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The NF-kB pathway is a ubiquitous stress response that activates the NF-kB family of
transcription factors. Antigen receptors, receptors of the innate immune system, and
certain intracellular stressors are potent activators of this pathway. The transcriptional
program that is activated is both antiapoptotic and highly proinflammatory. Indeed, any
compromise in engagement of the pathway results in immunodeficiency, whereas constitu-
tive activation generates a sustained inflammatory response that may promote malignancy.
As such, NF-kB activation is under tight regulation by a number of post-translational
modifications, including phosphorylation and ubiquitination. This article attempts to
synthesize our current knowledge regarding the regulation of NF-kB signaling by ubiquitina-
tion, specifically highlighting the biochemical basis for both positive and negative feedback
loops that function in unison to generate coordinated signals that are essential for the viability
of metazoan animals.

INTRODUCTION TO NF-kB SIGNALING

The NF-kB family of transcription factors
includes critical regulators of proinflam-

matory and antiapoptotic gene transcription
programs. As such, they play essential homo-
eostatic roles in the development and orches-
tration of the host immune response. NF-
kB-mediated transcription is the endpoint of a
complex series of reactions that are initiated
by a vast array of stimuli, ranging from cellular
stress to the engagement of receptors that
mediate innate and adaptive immunity. In this
article, we review the unique aspects of the path-
ways that culminate in NF-kB activation and
also highlight the common components that

are shared by these diverse signaling cascades
(see Table 1).

Each NF-kB-activating stimulus converges
on the activation of one of two kinase com-
plexes termed inhibitors of -kB (I-kB) kinase
(I-kK) complexes. The heterotrimeric I-kK
complexes are composed of a regulatory sub-
unit I-kK-g, or NF-kB essential modulator
(NEMO), and two kinases I-kK-a or I-kK-b.
Canonical NF-kB signaling pathways assemble
proximal signaling complexes on polyubiquitin
chain scaffolds; assembly of these complexes
promotes the activation of I-kK-b, which in
turn phosphorylates I-kB inhibitory proteins.
These inhibitors mask the nuclear localization
signals (NLS) within NF-kB transcription
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factors, thereby retaining them in the cytosol.
Phosphorylation of I-kB by I-kK-b permits
the recognition of I-kB by the SCFbTrCP ubiqui-
tin ligase complex, which subsequently targets
I-kB for proteasomal degradation. Thus, het-
erodimeric NF-kB transcription factors such
as p50/p65 are released from I-kB inhibition
and enter the nucleus to activate transcription
of NF-kB target genes (Hoffmann and
Baltimore 2006). Alternatively, stimuli that acti-
vate noncanonical signaling pathways promote
stabilization of NF-kB-inducing kinase (NIK),
a labile proximal kinase. When sufficient levels
accumulate, NIK phosphorylates and activates
I-kK-a within the I-kK complex, which in turn
phosphorylates p100, a precursor NF-kB sub-
unit. Phosphorylated p100 is also ubiquitinated
by the SCFbTrCP ubiquitin ligase complex and
is subsequently processed by the proteaseome
to p52, which is a transcriptionally competent

NF-kB subunit in conjunction with RelB (Valla-
bhapurapu and Karin 2009). Thus, ubiquitination
is a critical regulatory mechanism at multiple
steps within NF-kB signaling cascades. We there-
fore provide a brief review of the ubiquitin/
proteasome system.

THE UBIQUITIN/PROTEASOME
SYSTEM (UPS)

Ubiquitin is a 76-amino-acid protein that
when covalently linked to target proteins may
alter their half-life, localization, or function.
An enzymatic cascade composed of three
types of proteins—the E1 ubiquitin-activating
enzyme, the E2 ubiquitin-conjugating enzyme,
and the E3 ubiquitin ligase—mediates the
conjugation of ubiquitin to substrate proteins
(Fig. 1). The E1 enzyme hydrolyses ATP and
transfers a thio-ubiquitin intermediate to the

Table 1. Classes of signaling components in NF-kB transduction pathways

Stimuli TNFa IL1b,
LPS 

CD40L MHC/
antigen 

Viral RNA Bacterial 
PAMPs 

DNA 
damage

Receptors TNFR1 IL1R1, 
TLR4 

CD40 TCR RIG-I* NOD1/2 PIDD? 

Adaptors TRADD MyD88 
TRIF 
MAL
TRAM 

TRAF3* CARMA 
Bcl10* 
MALT1 

MAVS 
FADD 

? PIDD 

Proximal
(adaptor)
kinases

RIP1* IRAK1* 
IRAK4 
RIP1 

? Src/Syk 
PI3K 
PDK1 
PKCq

RIP1 RIP2 RIP1 

Non-
degradative
ligases

TRAF2 
TRAF5 
cIAP1/2 
LUBAC 

TRAF6 
Pellino 

TRAF2* TRAF2 
TRAF6 

TRIM25 
TRAF2 
TRAF6 

TRAF2 
TRAF5 
TRAF6 
cIAP1/2 

PIASy 

Degradative
ligases 

A20
RNF11 
ITCH 

Pellino? cIAP1/2* NEDD4 
ITCH 

RNF125 ? ?

I-kK-
activating
kinases 

TAK1 
MEKK3 
aPKC 

TAK1 
MEKK3 
aPKC 

NIK TAK1 TAK1 TAK1 ATM? 

DUBs A20
CYLD CYLD
Cezanne

A20 ? A20
CYLD

A20
CYLD

A20
CYLD

?

Representative stimuli and the cognate receptors (where known) are listed for each signaling pathway. Degradative

ligases assemble polyubiquitin chains that promote substrate degradation, whereas nondegradative ligases polymerize

polyubiquitin chains that promote assembly of proximal signaling complexes and subsequent activation of NF-kB

signaling. PIASy, though a SUMO ligase, can therefore be classified as a nondegradative ligase in the DNA damage

pathway since NEMO SUMOylation does not promote NEMO degradation and is a proximal event that is required for

NF-kB activation. See text for details.
�Indicates these proteins are targets of ubiquitin editing.
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active site cysteine of one of over 30 E2 enzymes.
The E2 enzyme “charged” with a thio-ubiquitin
may transfer the ubiquitin to a HECT domain
of an E3 ligase, or instead, may bind to a
RING domain (or a related variant domain)
of an E3 ligase, which number in the hundreds.
Importantly, the E3 also binds the substrate and
orients the reactants for facile ligation of the
ubiquitin carboxyl terminus to the e-amino
group or the amino terminus of a substrate
lysine (Lys) residue (Schwartz and Ciechanover
2009).

