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1. Introduction

1.1. Ubiquitin-Proteasome Pathway
Ubiquitin is a highly conserved, 76-amino-acid protein that

is ubiquitously expressed in eukaryotic cells.1 This small
protein controls almost all aspects of a cell’s life and death,
through its covalent modification of other cellular proteins
in a process known as ubiquitination.2,3 The enzymatic
cascade of ubiquitination begins with ubiquitin activation by
an E1 (ubiquitin-activating enzyme), followed by transfer
of the activated ubiquitin to an E2 (ubiquitin-conjugating
enzyme, also known as Ubc), and ends with conjugation of
ubiquitin to a target protein through the formation of an
isopeptide bond between the carboxyl terminus of ubiquitin
and an ε-amino group of a lysine residue on the protein
substrate. The last step requires a member of a very large
family of ubiquitin-protein ligases (E3), which, together with
E2s, determine substrate specificity. E3s can be divided into
two categories, depending on whether they contain a HECT

(homology to E6AP C-terminus) or RING (really interesting
new gene) domain. The HECT domain E3s contain an active-
site cysteine, which can accept ubiquitin from an E2 and
transfer the ubiquitin to a target protein. In contrast, the RING
domain E3s do not contain a conventional enzyme active
site, but they promote ubiquitination by binding to both
protein substrates and E2s, facilitating the conjugation of
ubiquitin to specific protein targets. Ubiquitination reactions
are reversed by members of a large family of deubiquitination
enzymes (DUBs, also known as isopeptidases).4,5 Thus,
ubiquitination is a reversible covalent modification, similar
to phosphorylation.

Ubiquitin has seven lysines, each of which can be
conjugated by another ubiquitin to form a polyubiquitin
chain.6 The topology of polyubiquitin chains can influence
the fate of target proteins. For example, polyubiquitin chains
linked through lysine 48 (K48) of ubiquitin normally target
a protein for degradation by the proteasome, whereas K63
polyubiquitin chains have functions independent of proteoly-
sis, including protein kinase activation, DNA repair, and
membrane trafficking. Monoubiquitination usually does not
lead to proteasomal degradation; instead, it regulates impor-
tant cellular functions such as chromatin remodeling and
vesicle trafficking.

1.2. NF-KB Pathway
Both the proteolytic and nonproteolytic functions of

ubiquitin are critically important for the regulation of nuclear
factor kappa B (NF-κB), a family of transcription factors
actively involved in the regulation of immunity, inflamma-
tion, and cell survival.7 The NF-κB/Rel family includes RelA
(p65), c-Rel, RelB, p50, and p52. They share an N-terminal
Rel homology domain (RHD), which mediates dimerization,
nuclear translocation, DNA binding, and association with the
inhibitory proteins IκBs. p50 and p52 are generated from
their precursors p105 and p100, respectively, through pro-
teasomal degradation of the C-terminal IκB-like ankyrin
repeats.

The NF-κB activation pathways are classified into canoni-
cal and noncanonical pathways; the canonical pathway leads
to the degradation of IκB, whereas the noncanonical pathway
involves the processing of p100 to the mature subunit p52.8

The canonical pathway is activated by most NF-κB stimu-
latory ligands, including proinflammatory cytokines such as
tumor necrosis factor R (TNFR) and interleukin-1� (IL-1�),
and microbial ligands such as bacterial lipopolysaccharides
(LPS) and viral nucleic acids. These ligands bind to their
receptors and trigger distinct signaling pathways that con-
verge on a large kinase complex consisting of the catalytic
subunits IKKR and IKK� (ΙκΒ kinase R and �) and an
essential regulatory subunit NEMO (NF-κB essential modu-
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lator, also known as IKKγ or IKKAP). The IKK complex
phosphorylates IκBs and targets these inhibitors for poly-
ubiquitination and subsequent degradation by the proteasome.
The liberated NF-κB enters the nucleus to turn on the
transcription of target genes. The noncanonical pathway is
activated by a subset of receptors in B cells, such as CD40
and B-cell activating factor receptor (BAFF-R). These
receptors initiate a signaling cascade leading to activation
of IKKR, which phosphorylates p100. Phosphorylated p100
is polyubiquitinated, and then its C-terminus is selectively
degraded by the proteasome, sparing the N-terminal Rel
homology domain to generate the mature p52 subunit. p52
forms a dimer with RelB, and the dimeric complex enters
the nucleus to turn on the expression of genes that are
important for B-cell maturation and activation.

In both canonical and noncanonical pathways, IKK is key
to NF-κB activation. Mounting evidence shows that ubiq-
uitination and deubiquitination play a central role in IKK
regulation by diverse NF-κB signaling pathways.9,10 In

particular, K63 polyubiquitination mediates the activation of
IKK and mitogen-activated protein kinases (MAPKs) through
a proteasome-independent mechanism. In this section, we
will discuss recent progress in understanding the roles of
ubiquitin in three steps of the NF-κB pathway: IκB degrada-
tion, processing of NF-κB precursors, and activation of IKK
and other kinases. In addition, we will discuss how deubiq-
uitination enzymes negatively regulate the NF-κB pathway
and how dysfunction of these enzymes may lead to human
diseases.

