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Abstract

The nuclear factor x enhancer binding protein (NF-xB) family of transcription factors regulates
the expression of a large array of genes involved in diverse cellular processes including
inflammation, immunity and cell survival. Activation of NF-xB requires ubiquitination, a highly
conserved and versatile modification that can regulate cell signaling through both proteasome
dependent and independent mechanisms. Studies in the past few years have provided new insights
into the mechanisms underlying regulation of NF-xB by ubiquitination, including the involvement
of multiple linkages of ubiquitin, the essential role of ubiquitin binding, and the function of
unanchored polyubiquitin chains. In this review, we will focus on recent advances in
understanding the role of ubiquitination in NF-xB regulation in various pathways.

Introduction

Ubiquitin is a 76-amino-acid protein that is highly conserved and ubiquitously expressed in
all eukaryotes from yeast to human. The carboxylic acid in the C-terminal glycine of
ubiquitin can be covalently attached to the epsilon amine of lysine on another protein
through an isopeptide bond. This process, termed ubiquitination, occurs through stepwise
enzymatic reactions catalyzed by three classes of enzymes, Ub-activating enzymes (E1), Ub-
conjugating enzymes (E2) and Ub protein ligases (E3) [1]. In addition, the C-terminus of
ubiquitin can be conjugated to one of the seven lysines (K6, K11, K27, K29, K33, K48,
K63) on another ubiquitin, forming polyubiquitin chain of different linkages. Moreover, the
C-terminal tail of ubiquitin can be directly attached to the N-terminal methionine of another
ubiquitin to form linear polyubiquitin chain. The linkage of polyubiquitin can influence the
fate of the substrate, adding another layer of complexity to this modification. For example,
K48-linked ubiquitination is usually involved in directing proteins for proteasome-
dependent degradation, while K63-linked ubiquitination have nonproteolytic functions such
as regulating DNA damage repair, chromatin remodeling, vesicle trafficking and protein
kinase activation [2].

Like phosphorylation, which is reversible, ubiquitination can be reversed by
deubiquitination, which is carried out by deubiquitinating enzymes (DUBs). Close to 100
DUBs are estimated to be encoded by the human genome [3]. Moreover, more than 20 types
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of ubiquitin binding domains (UBDs) have been identified [4]. Proteins containing UBDs
are able to transduce signals from ubiquitinated substrates to other components in the
pathway. Some UBDs prefer to interact with ubiquitin chains of specific linkage, which
could be utilized by the cells to regulate specific signaling pathways. This selective affinity
of UBDs also make them useful tools for studying the role of distinct ubiquitin linkages in
cells (see below).

Ubiquitination plays an essential role in the regulation of NF-xB pathways. NF-xB is a
family of heterodimeric transcription factors that is highly involved in a variety of
physiological and pathological processes including inflammation, immune response and cell
survival. In unstimulated cells, NF-xB binds to inhibitory proteins of xB family (1xB) and is
sequestered in the cytoplasm. Upon stimulation, 1«B is phosphorylated by the IxB kinase
(IKK) complex, which consists of two kinases IKKa and IKKp, as well as the essential
regulatory subunit (NEMO, also known as IKK+y or IKKAP). Phosphorylated 1xB is
subsequently ubiquitinated and degraded by 26S proteasome, thus allowing NF-xB to
translocate to the nucleus, where it regulates the expression of a plethora of genes [5]. In this
review, we will highlight some recent progress in dissecting the mechanisms of NF-xB
regulation by ubiquitination and deubiquitination in response to multiple stimuli, and discuss
some newly developed methods for studying ubiquitin signaling.

Ubiquitination in NF-kB activation by inflammatory cytokines

The most well studied pathways of inflammatory cytokine-induced NF-xB activation are
those stimulated by Interleukin-1 (IL-1) and Tumor necrosis factor alpha (TNFa). IL-1 and
TNFa bind to the receptors IL-1R and TNFR, respectively, and trigger activation of distinct
signaling cascades that converge on TGF-p activated kinase 1 (TAK1), which
phosphorylates and activates IKK, leading to activation of NF-xB (Figure 1) [5].