Multiple rounds of ubiquitination, with
ubiquitin itself serving as a substrate, generates
polyubiquitin chains. Ubiquitin has seven Lys
residues, Lys-6, Lys-11, Lys-27, Lys-29, Lys-33,
Lys-48, and Lys-63, and any one of these can
participate in polyubiquitin chain formation.
The amino terminus of ubiquitin may also be
conjugated to another ubiquitin carboxyl termi-
nus in which case linear polyubiquitin chains
are generated. Whereas the HECT domain-
containing E3 ligases are intrinsically respon-
sible for dictating ubiquitin linkage specificity,
it is the E2 associated with RING-type ligases
that determines the type of polyubiquitin
chain formed. For example, the E2 UBC13, in
cooperation with the E2 variant UEV1 and
TRAF RING domains, promotes the formation
of Lys-63-linked ubiquitin chains. However, the
E2 UBC5, together with the RING-containing
protein ROC1/RBX1 of the SCFbTrCP ligase,
promotes Lys-48-linked polyubiquitination
(Vallabhapurapu and Karin 2009). Embedded

in the topology of the various ubiquitin chains
is information that dictates signaling outcome.
For example, Lys-48- and Lys-11-linked polyub-
iquitination usually, but not always, targets sub-
strates for proteosomal degradation (Fig. 1).
In contrast, Lys-63-linked polyubiquitin chains
function as scaffolds to assemble signaling
complexes and thereby participate in diverse
cellular processes ranging from DNA repair to
activation of NF-kB signaling (Fig. 1) (Pickart
and Fushman 2004; Ikeda and Dikic 2008). Dis-
tinct ubiquitin-binding domains (UBDs) are
the receptors that bind different ubiquitin
chain conformations and dictate the fate of ubi-
quitinated substrates. For example, the ubiqui-
tin-associated (UBA) domains of proteasome
subunits Rpn13/ARM1 and Rpn10/S5a pre-
ferentially bind Lys-48-linked chains, thereby
recruiting substrates for degradation. Alterna-
tively, the UBAN (UBD in ABIN and NEMO)
motif of NEMO binds linear and Lys-63-linked
polyubiquitin chains, thereby shuttling NEMO
and the associated I-kK proteins, to activated
signaling complexes (Ikeda and Dikic 2008).

Ubiquitination can be reversed by prote-
ases termed deubiquitinases (DUBs) (Fig. 1).
The human genome encodes approximately
100 DUBs that fall into five families: Four are
papain-like cysteine proteases (ubiquitin car-
boxy-terminal hydrolase, UCH; ubiquitin speci-
fic protease, USP; ovarian tumor domain, OTU;
and Machado-Joseph disease proteases, MJD)
and the fifth is a metalloprotease (JAMM).
In addition to protease domains, DUBs often
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Figure 1. Enzymes and reactions of the ubiquitin/proteasome system.
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contain protein interaction motifs, including
UBDs, that direct their recruitment to particu-
lar signaling complexes and promote preferen-
tial binding to specific poly-Ub chain linkages
(Reyes-Turcu and Wilkinson 2009). DUBs are
critical regulators of NF-kB signaling pathways.
For example, genetic ablation of the OTU DUB
A20 causes rampant inflammation in multiple
organ systems because of unchecked NF-kB
activity, resulting in perinatal lethality (Lee
et al. 2000). Furthermore, mutation or deletion
of TNFAIP3, which encodes A20, is associated
with deregulation of NF-kB signaling in a
variety of lymphomas (Compagno et al. 2009;
Kato et al. 2009; Novak et al. 2009; Schmitz
et al. 2009) and TNFAIP3 polymorphisms are
associated with the autoimmune disorder syste-
mic lupus erythematosus (Musone et al. 2008).
The USP DUB CYLD is also a tumor suppressor
that negatively regulates NF-kB signaling by de-
ubiquitinating a number of critical pathway
components. Somatic mutations are linked to
familial cylindromatosis and loss of CYLD ex-
pression has been implicated in a variety of
malignancies including colonic, hepatocellu-
lar, and renal carcinomas, as well as multiple
myeloma (Sun 2009). Thus, cycles of ubiquiti-
nation and deubiquitination, each mediated
by distinct enzymes, control cellular processes
that are essential for the maintenance of cellular
homeostasis.

UPS REGULATION OF NF-kB
SIGNALING: GENERAL CONCEPTS

Translating Polyubiquitination into
I-kK Activation

Having introduced the NF-kB transcription
factors and the UPS, we can now address some
general concepts in the signaling pathways that
activate NF-kB. The first is how the polymeriz-
ation of nondegradative ubiquitin chains pro-
motes I-kK-b activation. There are several
pieces of evidence suggesting that polyubiquiti-
nation plays an essential role in the activation
of I-kK-b. First, NEMO is both a ubiquitin
binding protein and a target of ubiquitination
in classical NF-kB signaling pathways. Genetic

ablation studies have shown that NEMO is
essential for activation of I-kK-b (Makris et al.
2000; Rudolph et al. 2000). Indeed, mutations
in NEMO that disrupt ubiquitin binding cause
anhidrotic ectodermal dysplasia and immuno-
deficiency caused by improper activation of
NF-kB signaling (Chen and Sun 2009). Finally,
as indicated previously, mutation or deletion
of the DUBs A20 and CYLD deregulate NF-kB
signaling, thereby promoting unchecked inflam-
mation and tumorigenesis.

Several models of how ubiquitination might
promote I-kK-b activation have been proposed.
These include: (1) conformational changes in
NEMO induced by polyubiquitin binding that
promote I-kK-b activation, (2) induced prox-
imity of I-kK-b proteins within the I-kK
complex that activates trans-phosphorylation,
and (3) induced proximity of I-kK kinases,
such as TAK1 or MEKK3, with the I-kK com-
plex. Structural studies have indicated that
NEMO binds Lys-63- and linear polyubiquitin
chains, which is critical for NF-kB activation in
vivo (Rahighi et al. 2009; Lo et al. 2009; Ivins
et al. 2009). Furthermore, it was suggested that
NEMO association with polyubiquitin could
induce sufficient conformational changes to
activate associated I-kK-b (Rahighi et al.
2009). The role of NEMO polyubiqutination in
I-kK-bactivation is less certain. Several polyubi-
quitination sites have been mapped on NEMO
but only Lys-392, the equivalent of human
Lys-399, has been tested in a murine knock-in
model. These mice were more resistant to lipo-
polysaccharide (LPS)-induced endotoxic shock
but had no defect in T-cell receptor (TCR)-
induced proliferation, both of which are
mediated by NF-kB signaling (Ni et al. 2008).
This finding could suggest that ubiquitination
of Lys-392 on NEMO is not important for
TCR-induced NF-kB activation. However, it is
also possible that alternative sites on NEMO
may be sufficiently ubiquitinated following
TCR activation if Lys-392 is not available for
modification. Thus, NEMO ubiquitination on
specific residues may be more important in
certain NF-kB signaling pathways than in
others. Knockout studies have established a
role for MEKK3 and TAK1 as I-kK kinases in
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certain pathways. MEKK3 is thought to associate
with RIP1 in the TNFR1 pathway and activate
I-kK-b that is recruited to proximal signaling
complexes via NEMO (Vallabhapurapu and
Karin 2009). Similarly, the TAB2 and -3 regulat-
ory proteins within the TAK1/TAB complex
have UBDs that facilitate binding to Lys-63 ubi-
quitinated substrates. It is thought that core-
cruitment of TAK1/TAB and I-kK complexes
to polyubiquitinated proteins within proximal
signaling complexes may also allow TAK1 to
phosphorylate I-kK-b via induced proximity
(Chiu et al. 2009).