2. Ubiquitin in IKB Degradation
IκB is a family of ankyrin repeat-containing proteins,

including IκBR, IκB�, IκBε, IκB�, IκBNS, and Bcl-3 (B-
cell lymphoma 3).7 IκBR, IκB�, and IκBε bind to and
sequester NF-κB in the cytoplasm, whereas IκB�, IκBNS,
and Bcl-3 are localized in the nucleus and cooperate with
NF-κB to activate transcription. The cytoplasmic IκB proteins
are rapidly phosphorylated, ubiquitinated, and degraded upon
stimulation of cells with ligands such as TNFR or IL-1�.
The E2 enzyme involved in ubiquitination of IκBR belongs
to the Ubc4/Ubc5 family, and the E3 in this process is a
complex consisting of Skp1, Cul1, Roc1 (also called Rbx1),
and the F-box protein Slimb/�TrCP (SCF-�TrCP).11 Slimb
was first identified in a genetic screen as a negative regulator
of the Hedgehog (Hh) and Wnt/Wingless (Wg) pathways in
Drosophila.12 Subsequent experiments showed that �TrCP,
the mammalian homologue of Slimb, is responsible for the
ubiquitination of IκBR, IκB�, p105, p100, and several other
proteins involved in cellular processes ranging from circadian
rhythm to cell-cycle progression.13 In all of these cases,
�TrCP binds to phosphorylated, but not unphosphorylated,
forms of substrates through its C-terminal WD40 repeats,
which recognize a degron motif with a consensus sequence
of DpSGXXpS, where pS represents phosphorylated serine.
�TrCP also contains an N-terminal F-box, which binds to
Skp1. Skp1 forms a complex with Cul1 and the RING
domain protein Roc1, which binds to an E2, such as Ubc5.
Therefore, the SCF-�TrCP complex brings phosphorylated
IκBR and Ubc5 together and stimulates the activity of Ubc5
to catalyze polyubiquitination of IκBR at two N-terminal
lysines (K21 and K22). Ubiquitinated IκBR remains bound
to NF-κB but is selectively degraded by the 26S protea-
some.14 The mechanism by which the proteasome selectively
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degrades ubiquitinated IκBR but not NF-κB is still not well-
understood. Two mammalian �TrCP genes, �TrCP1 and
�TrCP2, have been identified. Although IκBR degradation
still occurs in �TrCP1-deficient cells stimulated with TNFR,
IL-1�, or LPS, silencing of both �TrCP1 and �TrCP2 by
RNAi in HeLa cells efficiently stabilizes IκBR upon stimula-
tion,15 suggesting that �TrCP1 and �TrCP2 function redun-
dantly in IκB degradation.

3. Ubiquitin in the Processing of NF-KB
Precursors

The p50 and p52 subunits of NF-κB are generated from
their larger precursors, p105 and p100, respectively, through
limited processing by the proteasome.8,16 Both p50 and p105
are present in unstimulated cells, indicating that p105 is
processed constitutively. However, the processing of p105
to p50 can be enhanced by stimulation of cells with phorbol
ester.17 Although it is generally agreed that the proteasome
is important for processing of p105 to p50, whether or not
ubiquitination plays a role has been a subject of debate.18

According to one model, p50 is generated by cotranslational
processing of p105 through a proteasome-dependent but
ubiquitination-independent mechanism.19 However, several
other groups have shown that p105 is processed to p50 post-
translationally and that this processing depends on poly-
ubiquitination, under both basal and stimulated conditions.16,20,21

Stimulation of cells with LPS or TNFR also leads to complete
degradation of p105 in a manner that depends on IKK-
mediated phosphorylation and �TrCP-mediated poly-
ubiquitination.22,23 Interestingly, degradation of p105 liberates
the MAP kinase kinase kinase (MAP3K) Tpl2/Cot (tumor
progression locus 2/Cancer Osaka thyroid), resulting in the
activation of ERK (extracellular signal regulated kinase),
which is important for TNFR production in response to LPS
stimulation.24 A recent study showed that phosphorylation
and degradation of p105 are also important for T-cell receptor
signaling.25

The processing of p100 to p52 is tightly regulated by the
noncanonical pathway of NF-κB activation. p100 processing
requires the NF-κB inducing kinase (NIK), which is normally
degraded by the proteasome such that its level is maintained
at a very low level in unstimulated B cells.26 NIK degradation
requires the cellular inhibitors of apoptosis, cIAP1 and cIAP2
(cellular inhibitor of apoptosis 1 and 2), which are RING
domain E3s that catalyze NIK ubiquitination.27 Stimulation
of B-cells through certain receptors of the TNFR superfamily,
including CD40, BAFF-R, and lymphotoxin-� receptor, leads
to the degradation of TRAF3 (TNF receptor-associated factor
3), a key negative regulator of the noncanonical NF-κB
pathway.28-30 In the absence of TRAF3, cIAPs fail to
ubiquitinate NIK, resulting in its accumulation. NIK then
phosphorylates and activates IKKR, which in turn phospho-
rylates p100, leading to its polyubiquitination by SCF-
�TrCP.31 Ubiquitinated p100 is then processed by the
proteasome to generate p52.

How does the proteasome selectively degrade the C-
termini of p100 and p105 while leaving the N-terminal Rel
homology domain intact? Jentsch and colleagues propose a
model that sheds light on this intriguing question.9,32,33

According to this model, the proteasome is recruited to
substrates through binding to polyubiquitin chains. This
allows an unstructured region near the ubiquitination site to
insert into the proteasome as a hairpinlike loop. Inside the
catalytic chamber of the proteasome, the polypeptide of the

hairpin loop is degraded in both N- and C-terminal directions.
In the case of p100 and p105, degradation toward the
C-terminus proceeds to completion, whereas degradation
toward the N-terminus comes to a halt when the proteasome
encounters a glycine-rich region (GRR) followed by the Rel
homology domain, which forms a tightly folded dimeric
structure. This structure may be resistant to unfolding by
the ATPase subunits of the 19S proteasome, allowing the
N-terminal fragments (p50 and p52) to escape from the
proteasome.

4. Ubiquitin in Protein Kinase Activation by
Diverse NF-KB Signaling Pathways

A prerequisite for the degradation of IκBs and processing
of p100 and p105 is the phosphorylation of these proteins
by the IKK complex. Thus, a key question in the field is
how IKK is regulated by a large variety of stimulatory
signals. Unexpectedly, it was found in 1996 that polyubiq-
uitination could activate a large kinase complex capable of
site-specific phosphorylation of IκBR in vitro.34 The activa-
tion of this kinase complex, later known as IKK, requires
E1, an E2 of the Ubc4/5 family, and ubiquitin, but not the
proteasome. This in vitro activation is prevented by methy-
lated ubiquitin, but not the K48R mutant of ubiquitin,
suggesting that polyubiquitination through another lysine of
ubiquitin is important for IKK activation. However, as these
experiments were carried out in vitro, the relevance of this
finding to IKK activation under physiological conditions was
not clear. In particular, there was no known connection
between ubiquitination and upstream regulators of IKK at
the time. Such a connection was established later when it
was found that TRAF6, a key regulator of IKK, is a RING
domain ubiquitin ligase.35

TRAF6 belongs to a family of seven proteins; all but
TRAF1 contain an N-terminal RING domain.36 TRAF1-6
also contain a highly conserved C-terminal TRAF/MATH
(meprin and TRAF homology) domain, whereas the C-
terminus of TRAF7 contains seven WD40 repeats. TRAF
proteins are critically involved in NF-κB signaling by various
cell surface and intracellular receptors. For example, TRAF6
is essential for NF-κB and MAP kinase activation by
interleukin-1 receptor (IL-1R) and Toll-like receptors (TLR),
whereas TRAF2 and TRAF5 are important for signaling by
TNF receptors. TRAF3, on the other hand, is required for
the activation of another transcription factor, interferon-
regulatory factor 3 (IRF3). In all of these cases, the TRAF
proteins function as ubiquitin ligases to activate the protein
kinases involved in different pathways. Recent advances in
understanding the role of ubiquitination in protein kinase
activation in several signaling pathways will be discussed
below, with emphasis on the biochemical mechanisms
involved.