The first clue that ubiquitination can regulate NF-xB activation through proteasome-
independent mechanism came from the discovery that purified IKK complex could be
activated by ubiquitination reaction that did not require K48 of ubiquitin or proteasome [6].
The physiological importance of this ubiquitination event became more clear when TRAF6,
a protein essential for NF-xB activation by IL-1R and Toll-like receptors (TLRs) [7,8], was
shown to function as an E3 ligase to catalyze the synthesis of K63-linked polyubiquitin with
the E2 enzyme Ubc13-Uev1A. This polyubiquitination event was shown to activate the
TAKTI kinase complex, which in turn phosphorylates and activates IKK (Figure 1) [9,10].
The essential role of K63-linked ubiquitination in IL-1R pathway was further confirmed by
using inducible RNAI and rescue to replace endogenous ubiquitin with K63R ubiquitin
mutant in human cells [11]. K63R ubiquitin replacement abolished NF-xB activation in
response to IL-1f, but not TNFa., suggesting that these two pathways employ distinct
mechanisms to activate NF-xB. Interestingly, it has been shown in the same study that 1L-1-
induced NF-xB activation was dependent on Ubc13, which is highly specific in synthesizing
K63-linked polyubiquitin, while TNFa-induced NF-xB activation was dependent on Ubc5,
an E2 enzyme that is able to synthesize heterogeneous polyubiquitin chains, suggesting that
TNFa-induced NF-xB activation may utilize ubiquitin chains containing different linkages.

In the past few years, growing evidence has revealed that, in addition to K63 ubiquitin
chains, other types of ubiquitin chains also play a role in NF-xB activation in response to
proinflammatory cytokines. A role for linear ubiquitination in NF-xB activation was
suggested through studies of the linear ubiquitin chain assembly complex (LUBAC), which
contains two RING finger proteins HOIP (also known as RNF31) and HOIL-1L (also known
as RBCKJ1), and another subunit Sharpin. HOIP knockdown and HOIL-1L knockout
partially inhibited NF-xB activation by TNFa [12]. A mouse strain named cpdm (chronic
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proliferative dermatitis), which carried a spontaneous null mutation in Sharpin developed
immune system disorders and multi-organ inflammation. Cells derived from this mouse,
including B cells, macrophages and embryonic fibroblasts, exhibited a partial defect in IKK
activation in response to TNFa [13-15]. The observation that depletion of HOIP, HOIL or
Sharpin always causes a partial rather than complete defect in TNFa-mediated NF-xB
activation suggests that LUBAC complex may play redundant roles with other proteins to
promote IKK activation. In addition, although evidence has supported a role of LUBAC
complex in NF-xB activation by TNFa., more direct evidence for a role of linear
polyubiquitination is still lacking.

A recent human genetic study identified three patients harboring loss-of-function mutations
of HOIL-1[16]. These patients displayed a paradoxical clinical syndrome that combines
immunodeficiency, autoinflammation and amylopectinosis (consisting of intracellular
glycogen inclusions). Fibroblasts from these patients were partially defective in IKK
activation and had close to 50% reduction in IL6 production in response to IL-1p and
TNFa. In contrast, monocytes from the same patients produced elevated levels of
inflammatory cytokines, including IL6, IL8, MIP1A and MIP1B, following stimulation with
IL-1B. Thus, the role of HOIL-1 in the NF-xB pathway appears to be cell type-specific,
which is consistent with increased susceptibility to pyogenic infections and
autoinflammation in the patients.

One of the key questions in this field is exactly how ubiquitination promotes IKK activation.
As the regulatory subunit of the IKK complex, NEMO has been proposed to be the key
factor for transducing ubiquitination signal to IKK activation. NEMO contains two ubiquitin
binding domains: the NUB (also known as UBAN or CoZi) domain in the middle region,
and the zinc finger (ZF) domain at the C-terminus [17]. Both NUB and ZF domains were
able to bind K63 and linear polyubiquitin [18-21], although which linkage is preferred is
still controversial due to the variations in the experimental design, including difference in
the length of polyubiquitin used and whether full length or truncated NEMO was used. To
clarify this issue, it is important to quantitate the amounts of different endogenous
polyubiquitin chains associated with NEMO in cells stimulated with NF-xB agonists. In any
case, it is clear that ubiquitin binding by NEMO is essential for IKK activation because
mutations in the NUB and ZF domain impaired the ability of NEMO to rescue NF-xB
activation in NEMO deficient cells [18-22]. Mutations in NEMO that selectively disrupt its
binding to linear but not K63-linked ubiquitin chains led to only partial defects in NF-xB
activation [21]. This suggests that linear and K63-linked ubiquitin binding to NEMO may
play redundant roles in NF-xB activation. NEMO also binds to K11 ubiquitin chains
synthesized by clAP1 and UbcH5 in the TNFa pathway, adding another level of complexity
in ubiquitin signaling in this pathway [23].