Thus, there is ample evidence for each of
the three models to explain how polyubiquiti-
nation of proteins that participate in classical
NF-kB signaling pathways could promote I-kK
activation. In theory, none of the three models
are mutually exclusive and all could contribute
to I-kK activation. For example, polyubiquitin
chains on one NEMO subunit could bind the
UBD of another NEMO subunit to promote
the assembly of a larger I-kK complex. This
could promote low-level I-kK activity via trans-
phosphorylation, and subsequent recruitment
of this oligomeric I-kK complex to activated sig-
naling complexes via polyubiquitin/UBD inter-
actions could further enhance I-kK activity by
induced proximity with I-kK kinases such as
TAK1. Such a scenario is all the more plausible
given that NEMO can be modified by and can
associate with both Lys-63-linked and linear
polyubiquitin chains: One type of chain could
promote assembly of oligomeric I-kK com-
plexes, whereas the other type of chain could
promote the recruitment of I-kK complexes to
activated signaling networks.

Inactivation of NF-kB Signaling

Down-regulation of NF-kB signaling is as
important as NF-kB activation. Unchecked
NF-kB activity may promote rampant inflam-
mation or tumorigenesis, as revealed by muta-
tions or deletions of the DUBs CYLD and A20.
In addition to DUBs, a number of inhibitory
proteins down-regulate NF-kB signaling, includ-
ing RIP3, MyD88s, IRAK-M, SARM, and I-kB.
RIP3, MyD88s, and SARM competitively block

the recruitment of key signaling proteins to acti-
vated complexes (Barton and Medzhitov 2004;
O’Neill and Bowie 2007); IRAK-M blocks the
dissociation of IRAK1 and -4 from MyD88,
which is a critical step to activate NF-kB down-
stream of IL1R1 and TLR (O’Neill and Bowie
2007); and I-kB masksthe NLS on NF-kB hetrer-
odimers to block nuclear translocation
(Hoffmann and Baltimore 2006). DUBs may
also collaborate with ubiquitin ligases to inacti-
vateand degradecritical mediatorsof NF-kBsig-
naling. This form of regulation is termed
ubiquitin editing and usually regulates the ubi-
quitination status of essential positive regulators
of NF-kB signaling complexes. First, Lys-63
polyubiquitin chains are depolymerized by
DUBs to disassemble the platform on which sig-
naling complexes are organized. Then, Lys-48
polyubiquitin chains are polymerized on the
same protein to target it for proteasomal degra-
dation (Wertz et al. 2004; Heyninck and Beyaert
2005; Newton et al. 2008). However, it is im-
portant to note that ubiquitin editing need not
be restricted to regulation of Lys-48 and
Lys-63-linked polyubiquitination oreven to ubi-
quitination in general. In fact, ubiquitin editing
can be broadly conceptualized as the concerted
removal of any modification that promotes sig-
naling complex assembly, such as Lys-63-linked
polyubiquitination, linear ubiquitin chains, or
even ligation with the ubiquitin-like protein
SUMO, combined with modifications that
promote substrate degradation, such as Lys-11
or Lys-48 polyubiquitination. Table 1 includes
a summary of proteins regulated by ubiquitin
editing in NF-kB signaling pathways.

UPS REGULATION OF NF-kB
SIGNALING: SPECIFIC PATHWAYS

Introduction

As mentioned previously, an array of stimuli
may activate host receptors to initiate the up-
stream signaling events that culminate in the
activation of NF-kB transcription factors.
Although each signaling cascade is activated
by unique stimuli and contains highly speci-
alized components, the pathways share some
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functionally common elements, including: (1)
adaptors that link the activated receptor to
downstream effector proteins, (2) proximal
kinases that propagate signaling, sometimes
in a kinase-independent manner by serving as
adaptor proteins, (3) nondegradative ligases,
(4) degradative E3 ligases, (5) distal I-kK kin-
ases, and (6) DUBs. These components, and
the pathways that they participate in, are listed
in Table 1.

TNFR1

Tumor necrosis factor-a (TNF-a) was first des-
cribed in 1975 as a factor that caused tumor
necrosis in a murine sarcoma model (Carswell
et al. 1975). Since then, TNF-a has been charac-
terized as a cytokine that activates a variety of

cellular responses including NF-kB signaling,
as depicted in Figure 2. TNFR1 is trimerized
on TNF-a binding, thereby promoting recruit-
ment of the adaptor protein TNF receptor asso-
ciated protein with a death domain (TRADD).
TRADD assembles at least two distinct signal-
ing complexes that initiate opposing signaling
pathways: Complex 1-mediated activation of
antiapoptotic and proinflammatory mediators,
including NF-kB, or complex 2-mediated acti-
vation of apoptosis. Activation of apoptosis
by complex 2 has been extensively reviewed
elsewhere (Varfolomeev and Vucic 2008); in
this article, we focus on NF-kB activation by
complex 1.