4.1. Interleukin-1 Receptor/Toll-like Receptors
(IL-1R/TLR)

IL-1� is a potent inflammatory cytokine that activates NF-
κB and other signaling pathways that are important for
effective immune responses against microbial infection.37 IL-
1R contains an intracellular signaling domain that is ho-
mologous to the intracellular domain of TLRs, which
represent a major class of pattern-recognition receptors that
recognize conserved microbial-derived molecules, such as
LPS and viral nucleic acids. Upon stimulation of cells with
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IL-1� or a TLR ligand such as LPS, the intracellular signaling
domain, termed Toll and IL-1 Receptor (TIR) domain,
recruits the adaptor protein MyD88 (myeloid differentiation
primary response gene 88), which also contains a TIR
domain. MyD88 in turn recruits the IL-1 receptor associated
kinases, IRAK4 and IRAK1. IRAK4 phosphorylates IRAK1,
releasing IRAK1 into the cytosol, where it forms a complex
with TIFA (TRAF-interacting protein with a forkhead-
associated domain) and TRAF6. Genetic experiments have
shown that TRAF6 is essential for NF-κB and MAP kinase
activation by IL-1, CD40, LPS, and other TLR agonists.

In an effort to understand how TRAF6 activates IKK, a
cell-free system of TRAF6-regulated IKK activation was
established.35 Fractionation of cytosolic extracts led to the
discovery of two TRAF6-regualted IKK activators, TRIKA1
and TRIKA2 (TRAF6-regulated IKK activators 1 and 2).
TRIKA1 is a ubiquitin-conjugating enzyme complex consist-
ing of Ubc13 and a Ubc-like protein termed Uev1A (also
known as Mms235,38), whereas TRIKA2 is a complex
containing the TGF�-activated kinase (TAK1) and the
adaptor proteins TAB1 and TAB2 (TAK1 binding protein 1
and 2).39 Biochemical studies showed that TRAF6 and
Ubc13/Uev1A catalyze the synthesis of a unique polyubiq-
uitin chain linked through K63 of ubiquitin. This polyubiq-

uitination activates the TAK1 kinase complex through a
proteasome-independent mechanism (Figure 1). TAK1 then
phosphorylates IKK�, resulting in activation of the IKK
complex. TAK1 also phosphorylates MAP kinase kinases
(MKKs; e.g., MKK6 and MKK7), leading to activation of
JNK (Jun N-terminal kinase) and p38 kinase.

Subsequent studies provide mechanistic insights into how
K63 polyubiquitination activates the TAK1 kinase complex.
It turns out that TAB2 and its homologue TAB3 contain a
highly conserved C-terminal zinc finger domain (NZF) that
binds preferentially to K63 polyubiquitin chains.40 Mutations
within this domain that disrupt the binding of TAB2 or TAB3
to ubiquitin also abrogate its ability to mediate activation of
TAK1 and IKK. Conversely, replacement of the NZF domain
with another ubiquitin-binding domain restores the ability
of TAB2 and TAB3 to support TAK1 and IKK activation.
Although TAB2-deficient murine embryonic fibroblast (MEF)
cells can still activate NF-κB normally in response to
stimulation by IL-1� or TNFR, RNAi of both TAB2 and
TAB3 prevent IKK activation, suggesting that these two
proteins have redundant functions in the NF-κB pathway.40-43

TAB1 is dispensable for NF-κB and MAP kinase activation
by cytokines but required for the activation of TAK1 by
osmotic stress.44

Figure 1. Roles of ubiquitin in NF-κB activation by IL-1 receptor and Toll-like receptors (IL-1R/TLR). Stimulation of IL-1R and TLRs
by their ligands leads to recruitment of the adaptor protein MyD88, protein kinases IRAK4 and IRAK1, and ubiquitin ligase TRAF6. In the
presence of the E2 Ubc13/Uev1A, TRAF6 catalyzes K63 polyubiquitination of IRAK1 and TRAF6 itself. The polyubiquitin chains bind
to TAB2 and TAB3 and activate the TAK1 kinase complex. The polyubiquitin chains also serve as a scaffold to recruit the IKK complex
through NEMO, facilitating the phosphorylation of IKK� by TAK1. IKK is activated to phosphorylate IκB proteins, which are subsequently
ubiquitinated by the SCF-�TRCP ubiquitin E3 complex. The ubiquitinated IκBs are degraded by the proteasome, leading to NF-κB nuclear
translocation and activation of downstream target genes.
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The activation of IKK by TAK1 requires NEMO, the
essential regulatory subunit of the IKK complex.45 NEMO
also binds preferentially to K63 polyubiquitin chains through
a C-terminal coiled-coil domain termed NUB (NEMO-
ubiquitin binding; also known as UBAN, CoZi, or NOA
domain).46-50 A recent structural study of the NUB domain
of NEMO reveals that it forms a dimeric coiled-coil, with
the ubiquitin-binding residues clustering in the leucine zipper
region.51 Mutations within this region that disrupt ubiquitin
binding also impair IKK activation. Some of these mutations
have been found in human patients with anhydrotic ecto-
dermal dysplasia with immunodeficiency (EDA-ID).52 There-
fore, a critical role of NEMO in IKK activation may be
explained at least in part by its ability to recognize K63
polyubiquitin chains. The polyubiquitin chains may function
as a scaffold to recruit the TAK1 and IKK complexes,
allowing TAK1 to phosphorylate and activate IKK.