While there is now a general agreement that non-degradative polyubiquitination and
ubiquitin binding by NEMO are important for IKK activation, the physiological
ubiquitination targets remain an enigma. Following stimulation of cells with IL-1p, several
proteins in the signaling cascade, including IRAK1, TRAF6, TAB2, TAK1 and NEMO, are
modified by ubiquitin or polyubiquitin chains. Similarly, multiple proteins in the TNFa
signaling pathway, including TNFR1, TRAF2, RIP1, clAPs, as well as TAB2, TAK1 and
NEMO, are ubiquitinated in a signal-dependent manner. It was shown that the mutation of a
putative ubiquitination site in human RIP1, K377R, impaired its ability to activate IKK
[22,24]. However, there is still no direct evidence yet that K377 of endogenous RIP1 is
ubiquitinated in TNF stimulated cells. This is further complicated by the fact that RIP1
knockout does not completely block IKK activation in some cells (i.e., MEFs)[25]. NEMO
has been shown to be ubiquitinated at certain lysines, such as K285 (human sequence), but
the effects of NEMO lysine mutations on IKK activation were variable, in part because of
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various expression levels since overexpression of even wild type NEMO could inhibit IKK
activation. Overall, the extents of ubiquitination of cellular proteins are very weak, and most
studies cannot rule out the possibility that mutations of lysine residues on a protein could
affect the structure or function of the protein through effects unrelated to ubiquitination.
Moreover, so far there is no direct biochemical evidence that ubiquitination of any target
protein could activate IKK 7n vitro.

Recently, unanchored K63 polyubiquitin chains, which are not conjugated to any other
cellular proteins, were found to directly activate the TAK1 kinase complex /n vitro through
binding to the TAB2 or TAB3 subunit of this complex. The activated TAK1 then
phosphorylates IKKp, leading to IKK activation [26]. Interestingly, the phosphorylation of
IKKB by TAK1 requires NEMO and TAB2 as well as unanchored polyubiquitin chains [27],
suggesting that these chains provide a scaffold that recruits both TAK1 and IKK through
binding to TAB2 and NEMO, respectively. Stimulation of cells with IL-1p leads to the
production of endogenous unanchored polyubiquitin chains associated with TAB2[26].
Curiously, only long K63 polyubiquitin chains synthesized by TRAF6, but not by some
other E3s, were able to activate TAK1 and IKK. More work is needed to elucidate the
mechanism of protein kinase activation by unanchored polyubiquitin chains and to dissect
the roles of unanchored and substrate-anchored ubiquitin chains in IKK activation /n vivo.

Ubiquitination in NF-kB activation by microbial pathogens

Microbes, including viruses, bacteria and parasites, are detected by the host immune system
that contains and eventually eradicates the infection. Diverse classes of microbial pathogen-
associated molecular patterns (PAMP) are detected by distinct pattern recognition receptors
(PRR) that trigger different signal transduction pathways that converge on the activation of
NF-xB and other transcription factors. PRRs include Toll-like receptors (TLRs), RIG-I-like
receptors (RLRs), NOD-like receptors (NLRs) and C-type lectin receptors (CLRS).
Remarkably, with the exception of CLRs, for which research is still in its infancy, the other
three families of PRRs all extensively engage the ubiquitination machinery to regulate NF-
B activation. Because the role of ubiquitination in TLR and NLR pathways have recently
been reviewed elsewhere [1,28,29], here we will discuss some recent advances on the role of
ubiquitination in the RLR pathway of antiviral immune responses.