In addition to TRADD, complex 1 includes
receptor interacting protein-1 (RIP1), cellular
inhibitor of apoptosis protein-1 (cIAP1), cIAP2,
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Figure 2. TNFR1 and TLR4 signaling pathways. Lys-48-linked ubiquitin chains are shown in red, and Lys-63-
linked ubiquitin chains are shown in green. See text for additional details.
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and TNF receptor associated factor-2 (TRAF2).
RIP1 is a kinase that is essential for TNF-a-
mediated NF-kB signaling in a kinase-indepen-
dent manner (Ting et al. 1996; Kelliher et al.
1998). On TNF stimulation, TNFR1-associated
RIP1 is rapidly modified by Lys-63-linked poly-
ubiquitin chains. These Lys-63-linked chains
create a scaffold to recruit the I-kK complex via
NEMO. Mutations in NEMO that abolish
binding to Lys-63-linked polyubiquitin chains
also disrupt association of NEMO with RIP
in TNF-a-stimulated cells, block the recruit-
ment of I-kK to TNFR1, and inhibit I-kK
activation (Ea et al. 2006; Wu et al. 2006).
The UBDs in the TAB2/3 regulatory proteins
of the TAK1 kinase complex also bind Lys-
63-linked polyubiquitin chains, thus TAB2/3 is
recruited to polyubiquitinated RIP on TNF-a
stimulation (Kanayama et al. 2004). The sub-
sequent activation of the TAK1 complex pro-
motes I-kK activation (Kovalenko and Wallach
2006). Lys-377 is likely the primary residue
that is ubiquitinated on RIP and appears to be
important for NF-kB activation, given that a
Lys-377 mutation to arginine attenuates RIP
ubiquitination, prevents the recruitment of
TAK1 and I-kK complexes to TNFR1, and in-
hibits I-kK activation (Ea et al. 2006). TNFR1-
stimulated signaling pathways may also activate
MEKK3 and aPKC that in turn phosphorylate
the I-kK complex.

Given the importance of RIP modification
with Lys-63 polyubiquitin chains in propa-
gating TNFR1 signaling, the definitive iden-
tification of RIP E3 ligases is of significant
interest. The initial candidate was TRAF2, a
RING domain E3 that is essential for TNF-a-
stimulated and NF-kB signaling (Yeh et al.
1997; Tada et al. 2001), possibly in collaboration
with the heterodimeric E2 UBC13/UEV1 (Shi
and Kehrl 2003). Evidence for TRAF2-mediated
RIP ubiquitination is based on TRAF2 RNAi
(Wertz et al. 2004) and gene ablation (Lee et al.
2004) experiments, which decreased RIP ubi-
quitination in the absence of TRAF2. However,
these data could simply reflect that TRAF2
is an adaptor that recruits another ligase to
RIP1. Thus, formal proof demonstrating direct
ubiquitination of RIP1 by TRAF2 is still

needed. TRAF5 is another RING domain E3
that is thought to participate in TNFR1-induced
NF-kB activation because TRAF2 and -5 are func-
tionally redundant in promoting NF-kB acti-
vation (Tada et al. 2001). However, formal
proof of TRAF5 ligase activity is missing, and
TRAF5 recruitment to complex 1 has not been
reported.

The cIAP1 and cIAP2 (cIAP1/2) proteins are
another pair of RING E3s that associate with
activated TNFR1 (Shu et al. 1996; Srinivasula
andAshwell2008).BecausecIAP1/2arerecruited
to TNFR1 via TRAF2, they are candidate TRAF2-
associated RIP1 ligases. Indeed, cIAP1/2 pro-
mote RIP1 polyubiquitination in vivo, and in
vitro experiments revealed that cIAP1/2 couple
with the E2 UBCH5 to catalyze Lys-63-linked
RIP polyubiquitination. Furthermore, deletion
of both cIAP1 and -2 revealed their essential and
redundant roles in TNF-a-induced NF-kB acti-
vation (Varfolomeev et al. 2008; Mahoney et al.
2008; Bertrand et al. 2008). It is therefore un-
clear what specific functions TRAF2 and -5 and
cIAP1/2 have in RIP1 ubiquitination and NF-
kB activation. It is possible that TRAF2 (and
perhaps TRAF5) simply recruits cIAP1/2 to
TNFR1 buthas noadditional role inRIP1 ubiqui-
tination. Alternatively, TRAF2 and -5 could regu-
late cIAP1/2 ubiquitin ligase activity, possibly via
ubiquitination, or perhaps TRAF2 and -5 ubiqui-
tinate RIP1 on different sites and/or in different
contexts than cIAP1/2 to fine-tune TNFR1-
induced NF-kB activation.

The E2 UBC13 was first implicated in
TNFR1 signaling when a dominant–negative
version of UBC13 was reported to block
TNF-a- and TRAF2-induced NF-kB activity
(Deng et al. 2000). However, UBC13 genetic
ablation experiments performed by two separ-
ate groups have generated conflicting results.
In each set of studies, homozygous UBC13
ablation was embryonic lethal, thus necessi-
tating study of hemizygous UBC132/þ mice
(Fukushima et al. 2007) or mice conditionally
deficient in UBC13 (Yamamoto et al. 2006a).
Although UBC13þ/2 macrophages and spleno-
cytes displayed blunted activation of NF-kB in
response to TNF-a (Fukushima et al. 2007),
UBC132/2 MEFs displayed no alteration in
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TNF-a-induced NF-kB signaling relative to
wild-type MEFs (Yamamoto et al. 2006a).
These discrepancies may be attributable to
other E2 enzymes or E2/ligase pairs that can
substitute for UBC13 in certain cell lines. For
example, it was shown in a cell-free system
that UBC4/5 can promote I-kB-a phosphory-
lation with an unidentified ligase (Chen et al.
1996). Furthermore, TRAF2 and -5 fail to
bind UBC13 in vitro (Yin et al. 2009), impli-
cating another E2 and/or E2/ligase pair in
TNFR1-induced NF-kB activation. The recent
identification of a distinct E2/E3 enzyme
complex that modifies NEMO with linear poly-
ubiquitin chains and is essential for TNF-a-
activated NF-kB signaling may explain some
of the discrepancies revealed in the previous
studies (Tokunaga et al. 2009).

Genetic ablation experiments established
A20 as a critical negative regulator of TNF-a-
induced NF-kB signaling (Lee et al. 2000), and
functional studies later revealed that A20 con-
tains both an OTU DUB domain and a C2/C2

ZnF E3 ligase domain. As such, A20 is a dual-
function ubiquitin editing enzyme for RIP1:
The A20 DUB domain first depolymerizes
Lys-63-linked ubiquitin chains from RIP1, and
the A20 E3 ligase motif then promotes the
ligation of Lys-48-linked ubiquitin chains on
RIP1 (Wertz et al. 2004). Several modulators
of A20 ubiquitin ligase activity have also been
identified. TAXBP1, a binding protein of the
hTLV TAX protein, is an A20-binding protein
and cooperates with A20 to attenuate TNF-a
signaling by recruiting the HECT-domain ubi-
quitin ligase Itch (Shembade et al. 2008). The
RING domain E3 RNF11 also collaborates
with TAXBP1 and Itch to promote RIP1 degra-
dation after TNF-a treatment (Shembade et al.
2009), although the precise roles for each E3 are
unknown. A number of additional RIP1 DUBs
have also been reported. The A20-like protein
cellular zinc finger antiNF-kB (Cezanne) also
has an OTU domain and promotes RIP1 deubi-
quitination on TNF-a stimulation (Enesa et al.
2008), and CYLD is also proposed to deubiquiti-
nate RIP1, among other critical targets, in TNF-
a-induced NF-kB signaling pathways (Sun
2009). Invivo evidence of RIP1 ubiquitin editing

was recently revealed by ubiquitin linkage-
specific antibodies (Newton et al. 2008), thus
the interplay between the various ubiquitin
modifying enzymes in orchestrating RIP1 ubi-
quitination and degradation will be interesting
to elucidate.