Several proteins in the IL-1R/TLR pathway have been
shown to be the targets of K63 polyubiquitination by TRAF6.
These proteins include IRAK1, NEMO, and TRAF6
itself.39,53-56 A specific lysine on TRAF6 (K124) appears to
be the major site of polyubiquitination, and a point mutation
of K124 abrogates its ability to rescue IL-1� and RANK
signaling in TRAF6-deficient cells.57,58 However, another
recent study showed that TRAF6 lacking all lysines is still
capable of supporting IKK activation in response to IL-1
stimulation, suggesting that TRAF6 autoubiquitination is
dispensable for IKK activation.59 IL-1� also triggers K63
polyubiquitination of IRAK1, and mutations of two lysines
(K134 and K180) impaired IRAK1 ubiquitination as well
as NF-κB activation by IL-1� and TLR ligands.55,56 A recent
study suggests that NEMO is conjugated at two lysines by
a linear polyubiquitin chains in which ubiquitin is linked from
“head to tail”. Although two ubiquitin genes are known to
encode linear polyubiquitin, it is believed that polyubiquitin
precursors are rapidly cleaved by cellular DUBs to generate
the mature ubiquitin proteins. The de novo synthesis of linear
polyubiquitin and its conjugation to NEMO are catalyzed
by a ubiquitin E3 complex consisting of two RING domain
proteins, HOIL-1 L and HOIP.60 Mouse cells lacking HOIL-1
L are partially defective in IKK activation by TNFR,
suggesting that linear polyubiquitination of NEMO might
play a role in IKK activation. However, an independent study
showed that HOIL-1 L (also known as RBCK1) targets
TAB2 and TAB3 for proteasomal degradation, thereby
inhibiting IKK activation by TNFR and IL-1�.61 Thus, more
work is needed to determine whether and how linear
polyubiquitination of NEMO plays a role in IKK activation.

Although the RING domain of TRAF6 is clearly important
for its ubiquitin ligase activity, conflicting results concerning
the role of this domain in vivo have been reported. While
one report showed that TRAF6 lacking the RING domain
could still activate NF-κB in response to IL-1�,62 several
other reports found that deletion or mutation of the RING
domain that impaired the E3 activity of TRAF6 blocked IKK
activation by IL-1� and RANK.55,57,58 Therefore, further
research, perhaps through the use of knock-in mouse models,
is needed to clarify the in vivo function of TRAF6 as a
ubiquitin ligase.

4.2. Tumor Necrosis Factor Receptor (TNFR)
TNFR binds to two members of the TNF receptor

superfamily, TNFR1 and TNFR2, and initiates signaling
cascades leading to activation of NF-κB and MAP kinases,

as well as apoptosis.63,64 The signaling pathways initiated
by TNFR1 have been most extensively studied (Figure 2).
Upon binding to trimeric TNFR, TNFR1 becomes trimerized
and recruits the adaptor protein, TRADD (TNFR1-associated
death domain). TRADD further recruits the RING domain
ubiquitin ligases TRAF2, TRAF5, cIAP1, and cIAP2, as well
as the protein kinase RIP1 (receptor interacting protein kinase
1). RIP1 then activates IKK in a manner independent of its
kinase activity.

Like TRAF6, TRAF2 acts as a ubiquitin ligase in the
TNFR pathway and itself can be a target of ubiquitination.
Overexpression of a catalytically inactive mutant (C87A) of
Ubc13 inhibits TRAF2- and TNFR-induced NF-κB activa-
tion.35 Polyubiquitination of TRAF2 requires Ubc13/Uev1A,
and ubiquitinated TRAF2 is important for JNK activation.65,66

However, deletion of one or both copies of Ubc13 does not
completely block NF-κB activation by TNFR, suggesting that
another E2 may compensate for the loss of Ubc13.67-69

Deletion of both TRAF2 and TRAF5, but not TRAF2 alone,
impairs NF-κB activation by TNFR, indicating that TRAF2
and TRAF5 function redundantly in the TNFR pathway.70-72

RIP1 is rapidly polyubiquitinated at a specific lysine
(K377) following TNFR stimulation.46,73 A point mutation
of RIP1 at K377 abolishes its ubiquitination as well as its
ability to recruit the TAK1 and IKK complexes to TNFR1,
and it prevents IKK activation. Ubiquitination of RIP1 is
impaired in TRAF2-deficient cells; however, there is no
evidence that TRAF2 can directly catalyze polyubiquitination
of RIP1.74 Recent studies suggest that cIAP1 and cIAP2 may
be more directly involved in the ubiquitination of RIP1. In
fact, cIAPs have been shown to promote both K48 and K63
polyubiquitination of RIP1 in conjunction with Ubc5 in
vitro.75 Consistent with the role of cIAPs such as the RIP1
E3, reducing the expression of both c-IAP1 and c-IAP2 by
RNAi attenuates polyubiquitination of RIP1 and activation
of NF-κB.

In addition to activating NF-κB, polyubiquitination of RIP1
protects cells from TNFR-induced apoptosis through both
NF-κB-dependent and -independent mechanisms.76,77 After
the formation of the TNFR1-associated complex containing
TRADD, TRAF2, and RIP1 (complex I), which triggers IKK
activation, this complex dissociates from the receptor and
forms another complex with Fas-associated death domain
protein (FADD) and procaspase-8 in the cytoplasm (complex
II; Figure 2).78 Within this complex, procaspase-8 undergoes
autocleavage to generate mature caspase-8, which initiates
the apoptosis cascade. However, as a result of NF-κB
activation, several antiapoptotic proteins are induced. For
example, cellular FLICE-inhibitory protein (c-FLIP) inhibits
procaspase-8 activation, thereby preventing apoptosis. As
polyubiquitination of RIP1 is required for NF-κB activation,
it plays a critical role in blocking apoptosis. Polyubiquiti-
nation of RIP1 also plays a more direct role in preventing
apoptosis by inhibiting the transition of RIP1 from the
receptor-associated complex to the cytosolic death-inducing
complex. When ubiquitination of RIP1 is blocked, through
mutation of the ubiquitination site, depletion of cIAPs or by
deubiquitination (catalyzed by CYLD; to be further discussed
in section 5), the formation of the death-inducing complex
is enhanced to promote apoptosis.76,77