Upon virus infection, viral RNA is released into the cytoplasm, where it is detected by
members of the RLR family of RNA sensors, including RIG-1, MDAS5, and LGP2. These
RLRs then activate the mitochondrial adaptor protein MAVS (also known as IPS-1, VISA,
and Cardif), leading to activation of NF-xB and IRF3 (Figure 2). Recent studies have
suggested that ubiquitination plays a key role in the RIG-I pathway. Tripartite motif-25
(TRIM25), a RING-domain-containing E3, has been shown to be important for RIG-I
antiviral activity [30]. Another ubiquitin E3, Riplet, is also important for RIG-1 activation
[31]. 1t was proposed that RIG-I ubiquitination was critical, because TRIM25 and Riplet
were able to ubiquitinate RIG-1 at the N and C termini, respectively. However, a study using
a cell-free system to reconstitute RIG-I pathway /i vitro revealed that RIG-1 could be
activated by the binding of its N-terminal CARD domains to unanchored K63-linked
polyubiquitin chains [32]. In addition, endogenous unanchored K63-linked polyubiquitin
chains purified from human cells potently activate the RIG-I pathway /n vitro. Further study
found that both RIG-1 and MDADS are able to bind K63-linked ubiquitin chains [33], and
mutations of conserved residues in the CARD domains that disrupt the ubiquitin binding
abolished the ability of RIG-1 and MDAJS to support downstream activation, highlighting the
importance of ubiquitin binding in both pathways.
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Besides RNA viruses, retroviruses like human immunodeficiency virus-1 (HIV-1) can also
activate NF-xB through a ubiquitin-dependent mechanism. It is known that the RING-
domain E3 ligase TRIMS restricts the infection of HIV-1 and other retroviruses [34,35]. A
recent study showed that TRIM5 functions as a retroviral capsid lattice sensor and restricts
retrovirus infection by catalyzing the synthesis of unanchored K63 ubiquitin with Ubc13-
Uev1A to activate TAK1 kinase complex and stimulate NF-xB activation [36].

Consistent with a critical role of ubiquitination in NF-xB activation and immune responses,
some pathogens have evolved multiple mechanisms to counteract the host defense by
hijacking the ubiquitin system (see [29] for a more detailed review). Two recent studies
provided excellent examples of how bacteria block NF-xB activation by targeting the
production and sensing of K63 polyubiquitin chains. Sanada et al showed that Ospl, a
virulent effector protein from the bacterial pathogen Shigella flexneri, selectively
deamidates the E2 enzyme Ubc13, thereby inhibiting its ability to synthesize K63
polyubiquitin chains, resulting in NF-xB inhibition and suppression of inflammatory
responses [37]. Another bacterial protein NIeE from Escherichia coli, which is delivered to
mammalian cells through the type-I11 secretion system, was found to possess S-adenosyl-L-
methionine-dependent methyltransferase activity [38]. This enzyme specifically methylates
two conserved Cysteine residues in the ubiquitin binding domains (known as NZF) of TAB2
and TAB3, two regulatory subunits of the TAK1 complex. Methylation of TAB2 and TAB3
impairs their ability to bind K63-linked polyubiquitin chains, and as a result, the host NF-xB
activation is suppressed.

The role of deubiquitinating enzymes in NF-kB activation

Several deubiquitinating enzymes (DUBSs) function as key negative regulators of IKK to
allow a tight control of NF-xB activation, which is critical because persistent or excessive
activation of NF-xB has been linked to autoimmune disorders and cancer. One of the best
studied DUBs in NF-xB pathways is A20 (also known as TNFAIP3), an NF-xB inducible
protein that contains an OTU-type DUB domain at the N-terminus, and seven zinc fingers at
the C-terminus [39]. A20 knockout mice developed severe inflammation in various tissues
including liver, kidney, intestine, joints and bone marrow and died at an early age [40].
Moreover, multiple polymorphisms of the A20 gene have been linked to systemic lupus
erythematosus, a human autoimmune disease [41]. A20 deficient cells are hypersensitive to
NF-xB activation by multiple stimuli, including TNFa, IL-1B, TLR ligands and RLR
ligands [40,42,43], indicating that A20 serves as a crucial negative regulator in NF-xB
signaling. It has been proposed that A20 suppress hyperactivation of NF-xB by
deubiquitinating K63-linked polyubiquitin attached to RIP1 through the N-terminal OTU
domain, as well as promoting K48-linked polyubiquitination of RIP1 for proteasomal
degradation [44]. However, A20 cleaves K48-linked polyubiquitin more efficiently than
K63-linked polyubiquitin /n vitro [45].

