove degradative polyubiquitin chains
from 1xBa to dampen NF-xB activation.

Perspectives: conclusions and outstanding questions

A20, CYLD, and a number of other DUBs are key regulators of NF-xB signaling. The
multiple NF-xB inhibitory DUBs and apparent lack of redundancy among these DUBs
raises obvious questions regarding their individual mechanistic roles. Distinct adapter
molecules for A20, CYLD, and potentially other DUBs likely confers specificity for each
DUB; however, multiple DUBs may potentially cooperate to inhibit identical targets. One
possibility is that each DUB may hydrolyze distinct polyubiquitin chains (i.e. K11, K63) on
the same targets. For example, A20 and CYLD may hydrolyze K63-linked polyubiquitin
chains on RIP1, whereas Cezanne may remove K11-linked polyubiquitin chains from RIP1
or another molecule in the TNFR complex. It is also important to consider that the negative
regulation of NF-xB is dynamic and is governed by temporal and spatial differences in how
each DUB functions to inhibit NF-xB.

Given the importance of ubiquitination/deubiquitination in the regulatory control of
inflammatory and cell survival pathways, components of either ubiquitination or
deubiquitination pathways may serve as attractive targets for autoimmune diseases or cancer
(205). Indeed, the proteasome inhibitor Bortezomib is a Food and Drug Administration
approved front-line treatment for multiple myeloma and is in clinical trials for other
malignancies (206). Although deubiquitinase-specific drugs have not yet entered clinical
trials, the USP7 DUB may prove to be a suitable target for certain malignancies that lack
genetic lesions in p53. USP7 is a key regulator of the p53 E3 ligase MDM2 by stabilizing
MDM2 which subsequently degrades p53 (207). Small-molecule inhibitors of USP7 have
been developed that promote MDMZ2 ubiquitination and degradation with concomitant
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stabilization of p53. The E2 enzyme Ubc13 may also serve as an attractive target because of
its importance in activating NF-xB while inhibiting p53 activation (208). A small-molecule
inhibitor of Ubc13 has been identified that disrupts the binding of Ubc13 and Uevla (209).
This inhibitor blocks TNF-induced NF-xB activation and also sensitizes tumor cells to
chemotherapeutic agents (209). Finally, it will be interesting to identify small molecules that
mimic A20 function by disrupting the binding of Ubc13 with E3 ligases such as TRAF6. An
A20 ‘mimic’ or Ubc13 antagonist may have therapeutic value for the treatment of lymphoid
malignancies that lack A20 expression and have persistent NF-xB activation.
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Fig. 1. Mechanisms of A20 inhibition of NF-xB

Q
Proteasome o

(A) The ubiquitin-editing function of A20. In response to TNF stimulation, A20 expression
is induced and inhibits NF-xB in a negative feedback loop in a two-step manner. (1) A20
first hydrolyzes K63-linked polyubiquitin chains on RIP1 in an OTU-dependent manner to

inhibit IKK and NF-xB signaling. (2) A20 then conjugates K48-linked polyubi
onto RIP1 to trigger its proteasomal degradation. (B) Disruption of E2:E3 ubiq

quitin chains
uitin enzyme

complexes by A20. The E3 ligase TRAF6 inducibly interacts with the E2 enzymes Ubc13
and UbcH5c upon IL-1R/TLR4 stimulation. (1) A20 interacts with Ubc13, UbcH5c¢ and
TRAF6 and disrupts the binding between TRAF6 and the E2 enzymes. (2) A20 then

conjugates K48-linked polyubiquitin chains on Ubc13 (and UbcH5c) to trigger
proteasomal degradation.
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Fig. 2. Signaling pathways regulated by A20, CYLD, and other DUBs

(A) TNF binding to TNFRL triggers the K63-linked polyubiquitination of RIP1 which is
negatively regulated by A20, CYLD and possibly other DUBs (Cezanne, USP21, etc.). (B)
IL-1 binding to the IL-1R or LPS binding to TLR4 triggers the activation and K63-linked
polyubiquitination of TRAF6 which is negatively regulated by A20, CYLD and USP7. (C)
Sensing of MDP by NOD2 facilitates the K63-linked polyubiquitination of RIP2 which is
counteracted by A20. (D) T-cell receptor engagement by antigen and costimulation activates
PKC6 and the CBM complex leading to MALT1 K63-linked polyubiquitination. A20
inhibits MALT1 ubiquitination, however MALT1 cleaves A20 to inactivate its function.
CYLD also hydrolyzes K63-linked polyubiquitin chains from TAKL in peripheral T cells.
(E) RIG-I/MDAS sense viral nucleic acid and inducibly interact with the mitochondrial
adaptor molecule MAVS which assembles a signaling complex containing the E3 ligase
TRAF3 and the kinases TBK1/IKKi. CYLD inhibits antiviral signaling by removing K63-
linked polyubiquitin chains from RIG-1. DUBA removes K63-linked polyubiquitin chains
from TRAF3. A20, together with ABIN1 and TAX1BP1, remove K63-linked polyubiquitin
chains from TBK1/IKKi. (F) RANK ligand/RANK ligation in osteoclasts triggers TRAF6
activation and polyubiquitination. CYLD cleaves K63-linked polyubiquitin chains from
TRAF6 and requires the adaptor molecule p62 to interact with TRAF6.
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Fig. 3. Activation and assembly of the A20 ubiquitin-editing complex

TNF stimulation activates NF-xB and induces A20 expression as part of a negative feedback
loop. IKKa phosphorylates TAX1BP1 on Ser593 and Ser624 which nucleates the A20
ubiquitin-editing complex and is required for interactions between TAX1BP1, Itch, RNF11
and A20. The A20 ubiquitin-editing complex inhibits RIP1 K63-linked polyubiquitination to
terminate NF-xB signaling downstream of TNFR1.
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