4.3. T-Cell Receptors (TCRs)
T-cells, which are the central mediator of adaptive immune

responses, are activated through the engagement of T-cell
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receptors (TCRs) by antigenic peptides presented by major
histocompatibility complexes (MHCs) on the surface of
antigen-presenting cells. Stimulation of TCRs activates a
tyrosine kinase cascade, leading to activation of the serine/
threonine kinase PKCθ (protein kinase θ). PKCθ triggers
the formation of a complex termed CBM, which contains
CARMA1 (caspase recruitment domain-containing membrane-
associated guanylate kinase 1), BCL10 (B-cell lymphoma
10), and MALT1 (mucosa-associated lymphoid tissue lym-
phoma translocation gene 1).79,80 The CBM complex is
essential for the activation of IKK through a mechanism
involving K63 polyubiquitination (Figure 2). MALT1 con-
tains binding sites for TRAF2 and TRAF6, and the binding
of MALT1 to TRAF6 promotes the oligomerization of
TRAF6, leading to activation of its ubiquitin E3 activity.54

TRAF6 then functions together with Ubc13/Uev1A to
catalyze K63 polyubiquitination of target proteins including
BCL10, MALT1, NEMO, and TRAF6 itself.54,81-83 One or
more of these polyubiquitination events activates the TAK1
kinase complex, which in turn activates IKK. Genetic
experiments have demonstrated that conditional deletion of
Ubc13 or TAK1 blocks the activation of IKK and JNK by
TCR stimulation.68,84-86 However, T-cells lacking TRAF6

can still activate NF-κB.87 This may be due to the redundant
functions of TRAF2 and TRAF6, as RNAi of both TRAF2
and TRAF6 in T-cells causes a more severe defect in NF-
κB activation and IL-2 production than RNAi of either TRAF
alone.54 It has also been reported that MALT1 directly
catalyzes K63 polyubiquitination of NEMO at K399.81

However, MALT1 does not contain a known ubiquitin ligase
domain, such as RING or HECT. In addition, a recent mouse
“knock-in” study showed that T-cells carrying a K392R
mutation of NEMO (equivalent to K399 in humans) are fully
capable of activating IKK and NF-κB in response to TCR
stimulation.88 Thus, the role of NEMO ubiquitination in the
TCR pathway remains to be clarified.

4.4. NOD-like Receptors (NLRs)
NOD1 and NOD2 (nucleotide-binding oligomerization

domains 1 and 2) belong to a large family of evolutionarily
conserved proteins containing nucleotide-binding domain
(NBD) and leucine-rich repeats (NLR).89 Both NOD1 and
NOD2 contain N-terminal CARD domains that are important
for NF-κB activation in response to intracellular bacterial
infection. NOD1 is activated by iE-DAP (γ-glutamyl-meso-

Figure 2. Expanding role of ubiquitination in the activation of TAK1 and IKK by diverse NF-κB signaling pathways. NF-κB is activated
by many different signaling pathways that converge on TAK1 and IKK complexes. These pathways include those emanating from cell
surface receptors, including TNF receptor (TNF-R1), IL-1 receptor and Toll-like receptors (IL-1R/TLRs), and T-cell receptors (TCRs), as
well as those from intracellular receptors, such as NOD1 and NOD2. In addition, viral proteins such as Tax of human T-cell leukemia
virus-1 (HTLV-1) activate TAK1 and IKK in the cytosol. All of these pathways employ one or more TRAF proteins as the ubiquitin
ligase(s) to catalyze K63 polyubiquitination of various signaling proteins, which activate the TAK1 kinase complex, leading to the activation
of IKK and NF-κB. DNA damage in the nucleus can also activate IKK in the cytosol through a mechanism involving sequential sumoylation,
phosphorylation, and ubiquitination of NEMO (see text for details).
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diaminopimelic acid), a peptidoglycan derived from Gram-
negative bacteria, whereas NOD2 is activated by muramyl
dipeptide (MDP), a peptidoglycan commonly found in all
bacteria. The activation of NF-κB by NOD1 and NOD2
requires RIP2, a protein kinase containing a C-terminal
CARD (caspase recruitment domain) domain. NOD2 muta-
tions have been closely linked to human Crohn’s disease,
an autoimmune inflammatory disorder of the gastrointestinal
tract. NOD2 mutations associated with Crohn’s disease
impair its ability to activate NF-κB, resulting in faulty
production of both pro- and anti-inflammatory cytokines.

Recent studies have shown that K63 polyubiquitination
plays a key role in NF-κB activation by NOD1 and NOD2
(Figure 2). Abbott et al. first showed that NOD2 and RIP2
promote K63-linked polyubiquitination of NEMO at a
specific lysine (K285), and that the Crohn’s disease-associ-
ated mutations diminish the ability of NOD2 to bind RIP2
and promote NEMO ubiquitination.90 RIP2 has also been
found to be polyubiquitinated at a specific lysine by NOD1
and NOD2, and a mutation of the ubiquitination site in RIP2
impairs NF-κB activation.91-93 Polyubiquitinated RIP2 re-
cruits the TAK1 kinase complex to activate IKK.91,92,94 Cells
lacking TAK1 or Ubc13 fail to activate NF-κB in response
to NOD1 or NOD2 ligands. It is still not clear what the E3
for RIP2 ubiquitination is. While one study showed that RIP2
ubiquitination is abrogated in TRAF6-deficient cells, another
study found that TRAF2 and TRAF5 are responsible for
RIP2 ubiquitination.91,92

4.5. RIG-I-like Receptors (RLRs)
Retinoic acid inducible gene I (RIG-I) is a cytosolic RNA

helicase that binds to viral RNA and activates a signaling
cascade leading to the induction of type-I interferons, such
as IFN-�.95 Members of the RIG-I-like receptor (RLR) family
include melanoma differentiation-associated gene 5 (MDA5)
and laboratory of genetics and physiology 2 (LGP2). RIG-I
and MDA5 contain N-terminal tandem CARD domains that
activate the transcription factors NF-κB, AP1, and IRF3,
which form an enhanceosome complex to induce IFN-�. A
key adaptor protein that links RIG-I and MDA5 to the
downstream signaling cascade is MAVS (mitochondrial
antiviral signaling; also known as IPS-1, VISA, or CARDIF),
a CARD domain protein localized to the mitochondrial outer
membrane.96 MAVS contains binding sites for TRAF2,
TRAF3, and TRAF6. While TRAF2 and TRAF6 are likely
to be important for IKK activation, TRAF3 mediates the
activation of the IKK-like kinases, TBK1 and IKKε, which
phosphorylate and activate IRF3. An intact RING domain
of TRAF3 is required for IRF3 activation, implying that
ubiquitination is important for IRF3 activation by MAVS
(Figure 3).97