IL1R1/TLR4

Interleukin-1 (IL1) receptor-1 (IL1R1) and Toll-
like receptors (TLR) are transmembrane proteins
that share a common intracellular Toll and IL1
receptor (TIR) domain. As such, they recruit
related complexes of signaling proteins with
distinct variations that fine-tune regulation
and mediate signaling specificity. Like TNFR1,
IL1R1-activated signaling pathways may also
activate MEKK3 and aPKC that in turn activate
the I-kK complex. IL1R1 is activated by the po-
tent inflammatory cytokine IL1-b, whereas TLRs,
of which there are at least 10 in humans, recog-
nize pathogen-associated molecular patterns
(PAMPs) such as LPS and viral nucleic acids.
On activation, most TLRs and IL1R1 recruit
the adaptor protein MyD88 either directly or
via MAL (also known as TIRAP) through
TIR/TIR interactions. TLR4 can also recruit
TRIF via TRAM, and TLR3 directly recruits
TRIF (for more extensive reviews, see O’Neill
and Bowie 2007; Verstrepen et al. 2008).

Here, we focus on TLR4 as a prototypical
TIR domain-containing receptor. A wealth of
studies have investigated the mechanistic details
leading to I-kK activation, thus the model pre-
sented here highlights general concepts (Fig. 2).
LPS binding activates two primary pathways
downstream of TLR4 that culminate in TAK1
activation. In one branch, TRAM and TRIF are
recruited to TLR4, and TRIF recruits both
TRAF6 and RIP1 to the proximal receptor signal-
ing complex. It is thought that TRAF6 and RIP1
Lys-63-linked polyubiquitination both facilitate
TAK1 activation (Schauvliege et al. 2007; Vallab-
hapurapu and Karin 2009). In the other branch,
recruitment of MyD88 via MAL promotes the
assembly of a proximal signaling complex that
includes IRAK1 and -4 and TRAF6. IRAK4 phos-
phorylates IRAK1, which promotes dissociation
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of IRAK1 and bound TRAF6 from TLR4. This
complex subsequently associates with the
TAK1/TAB complex, perhaps via TAB2/3 bind-
ing to TRAF6 Lys-63-linked chains. Pellino
RING ligases are also recruited and may ubiquiti-
nate IRAK1 with Lys-63-linked chains. IRAK1
and Pellino proteins are ubiquitinated and tar-
geted for proteasomal degradation, perhaps by
Pellino ligases that promote Lys-48 and Lys-11
polyubiquitination. IRAK1 degradation and
TAK/TAB phosphorylation may facilitate the
release of TAK1/TAB complex and associated
TRAF6, but the role of such translocation in
NF-kB activation is unclear (Moynagh 2009).
Thus, most evidence indicates that Lys-63-
linked ubiquitination is critical for TAK1 and
IKK activation via MyD88 and MAL even
though the precise mechanisms are unknown.

Indeed, TRAF6, IRAK1, NEMO, and the
Pellino proteins are all reported targets of
Lys-63-linked ubiquitination, and the ubiquiti-
nation sites that are critical for propagating
NF-kB signaling have been mapped on IRAK1
(Conze et al. 2008) and TRAF6 (Lamothe
et al. 2007). Nevertheless, the E2 and E3 en-
zymes responsible for activating NF-kB signal-
ing downstream of IL1R1 and TLR are not
completely characterized. For example, con-
ditional UBC132/2 B cells, bone marrow-
derived macrophages, and MEFs have no
defects in NF-kB signaling after stimulation
with IL1-b or TLR agonists including LPS,
CpG DNA, or bacterial lipopeptide (Yamamoto
et al. 2006a). These results suggest that UBC13
in collaboration with TRAF ligases may not be
responsible for catalyzing Lys-63 polyubiquiti-
nation, and/or that Lys-63 polyubiquitination
is not important for IL1R1 or TLR signaling
pathways. In contrast, UBC13þ/2 macrophages
and splenocytes showed decreased NF-kB
activity in response to LPS (Fukushima et al.
2007). Adding to the complexity of interpreting
these studies, it was also reported that LPS treat-
ment promoted less TRAF6 ubiquitination in
UBC13þ/2 spleen lysates and splenocytes rela-
tive to wild-type controls (Fukushima et al.
2007). However, it is not clear whether the
lysates were denatured before TRAF6 immu-
noprecipitation to dissociate noncovalently

bound proteins; if not, the polyubiquitination
detected in TRAF6 immunoprecipitates could
reflect the ubiquitination status of TRAF6-
associated proteins (including UBC13), rather
than TRAF6 itself. Finally, the role of the
TRAF6 RING in TLR- and IL1R1 signaling is
unclear. One study showed that the TRAF6
RING and first ZnF were dispensable for
NF-kB activation in complementation exper-
iments with TRAF6-deficient cells (Kobayashi
et al. 2001), whereas similar complementation
studies (Lamothe et al. 2007; Conze et al.
2008; Walsh et al. 2008) and structure/function
studies (Yin et al. 2009) indicate that the TRAF6
RING domain is essential. Similarly, structure/
function studies have shown that TRAF6 inter-
action with UBC13 is essential for IL1-induced
NF-kB activation (Yin et al. 2009). It is therefore
possible that in certain conditions alternate E2s,
ligases, and/or even polyubiquitin chains can
propagate IL1R1- and TLR-induced NF-kB
signaling, such as the LUBAC ligase complex
that polymerizes linear ubiquitin chains that
are essential for IL1-b-induced NF-kB signaling
(Tokunaga et al. 2009).