Several recent studies have provided evidence that A20 can function through DUB-activity-
independent mechanisms. Shembade et al. showed that A20 could antagonize interactions
between E3 ligases including TRAF6, TRAF2 and clAP1 and their E2 partners Ubc13 and
Ubch5 (Figure 3) [46]. Skaug et al found that A20 catalytic mutant (C103A) could still
inhibit IKK activation both /n vitroand in vivo[27]. The same study also showed that A20
directly impaired IKK activation by binding to K63-linked polyubiquitin through its seventh
zinc finger (ZnF7) and recruiting NEMO. Mutations in ZnF7 that disrupted ubiquitin
binding also abolished A20’s ability to downregulate NF-xB activity in A20 deficient MEF.
The role of ubiquitin binding by ZnF7 of A20 in IKK inhibition was confirmed and
extended by recent studies showing that this motif also binds to linear ubiquitin chains
[47,48].
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A20 forms a complex with TAX1BP1, immune modulatory protein (ITCH) and RNF11, and
formation of this A20 ubiquitin-editing complex is crucial for negative regulation of NF-xB
[49-51], although the underlying mechanism remains elusive. Interestingly, IKKa was
shown to phosphorylate TAX1BP1 and promote the assembly of A20 ubiquitin-editing
assembly complex [52], indicating that IKKa functions as a key factor in coordinating the
inhibitory effect of A20 and its binding partners.

The tumor suppressor CYLD is another DUB well known for its role in inhibiting NF-xB.
CYLD cleaves K63 as well as linear polyubiquitin chains and its catalytic activity is
required for its ability to inhibit IKK. Several mutations that result in the loss-of-function of
CYLD have been found in patients afflicted with familial cylindroma and other tumors of
the skin appendage [53]. Cells lacking CYLD have elevated NF-xB activation, which likely
contribute to the tumor development [54-56]. In cell culture experiments, transfection of
CYLD inhibits ubiquitination of several proteins, including RIP1, TRAF2 and NEMO.

However, direct evidence that CYLD could directly remove ubiquitin chains from a protein
substrate is still lacking. Rather, it was shown that recombinant CYLD preferentially cleaves
unanchored K63 polyubiquitin chains [26]. Further work is needed to clarify the
physiological targets of CYLD in the NF-xB pathway. CYLD also promotes cell death
through apoptosis and necrosis [56,57], possibly by inhibiting RIP1 ubiquitination or
removing ubiquitin chains from RIP1.

Several other DUBs have also been indicated to negatively regulate NF-xB activation,
including Ubiquitin-specific peptidase 20 (USP20) [58], USP2a [59], USP21 [60], and
USP4 [61]. These DUBs have been shown to deubiquitinate components of NF-xB
pathways, such as TRAF6 and RIP1, /n vitro. However, rescue experiments with catalytic
mutants as well as genetic experiments are required to establish the roles of these DUBs in
specific NF-xB pathways.

New methods for studying ubiquitin signaling

Compared to other modifications like phosphorylation and acetylation, ubiquitination is
more complicated due to the existence of multiple linkages as well as the difference in
length of polyubiquitin chains, which can influence the fates of the modified substrates. As
such, it has remained a challenge to study ubiquitination /7 vivo. During the past two years,
however, new methods have emerged as useful tools to elucidate the regulatory role of
ubiquitination in cell signaling including NF-xB activation.

Two recent studies have developed ubiquitin sensors to track the dynamics and subcellular
localization of polyubiquitin in cells [62,63]. These sensors contained tandem ubiquitin
binding domains that rendered them capable of binding to ubiquitin chains of specific
linkages with high affinity, and thus can be applied as competitive inhibitor to study the role
of particular linkage(s) in signaling pathways. Sims et al. showed that overexpression of
K63-linked polyubiquitin sensors inhibited IL-1p-induced NF-xB activity with high
efficiency, but it required a much higher concentration of these sensors to obtain an
inhibitory effect in the TNF pathway, consistent with the previous observation that K63-
linked polyubiquitin plays a more important role in IKK activation by IL-1f than TNFa
[11]. These sensors are also anticipated to be useful in live-cell imaging, which will provide
important information regarding the dynamics of ubiquitin chain formation and disassembly.

Another important technological development is the rapidly increasing power of mass
spectrometry, which is very important for the identification of ubiquitination substrates in
cells. The increasingly higher resolution, accuracy, sensitivity, speed and quantitative power
of mass spectrometry make it possible to identify low abundant ubiquitinated proteins and
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map the modification sites on the substrates as well as within the ubiquitin chains. Recently
developed antibodies that recognize di-glycine (GlyGly) attached to lysine through an
isopeptide bond is a useful tool to enrich the ubiquitinated substrates and help identify
ubiquitination substrates [64-66]. These advances, together with the development of
ubiquitin-linkage specific antibodies, should significantly advance our understanding of the
roles and mechanisms of ubiquitination in the regulation of NF-xB and other cell signaling
pathways.