Upstream of MAVS, the activation of RIG-I requires K63
polyubiquitination by TRIM25, a member of the tripartite
motif (TRIM) proteins containing a RING domain, a B box/
coiled-coil domain, and a SPRY domain.98 The SP1A/RY
anodine receptor (SPRY) domain binds to the first CARD
domain of RIG-I and promotes polyubiquitination of RIG-I
at a specific lysine (K172) within the second CARD domain.
TRIM25-deficient cells are compromised in their ability to
induce IFN-� in response to RNA virus infection. RIG-I and
MAVS are also negatively regulated by another E3 ubiquitin
ligase, RNF125, which target RIG-I and MAVS for degrada-
tion by the proteasome.99

4.6. DNA Damage
DNA damage is known to activate NF-κB, which promotes

cell survival and provides a time window for DNA repair to
proceed. NF-κB activation by DNA damage may also
contribute to resistance of cancer cells to chemo- and
radiation therapies. Recent studies show that DNA damage,
which occurs in the nucleus, activates the IKK complex in
the cytosol through a complex mechanism involving modi-
fication of NEMO by ubiquitin and small ubiquitin-like
modifier-1 (SUMO-1; Figure 2). Upon genotoxic stress,
nuclear NEMO, which does not form a complex with IKKR
and IKK�, binds to PIDD (p53-inducible death-domain-
containing protein) and RIP1 and is modified by SUMO at
two lysines (K277 and K309) by PIASy (putative protein
inhibitor of activated STAT Y), a nuclear matrix-associated
SUMO E3 ligase.100-102 Sumoylated NEMO is phosphory-
lated by the kinase ATM (ataxia telangiectasia mutated) at
Ser-25. Phosphorylated NEMO is then monoubiquitinated
by unknown ubiquitination enzymes at the same lysines used
for sumoylation.103 It is not clear whether SUMO is removed
from NEMO before subsequent ubiquitination at the same
sites or ubiquitination occurs on the fraction of NEMO that
is not sumoylated. In any case, fusion of SUMO to a NEMO
mutant that cannot be ubiquitinated restores phosphorylation
of NEMO by ATM, but it does not restore IKK activation
by DNA damage, indicating that ubiquitination of NEMO
is important for IKK activation. Ubiquitinated NEMO
together with ATM enter the cytoplasm, where they associate
with IKKR, IKK�, and ELKS (a protein rich in glutamate,
leucine, lysine, and serine). IKK is then activated by
monoubiquitinated NEMO and ATM, but the biochemical
mechanism remains to be elucidated.

4.7. Human T-Cell Leukemia Virus-1 (HTLV-1) Tax
Protein

Many microbial pathogens can usurp the host ubiquitina-
tion machinery for their own benefits. An example is
provided by Human T-cell leukemia virus type-1 (HTLV-
1), a retrovirus that infects T-cells and causes adult T-cell
leukemia (ATL).104 The Tax protein of HTLV-1 constitu-
tively activates NF-κB and plays a critical role in T-cell
transformation. Tax physically interacts with NEMO and
triggers the catalytic activity of IKK complex.105 Both
ubiquitination and sumoylation of Tax have been reported
(Figure 2). Ubiquitinated Tax associates with the IKK
complex in the cytoplasm, whereas sumoylated Tax binds
to RelA in the nucleus.106,107 Tax-mediated NF-κB activation
is abolished in Ubc13 deficient cells.108 Furthermore, reduc-
ing ubiquitination of Tax by Ubc13 RNAi disrupts the
interaction between Tax and NEMO, suggesting that NEMO
binds to the polyubiquitin chains on Tax. Overexpression
of TRAF2, 5, or 6 strongly induces Tax ubiquitination, but
it is not clear whether any of these TRAF proteins is required
for Tax ubiquitination.109 TAK1 is constitutively activated
in HTLV-1-infected T cells and is required for Tax-mediated
IKK activation.110 Tax binds to and activates TAK1 through
the adapter protein TAB2.109 These studies suggest that
polyubiquitination of Tax leads to the recruitment of both
TAK1 and IKK complexes, thereby facilitating the phos-
phorylation of IKK by TAK1. The mechanism of IKK
activation by Tax is very similar to that employed by the
TCR pathway, in which polyubiquitination of BCL10,
MALT1, and/or TRAF6 leads to the activation of TAK1 and
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IKK. Tax has an additional ability to cause persistent
activation of NF-κB through its binding to Tax1BP1.111

Tax1BP1 is a component of a ubiquitin-editing complex that
includes the deubiquitination enzyme A20 and the HECT
domain ubiquitin ligase ITCH, which inhibits IKK activation
(see next section for details). The binding of Tax to Tax1BP1
disrupts the formation of the A20 editing complex, leading
to persistent activation of NF-κB, which causes T-cell
transformation and leukemia.

5. Negative Regulation of Protein Kinases by
Deubiquitination Enzymes

Like phosphatases that reverse protein phosphorylation, a
large number of deubiquitination enzymes (DUBs) trim
polyubiquitin chains or remove ubiquitin from target proteins.
The human genome encodes close to 100 DUBs, which can
be divided into five categories: ubiquitin C-terminal hydro-
lases (UCH), ubiquitin-specific proteases (USP), ovarian
tumor-type proteases (OTU), Machado-Joseph Disease
proteases (MJDs), and JAMM motif proteases (JAMMs).4,5

The JAMM domain proteases are metalloproteases, whereas
all the other DUBs are cysteine proteases. These DUBs
function alone or with other regulatory subunits to control a
large variety of cellular functions.

The regulatory role of polyubiquitination in protein kinase
activation is strongly supported by the recent discovery of
several DUBs that function as inhibitors of IKK and TBK1
(TANK binding kinase1) in the NF-κB and IRF3 pathways,
respectively. In this section, we will focus on the role of
three DUBs, CYLD, A20, and DUBA, in the negative
regulation of protein kinases and their relevance to human
diseases (Figure 3).