Ubiquitin editing also appears to be an
important regulatory mechanism for NF-kB
activation in IL1R1 and TLR4 signaling path-
ways. IRAK ubiquitination and degradation
on receptor activation was first reported
12 years ago (Yamin and Miller 1997), but it
was only recently shown that IRAK is ubiquiti-
nated with Lys-63 polyubiquitination before
degradation (Ordureau et al. 2008). Further-
more, ubiquitin-linkage-specific antibodies
revealed that IRAK1 is a target of ubiquitin
editing after IL1-b stimulation (Newton et al.
2008). A20 (Boone et al. 2004) and CYLD
(Sun 2009) have been shown to remove Lys-63
polyubiquitin chains from TRAF6 and thereby
regulate TLR4 and IL1R1 signaling, but
the enzymes responsible for IRAK1 ubiquitin
editing are largely unknown. Certain Pellino
proteins are reported to synthesize Lys-11,
Lys-48, and Lys-63 polyubiquitin chains and
are therefore attractive candidates for IRAK
ligases in addition to TRAF6 (Moynagh 2009),
and Pellino genetic ablation studies will likely
further elucidate the physiological targets.
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Noncanonical NF-kB Signaling: CD40

Most TNFR family members can activate both
canonical and noncanonical NF-kB signal-
ing pathways. A subset of receptors including
CD40 and BAFF-R on B cells, LTB-R on
stromal cells, TWEAK-R on endothelial cells,
and RANK on osteoclasts primarily activate
the noncanonical pathway, making these recep-
tors key systems for study (Hacker and Karin
2006). Here, we focus on CD40 as a model
system of NF-kB activation by noncanonical
signaling pathways (Fig. 3).

A key feature of noncanonical NF-kB sig-
naling is the proteasomal processing of p100
to p52. Generation of p52 allows the active
NF-kB heterodimer to enter the nucleus and
promote transcription. Processing of p100 is

initiated by IkK-a-mediated phosphorylation,
which is activated by NIK. NIK is normally
maintained at low levels in the cytosol as a
result of efficient degradation by the ubi-
quitin/proteasome system (Vallabhapurapu
and Karin 2009). Thus, the identification and
mechanistic characterization of the ligase(s)
that promote NIK degradation has been the
subject of intense research.

Several clues to the identity and function of
NIK ligases have been provided by studies using
knockout mice, RNAi, and small molecule
antagonists of signaling components of non-
canonical NF-kB signaling pathways. In unsti-
mulated cells, NIK is constitutively bound
to TRAF2 and -3, which are nonredundant
negative regulators: Deficiency in TRAF2 or -3
promotes constitutive NIK activation, and
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crossing TRAF2 or -3 deficient mice with
NIK2/2 mice resolves the pathology (Wallach
and Kovalenko 2008). Furthermore, inhibition
of cIAP1 or -2 expression using RNAi or
small molecule antagonists also activates NIK
(Wu et al. 2007). Because TRAF2 and -3 are
thought to catalyze nondegradative Lys-63 polyu-
biquitination, it was proposed that TRAF2 and -3
participate in NIK degradation by serving as a
molecular link to cIAP1/2, which could assemble
degradative polyubiquitin chains on NIK.
Additional evidence to support this hypothesis
includes degradation of endogenous cIAP1/2
on activation with ligands that activate noncano-
nical NF-kB signaling (CD40, BAFF, and
TWEAK)andgeneticdeletionofcIAP1/2inmul-
tiple myeloma cells, which is correlated with NIK
stabilization, p100 processing, and chronic
NF-kB activation (Varfolomeev and Vucic 2008).

Additional studies have investigated the
coordinated activities of TRAF2 and -3 with
cIAP1/2 in NIK degradation in response to
CD40 activation. These studies suggested that
on receptor ligation, TRAF3 serves as an
adaptor to recruit NIK, as well as TRAF2 and
associated cIAP1/2, to receptors. TRAF2 then
modifies cIAP1/2 with Lys-63-linked polyubi-
quitination, thereby enhancing the ability of
cIAP1/2 to catalyze Lys-48-linked polyubiqui-
tination of TRAF3. The resultant degradation
of TRAF3 dissociates NIK from the cIAPs,
thereby permitting NIK accumulation, p100
processing, and NF-kB activiation (Wallach
and Kovalenko 2008). Collectively, these studies
point to cIAP1/2, and possibly to TRAF2 and
-3, as targets of ubiquitin editing: On receptor
activation, these proteins are initially modified
with Lys-63-linked chains (Wallach and Kova-
lenko 2008; Varfolomeev and Vucic 2008), and
are subsequently modified with degradative
polyubiquitin linkages that target them for pro-
teasomal destruction (Wu et al. 2007; Wallach
and Kovalenko 2008). Notably, in the case of
noncanonical NF-kB signaling, ubiquitin
editing promotes NF-kB activity, as opposed
to canonical NF-kB signaling inwhich ubiquitin
editing attenuates NF-kB activity.

These reports may explain why TRAF2
and -3 have nonredundant functions in CD40

signaling but, as with any new information
in complex systems, the findings prompt
further investigation. For example, the role
of the TRAF3 RING domain is unclear. Comp-
lementation experiments of TRAF3 null MEFs
suggested that a TRAF3 RING mutant is un-
able to destabilize endogenous NIK or inhibit
endogenous p100 processing, implicating the
importance of the TRAF3 RING domain in reg-
ulating noncanonical NF-kB signaling (He et al.
2007). Conversely, experiments in HEK 293T
cells with RING-deleted TRAF3 (Vallabha-
purapu et al. 2008) and in TRAF22/2 or
TRAF32/2 MEFs reconstituted with TRAF2/
TRAF3 chimeras suggest that TRAF3 serves as
an adaptor only, and the TRAF3 RING is not
required to regulate p100 processing (Zarnegar
et al. 2008). Additionally, how TRAF2 and -3
generate polyubiquitin chains is uncertain.
Structure/function studies suggest that only
TRAF6, but not TRAF2 or -3 RING domains,
interact with UBC13. Thus, the E2 enzymes
that cooperate with TRAF2 and -3 are unknown
(Yin et al. 2009). This could explain why con-
ditional ablation of UBC13 in B cells does
not alter p100 processing in response to anti-
CD40 or BAFF stimulation (Yamamoto et al.
2006a), and suggests that another ligase and/
or E2 that catalyze Lys-63 polyubiquitination
participate in noncanonical NF-kB signaling.
Finally, it is unclear whether NIK requires addi-
tional regulation for full kinase activity, or
whether simple accumulation of critical protein
levels is sufficient for activation (Wallach and
Kovalenko 2008).