Conclusions

The pace and intensity of research on the role of ubiquitination in NF-kB pathways have
increased substantially in the past few years, so have the amounts of information and the
degrees of complexity in our understanding of ubiquitin signaling in these pathways. Many
proteins involved in the ubiquitin pathway, including ubiquitin conjugating and
deconjugating enzymes and ubiquitin binding proteins, have now been shown to regulate
IKK activation in different NF-xB signaling pathways. Different types of ubiquitin chains
have also been shown to play a role in IKK regulation. The extensive involvement of
multiple ubiquitin E2s, E3s, DUBs and different ubiquitin chains in a signaling pathway also
presents a challenge in sorting out the mechanism by which ubiquitination regulates IKK
activation. For example, stimulation with TNFa leads to the recruitment of multiple E3s and
DUBsS, including TRAF2, TRAF5, clAPL, clAP2, LUBAC, A20 and CYLD, to the receptor.
How these proteins, and the ubiquitin chains that they generate, function cooperatively,
redundantly or competitively to regulate TAK1 and IKK is still an important issue that
remains to be resolved. The physiological ubiquitination targets required for IKK activation
have yet to be identified, and the relative contributions of these targets and unanchored
ubiquitin chains in IKK activation in vivo require further clarification. Further research that
combines modern technological advances with classical biochemical and genetic approaches
should bring clarity to these complex issues. A clear understanding of the mechanisms by
which ubiquitination and deubiquitination regulate NF-kB is crucial for devising and
developing effective therapies of human diseases that are frequently associated with the
dysfunction of the ubiquitin network in the NF-kB pathways.
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Figure 1. NF-xB activation by inflammatory cytokines

Stimulation of cells with IL-1p leads to the activation of the ubiquitin E3 ligase TRAF6,
which catalyzes the synthesis of unanchored K63 polyubiquitin chains that bind to the TAB2
subunit of the TAK1 kinase complex, resulting in TAKL1 activation. TAK1 then
phosphorylates IKKp, leading to NF-xB activation. In the TNFa pathway, stimulation of
the cells leads to the recruitment of several ubiquitin E3 ligases to the receptor, including
TRAF2, TRAF5, clAP1, clAP2 and LUBAC (consisting of HOIP, HOIL-1, and Sharpin).
These E3s and Ubch5 synthesize ubiquitin chains of different linkages, including K63, K11
and linear (M1). The physiological targets of these ubiquitin chains are still not clear, but it
is clear that the ubiquitination events lead to TAK1 and IKK activation. Two bacterial
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proteins, Ospl and NIeE, are able to inhibit NF-xB activation by targeting Ubc13 and
TAB2/3, respectively.
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Figure 2. Theroleof ubiquitination in the RIG-I antiviral signaling pathway

After infection by RNA viruses, viral RNA binds to RIG-1 and induces a conformational
change that exposes the N-terminus of RIG-I which binds to unanchored K63 polyubiquitin
chains synthesized by TRIM25 and Riplet. RIG-I then interacts with and activates the
mitochondrial membrane protein MAV'S, which activates IKK and TBK1 in the cytoplasm.
These kinases then activate NF-xB and IRF3, leading to the production of type-I interferons.
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Figure 3. Mechanisms of IKK inhibition by A20

A20 inhibits IKK through three proposed mechanisms. (A) A20 functions as an editing
enzyme that first utilizes the N-terminal OTU-type deubiquitination enzyme domain to
remove K63 polyubiquitin chains from RIP1, followed by K48 polyubiquitination of RIP1
by the C-terminal zinc finger (ZnF4) domain, which functions as a ubiquitin E3 ligase. K48
polyubiquitination of RIP1 targets it for degradation by the proteasome. (B) A20 can inhibit
the synthesis of polyubiquitin chains by disrupting the interaction between E2s (Ubc13 and
Ubc5) and E3s (TRAFs and clAPs). (C) A20 can also inhibit IKK through a non-catalytic
mechanism that involves its binding to K63 and linear polyubiquitin chains through the zinc
finger 7 (ZnF7) domain. This binding facilitates the formation of a complex consisting of
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A20, NEMO and polyubiquitin chains, resulting in inhibition of IKK phosphorylation by
TAK1. A20 also forms a complex with RNF11, ITCH and TAX1BP1, which regulate the
inhibitory activity of A20. TAX1BP1 is phosphorylated by IKKa., and this phosphorylation
promotes the assembly of the A20 complex to provide a negative feedback inhibition of
IKK.
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