5.1. CYLD
The cylindromatosis gene Cyld encodes a tumor suppressor

protein involved in the development of familial cylindro-
matosis, a benign skin tumor.112 The CYLD protein contains
a USP domain at the C-terminus, and many of the tumor-
associated mutations identified in human patients impair the
DUB activity of CYLD. Overexpression of CYLD inhibits

Figure 3. Negative regulation of NF-κB and IRF3 by deubiquitination enzymes. Binding of TNFR to its receptor induces the recruitment
of signaling proteins, including the adaptor TRADD, ubiquitin ligases TRAF2, TRAF5, cIAP1, and cIAP2, and protein kinase RIP1. RIP1
and TRAFs are polyubiquitinated by TRAFs and/or cIAPs, and the polyubiquitin chains recruit and activate the TAK1 and IKK complexes,
leading to activation of NF-κB and MAP kinases (e.g., JNK). To shut down the signaling cascades, the deubiquitination enzymes A20 and
CYLD remove the polyubiquitin chains from RIP1 and TRAFs. In addition, A20 forms a ubiquitin-editing complex with the ubiquitin-
binding protein TAX1BP1 and the HECT domain ubiquitin ligase ITCH. This complex targets RIP1 for K48 polyubiquitination and
proteasomal degradation. Ubiquitination and deubiquitination also regulate the RIG-I pathway, which detects viral infection in the cytosol.
Binding of RIG-I to viral RNA triggers its K63 polyubiquitination by the RING domain E3 TRIM25. RIG-I then interacts with the
mitochondrial adaptor protein MAVS, which recruits TRAF6 and TRAF3 to activate IKK and TBK1, respectively. TBK1 phosphorylates
IRF3, leading to induction of type-I interferons. CYLD and DUBA are deubiquitination enzymes that remove K63 polyubiquitin chains
from RIG-I and TRAF3, respectively, thereby damping the antiviral response.
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IKK activation, whereas reducing CYLD expression has the
opposite effect.53,113,114 CYLD contains three CAP-Gly
domains (Cytoskeleton-associated proteins (CAP) glycine-
rich domains) at the N-terminus, which mediate binding to
TRAF2 and NEMO. CYLD specifically cleaves K63-linked
polyubiquitin chains from target proteins including NEMO,
TRAF2, and TRAF6. CYLD also inhibits viral induction of
type-I interferons by removing K63 polyubiquitin chains
from RIG-I.115,116 The crystal structure of the USP domain
of CYLD reveals a unique sequence insertion forming a loop
that contributes to its specificity in cleaving K63 polyubiq-
uitin chains.117

Cyld-deficient mice have been generated in several labo-
ratories.118 Although the phenotypes of these mice show some
variations, a common theme is that loss of CYLD leads to
hyperactivation of NF-κB in multiple tissues, leading to
inflammatory diseases and tumor. Consistent with the role
of CYLD in reversing ubiquitination of signaling proteins
upstream of IKK, polyubiquitination of TRAF2, TRAF6,
TAK1, and NEMO is enhanced in Cyld-deficient mice under
different experimental conditions. These genetic studies also
reveal additional targets of CYLD, such as BCL3.119 In the
absence of CYLD, K63 polyubiquitination of BCL3 is
enhanced, resulting in its nuclear translocation as a complex
with p50 and p52. The nuclear complexes containing
polyubiquitinated BCL3 apparently have increased activity
to induce the expression of cyclin D1, which drives
proliferation of keratinocytes, resulting in skin tumors. It has
also been suggested that CYLD can remove K48 polyubiq-
uitin chains from certain proteins such as LCK (Lymphoid
specific cytosolic protein tyrosine kinase) and TRAF2,
thereby stabilizing these proteins.120 However, it is difficult
to reconcile these results with biochemical studies, which
show that CYLD specifically cleaves K63, but not K48,
polyubiquitin chains.

5.2. A20
A20 is rapidly induced by NF-κB, and it potently inhibits

NF-κB to provide a negative feedback loop.121 Genetic
deletion of A20 in mice causes persistent activation of NF-
κB in response to TNFR and TLR stimulation, leading to
multiorgan inflammation, cachexia, and neonatal lethality.122

A20 contains an N-terminal OTU domain and seven zinc
finger domains at the C-terminus.123 It has been proposed
that the OTU domain of A20 inhibits IKK by removing K63
polyubiquitin chains from target proteins including RIP1 and
TRAF6.124,125 However, A20 mutants lacking the N-terminal
OTU domain remain capable of inhibiting NF-κB in over-
expression studies.126 In addition, structural studies showed
that the A20 OTU domain is not specific for K63 polyubiq-
uitin chains but rather recognizes specific substrates modified
by ubiquitin.127,128 A second mechanism of IKK inhibition
by A20 is mediated through its C-terminal zinc finger
domains, which function as an E3 to promote K48-linked
polyubiquitination of RIP1 and target it for degradation by
the proteasome.125

A20 does not act alone as an inhibitor of IKK. Instead, it
forms a complex together with the ubiquitin-binding protein
TAX1BP1 and ubiquitin ligase ITCH.111 Cells lacking
TAX1BP1 or ITCH display persistent activation of IKK and
JNK after stimulation with TNFR or IL-1�. TAX1BP1
contains a zinc finger-type ubiquitin-binding domain (UBZ)
that is required for binding to polyubiquitinated TRAF6.129

Thus, a function of TAX1BP1 is to recruit A20 to deubiq-

uitinate TRAF6 in the IL-1R/TLR pathways. TAX1BP1 also
binds to ITCH through its PPXY motif and recruits ITCH
to promote K48 polyubiquitination of RIP1.111 In ITCH-
deficient cells, K63 polyubiquitination of RIP1 is enhanced,
resulting in persistent IKK activation. The HECT domain
of ITCH is required for RIP1 ubiquitination, suggesting that
ITCH may function as an E3 to catalyze RIP1 ubiquitination.