Antigen Receptors: TCR

Antigen receptors are activated on ligation with
MHC-bound antigenic peptides from pathogens
that are presented on the surface of antigen-
presenting cells. Receptor ligation activates a pro-
totypical signaling cascade that is common to an
array of receptors, including angiotensin II- or
lysophosphatidic acid-activated G-protein coup-
led receptors as well as a number of receptors
containing immunoreceptor tyrosine-based acti-
vation motifs (ITAMs). ITAM-containing re-
ceptors include TCR, BCR, the natural killer
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(NK) cell receptor NKG2D, and the osteoclast
receptor OSCAR (Thome 2008). In each case,
receptor activation initiates a phosphorylation
cascade that promotes the assembly of a com-
plex that is composed of CARMA1, Bcl10, and
MALT1 (the CBM signalosome), which ulti-
mately activates I-kK to promote NF-kB tran-
scription.

Here, we focus on TCR as a prototype of
antigen receptor signaling (Fig. 4). TCR ligation
with a peptide/MHC complex activates TCR-
associated Src/Syc family kinases. A subsequent
phosphorylation cascade that includes PI3K
and PDK1 culminates in PKC-Q phosphoryl-
ation. Activated PKC-Q then phosphorylates
CARMA1, resulting in membrane recruitment
and assembly of the CBM signalosome. CBM
assembly promotes polymerization of Lys-63-

linked ubiquitin chains and subsequent acti-
vation of TAK1 to stimulate NF-kB-mediated
transcription (Bhoj and Chen 2009).

TRAF2 and -6 are candidate ligases that
may polymerize Lys-63-linked Ub chains down-
stream of activated TCRs. Although TRAF2
or -6 knockout animals have no deficiency
in TCR-induced NF-kB activation, RNAi of
both TRAF2 and -6 almost completely abol-
ished I-kK activation downstream of TCR.
Because MALT1 has TRAF2 and -6 binding
motifs, it was proposed that TRAF oligomeriza-
tion by assembly of the CBM complex activates
TRAF E3 activity and subsequent generation of
Lys-63 polyubiquitin chains (Sun et al. 2004). It
will be important to confirm these findings with
TRAF2/6 double knockout mice. Given that
TRAF proteins have been shown in other

PKCq
BCL10

Carma1
Pl3K PDK1

MALT1

TRAF2/6

Ub
Ub

Ub
Ub
Ub
Ub

Ub
Ub

p50 p65

Cell survival
inflammation

p50 p65

IkB
UbUb

Ub
Ub

Ub

P
P

P
IKKb

IKKa
NEMO

TAB2/3
TAB1

TAK1

Ub
Ub

Ub
Ub
Ub

IkB
Proteasome

A20
CYLD

NEDD4

ITCH

TCR

Src/Syk

P
P

P

MHC
+Ag

Figure 4. TCR signaling pathways. Lys-48-linked ubiquitin chains are shown in red, and Lys-63-linked ubiquitin
chains are shown in green. See text for additional details.

I.E. Wertz and V.M. Dixit

12 Cite this article as Cold Spring Harb Perspect Biol 2010;2:a003350



pathways to recruit additional ligases that
catalyze Lys-63-linked polyUb chains, such as
cIAP1/2 and Pellinos, additional studies with
TRAF2 and -6 mutants that are deficient in
ligase recruitment motifs will also be required
to determine the relative contribution of each
ligase in TCR-induced NF-kB activation. In-
deed, UBC13-deficient thymocytes are severely
deficient in TAK1 activation, but IkB-a phos-
phorylation and degradation are only modestly
affected (Yamamoto et al. 2006b). These find-
ings suggest that other upstream ligases that col-
laborate with alternate E2s and that activate
additional I-kK-activating kinases could be
involved in TCR-mediated NF-kB activation.

TRAF6, MALT1, NEMO, and Bcl10 have all
been proposed as targets for Lys-63 polyubi-
quitination, and primary ubiquitination sites
have been mapped in most cases, revealing
their importance in propagating NF-kB signal-
ing (Sun et al. 2004; Zhou et al. 2004; Oeckin-
ghaus et al. 2007; Wu and Ashwell 2008).
Interestingly, Bcl10 is also destabilized following
TCR activation. It has been shown that Bcl10 is
ubiquitinated and targeted for lysosomal degra-
dation by NEDD4 and Itch, ligases that are
important for regulation of immune responses
(Scharschmidt et al. 2004). Thus, Bcl10 is
another example of a critical signaling com-
ponent that is regulated by ubiquitin editing:
Bcl10 is rapidly modified by Lys-63 polyubiqui-
tination to facilitate TCR activation, and is
subsequently tagged with degradative polyubi-
quitin modifications to down-regulate Bcl10
and thereby attenuate TCR signaling.

Recent reports have also implicated Bcl10,
as well as A20, as substrates of the caspase-like
activity of MALT1. In both cases, MALT1 pro-
teolytic activity is not required for TCR-
induced NF-kB activation, in agreement with
previous reports showing that substitution of
the putative MALT1 catalytic Cys residue only
modestly reduces NF-kB activity (Uren et al.
2000) (Lucas et al. 2001). Rather, MALT1-
mediated proteolysis seems to be important
for fine-tuning TCR-induced NF-kB activation.
Bcl10 cleavage promotes T-cell adhesion to
fibronectin following TCR activation, which is
important for T-cell stimulation, migration,

and extravasation (Rebeaud et al. 2008).
Unlike most cells in which A20 is induced by
NF-kB as a negative-feedback mechanism to
prevent protracted NF-kB signaling, A20 is con-
stitutively expressed in lymphoid cells. Thus,
MALT1-induced A20 cleavage is proposed to
inactivate A20 and thereby release the constitu-
tive brake on TCR-induced NF-kB signaling.
These studies provide an additional mechanism
for regulation of TCR-induced NF-kB signaling
and motivate the search for additional caspase
substrates. This is especially significant given
the genetic (Hacker and Karin 2006) and
biochemical (Sun et al. 2008) evidence that
caspase-8 is critically required for NF-kB
activation in response to TCR ligation, yet the
mechanistic details of how caspase-8 achieves
these effects remain unclear.

NF-kB Activation by Intracellular Stimuli:
NOD2, RIG-I, and DNA Damage

Although the previous examples of NF-kB-
activating signaling pathways are all initiated
by extracellular ligands that activate transmem-
brane receptors, a number of stimuli may also
initiate NF-kB signaling from within the cyto-
sol or nucleus. These include microbe-derived
PAMPs that bind to nulceotide-binding domain
leucine-rich repeat (NLR) proteins or RIG-I-
like receptors (RLR), as well as DNA damage
(Fig. 5). Other noxious stimuli, such as oxidation
and endoplasmic reticulum stress, may also acti-
vate NF-kB signaling. However, the signaling
components are less well characterized, thus
these pathways will not be discussed here and
the reader is instead referred to several excellent
reviews (Brzoska and Szumiel 2009; Zhang and
Kaufman 2008).