Other A20-interacting proteins include ABIN1, 2, and 3130

(A20 binding inhibitor of NF-κB 1, 2, and 3). In addition to
the A20-binding domain, the ABIN proteins contain a
NEMO-binding domain as well as a ubiquitin-binding
domain similar to the NUB domain found in NEMO.50

Overexpression of ABIN-1 inhibits IKK activation by
facilitating deubiquitination of NEMO by A20. However,
genetic deletion of ABIN-1 in mice does not enhance or
reduce IKK activation but rather facilitates TNFR-induced
apoptosis by promoting the interaction between FADD and
caspase-8.131 The NUB domain of ABIN-1 is required for
its interaction with polyubiquitinated RIP1 and for protecting
cells from apoptosis. ABIN-2 forms a complex with p105
and Tpl2, and it is required for the stabilization of Tpl2.132

T-cells lacking ABIN-2 have impaired ERK activation due
to low level of Tpl2.133 ABIN-3 is a target gene of NF-κB;
its overexpression also inhibits NF-κB activation, but its
physiological function has not been investigated through
genetic studies.134 Given the structural and functional simi-
larities of ABIN proteins, some functional redundancy might
exist among these proteins.

5.3. DUBA
DUBA (deubiquitinating enzyme A) is an OTU-type DUB

that functions as a negative regulator of type-I interferon
production triggered by several pattern-recognition receptors,
including TLRs, RIG-I, and MDA-5.135 RNAi of DUBA
enhances IRF3 activation, whereas overexpression of DUBA
has the opposite effect. DUBA cleaves K63, but not K48,
polyubiquitin chains in vitro, and its catalytic activity is
required for IRF3 inhibition in transfection experiments.
DUBA interacts with TRAF3 and removes K63 polyubiquitin
chains from TRAF3 in a manner that depends on its
ubiquitin-interaction motif (UIM). These results suggest that
DUBA inhibits IRF3 by functioning as a K63-specific DUB
that antagonizes the function of TRAF3.

6. Conclusions and Perspectives
The study of NF-κB pathways has provided a paradigm

for understanding multiple roles of ubiquitin in cell signaling,
including signal-dependent degradation of an inhibitor that
leads to rapid activation of a signaling cascade, limited
proteolysis of a precursor protein by the proteasome, and
activation of protein kinases. Conversely, the study of
ubiquitin signaling has provided key insights into the
regulation of NF-κB and immune responses in general. It is
now firmly established that the ubiquitin system is not merely
a garbage disposal, but it plays a pivotal role at multiple
steps in diverse signaling cascades leading to NF-κB activa-
tion. The pervasive role of ubiquitin in NF-κB pathways
represents one of the best examples that the regulatory
potential of ubiquitination and deubiquitination rivals that
of phosphorylation and dephosphorylation.

A common mechanism underlying regulation by ubiquiti-
nation and phosphorylation is the presence of many types
of domains or motifs that recognize ubiquitin, polyubiquitin
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chains, or phosphorylated peptides. Close to 20 different
types of ubiquitin-binding domains have been discovered.136

These domains differ in their structures and binding affinities,
and they are present in a large variety of cellular proteins
that execute distinct functions in response to signals from
different ubiquitinated proteins. In the NF-κB pathway, the
NZF domain in TAB2 and TAB3, and the NUB domain in
NEMO, allow the TAK1 and IKK complexes to detect and
respond to upstream polyubiquitinated proteins such as RIP1,
IRAK1, and TRAFs. However, further research is required
to fully elucidate the biochemical mechanism by which
TAK1 and IKK are activated as a result of binding to
polyubiquitinated proteins. In this regard, high-resolution
structures of the TAK1 and IKK complexes bound to
polyubiquitinated ligands would be very informative.

Another important question that needs to be resolved is
why certain polyubiquitinated proteins are targeted for
degradation by the proteasome, while others are spared. One
widely held model is that polyubiquitin chains of different
topologies dictate the fate of the target proteins; e.g., K48
polyubiquitin chains target protein degradation by the pro-
teasome, whereas K63 polyubiquitin chains escape protea-
somal degradation. However, in vitro biochemical experi-
ments have shown that proteins conjugated by K63
polyubiquitin chains can be efficiently degraded by the
proteasome.137,138 In addition, K48 polyubiquitin chains have
been shown to regulate the function of certain proteins
without involving proteolysis.139 Therefore, whether a protein
is targeted for proteasomal degradation may not be deter-
mined solely by the topology of polyubiquitin chains.
Structural properties of ubiquitinated proteins, such as their
unfolding propensity, and the presence of other ubiquitin-
binding domains that may compete with the proteasome are
likely to determine whether a protein is ultimately degraded
by the proteasome. Nevertheless, early genetic experiments
in yeast clearly show that a point mutation of K48 of
ubiquitin has far more severe phenotypes than mutations of
any other lysine, indicating that polyubiquitin chains linked
throughdifferentlysinesofubiquitinhavedistinctfunctions.140,141

Indeed, K63 polyubiquitination has been linked to protein
kinase activation and DNA repair, and so far there is no
evidence that K63 polyubiquitination directly targets a protein
for proteasomal degradation in vivo.142 Of course, all proteins
are eventually degraded, and most are degraded by the
proteasome. An example that a protein conjugated by K63
polyubiquitin chains is eventually degraded by the protea-
some is provided by RIP1. TNFR stimulation triggers a very
rapid K63 polyubiquitination of RIP1, which is important
for NF-κB activation and cell survival. Subsequently, RIP1
is conjugated by K48-linked polyubiquitin chains, which
targets it for degradation by the proteasome, thereby down-
regulating the NF-κB pathway.143

It is remarkable that many proteins involved in the NF-
κB signaling cascades are ubiquitination and deubiquitination
enzymes as well as ubiquitin-binding proteins. For example,
most proteins recruited to TNF receptor are involved in the
ubiquitin pathway. It is unlikely that extensive involvement
of the ubiquitin system in cell signaling is limited to the NF-
κB pathway. Indeed, many proteins involved in DNA repair
pathways are linked to the ubiquitin system, including
enzymes involved in the synthesis of K63 polyubiquitin
chains and receptors that bind specifically to these chains.144,145

In light of very large families of ubiquitin ligases, deubiq-
uitination enzymes, and ubiquitin-binding proteins in the

mammalian proteome, as well as recent technological
breakthroughs such as mass spectrometry and RNAi, the next
few years should witness a rapid expansion of both pro-
teolytic and nonproteolytic roles of ubiquitin in most, if not
all, cell signaling pathways.
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