The NLR proteins are defined by a tripartite
domain organization that includes an amino-
terminal protein/protein interaction domain
(CARD, pyrin, or BIR), a central nucleotide-
binding oligomerization domain (NOD) that
promotes activation-induced oligomerization,
and a carboxy-terminal leucine-rich repeat
(LRR) domain that is important for detection
of PAMPs. Here, we discuss NOD1 and -2, the
most extensively studied members of the NLR
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family (Shaw et al. 2008). NOD1 is widely
expressed, whereas NOD2 expression is limited
to intestinal Paneth cells, dendritic cells, and
monocytes and macrophages. Both are activa-
ted by distinct components of bacterial cell
walls that induce homo-oligomerization. These
activation-induced conformational changes
promote the recruitment of RIP2, followed by
RIP2 ubiquitination with Lys-63-linked chains.
Several ligases have been proposed for RIP2.
Some reports suggest that TRAF2 and -5
promote RIP2 polyubiquitination in the NOD1
signaling pathway, whereas TRAF6 may be
important for polyubiquitination of targets
downstream of NOD2 (Vallabhapurapu and
Karin 2009). However, another group showed
that, like RIP1 in the TNFR signaling
pathway, cIAP1 and -2 promote RIP2 Lys-63

polyubiqutination in the NOD1/2 pathways.
Interestingly, cIAP1/2 did not seem to be redun-
dant as in the TNFR1 signaling pathway, because
ablation of either cIAP1 or cIAP2 attenuated
NF-kB signaling (Bertrand et al. 2009). Lys-63
polyubiquitinated RIP2 then recruits TAK1 via
associated TAB proteins, leading to I-kK acti-
vation (Reardon and Mak 2009). A20 ablation
results in exaggerated NOD2 signaling, sug-
gesting that A20 also edits polyubiquitination
of NOD2 signaling components. Indeed, RIP2
polyubiquitination is markedly enhanced in
A20 null cells, and A20 deubiquitinates RIP2 in
vitro. Notably, mutations in A20 and in NOD2
are associated with Crohn’s disease (Hito-
tsumatsu et al. 2008). NEMO is also ubiquiti-
nated with Lys-63-linked chains following
NOD2 activation, thereby activating I-kK.
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Interestingly, the NOD2 mutations that are
found in Crohn’s disease inhibit NEMO ubiqui-
tination and NF-kB signaling, underscoring the
importance of proper regulation of ubiquitina-
tion in NLR signaling pathways (Chen et al.
2009).

RLR family members include RIG-I, MDA5,
and LGP2, all of which bind cytosolic viral RNA
via helicase domains. Here, we focus on RIG-I as
the prototypical RLR. Binding of viral RNA pro-
motes association of the CARD motif of RIG-I
with the CARD of MAVS, a mitochondrial-
localized adaptor protein. The RIG-I/MAVS
interaction is also facilitated by TRIM25, which
polyubiquitinates RIG-I with Lys-63-linked
chains. More specifically, a RIG-I Lys-172-Arg
point mutant that cannot be ubiquitinated by
TRIM25 neither interacts with MAVS nor ac-
tivates NF-kB. MAVS also contains TRAF3
binding sites, which are important for IRF3 acti-
vation, and TRAF2 and -6 binding sites, which
may promote IKK activation (Kawai and Akira
2008). FADD and RIP1 may also participate
in RIG-I-mediated NF-kB activation down-
stream of MAVS (Hacker and Karin 2006).
RIG-I activity is down-regulated by ubiquitin
editing: CYLD depolymerizes Lys-63-linked
polyubiquitin chains on RIG-I (Sun 2009) and
the ligase RNF125 targets RIG-I and MAVS
for proteasomal degradation (Chiu et al. 2009).

DNA damage is a potent activator of NF-kB
activity, but many of the pathway components
and mechanistic details are still being elucida-
ted. Indeed, the “receptor” for DNA damage is
unknown, although the leucine-rich repeats of
PIDD are thought to play a role in detecting
DNA damage. Modification of nuclear NEMO
by PIASy with the ubiquitin-like protein
SUMO also appears to be an early event in
transducing DNA damage signals. NEMO
SUMOylation also requires RIP and PIDD,
which associate via their respective death
domains, and complex with NEMO on DNA
damage. SUMOylated NEMO accumulates in
the nucleus and is subsequently phosphorylated
by ATM, a protein kinase that is activated by
DNA damage. NEMO is then monoubiquiti-
nated by unknown enzymes on the same resi-
dues that were SUMOylated and is exported

with ATM to the cytosol, where it associates
with I-kK. Both NEMO monoubiquitination
and ATM are required for I-kK activation, but
the mechanistic details are unknown (Janssens
and Tschopp 2006; Brzoska and Szumiel 2009).

CONCLUSIONS AND FUTURE
PERSPECTIVES

The study of NF-kB signaling has opened up
a Pandora’s box, highlighting the interplay
between phosphorylation and the various
forms of ubiquitination that work in a con-
certed manner to both activate and extinguish
a signaling cascade of central importance to
the livelihood of metazoan animals. As we
learn from the cornucopia of information that
characterization of this pathway has yielded
and will continue to yield, it will be important
to bear in mind a number of questions. To
begin, are mechanisms like ubiquitin editing
more generally applicable to other signaling
pathways? With the advent of ubiquitin chain-
specific antibodies and improved mass spectro-
scopic techniques, this pressing question should
be answerable. Secondly, what determines
whether ubiquitin ligases such as cIAP 1/2 syn-
thesize Lys-48- or Lys-63-linked chains? We
suspect that linkage specificity is determined
by the nature of the E2 enzyme, but how is
docking of various E2s to the same ligase regu-
lated? Thirdly, what are the respective roles of
the RING domains in TRAFs and cIAP1/2,
and why are these ligases often recruited simul-
taneously to proximal signaling complexes?
Are the TRAFs bona fide ubiquitin ligases
and if so, do they exclusively synthesize Lys-63
polyubiquitin chains? Can TRAFs polymerize
Lys-63-linked chains in conjunction with
E2 enzymes other than UBC13? Is it possible
that the purpose of simultaneously recruiting
multiple ubiquitin ligases in proximal signal-
ing complexes is that each type of ligase predo-
minantly polymerizes one type of ubiquitin
chain? Addressing these questions by knocking
down components in transformed cells or by
overexpression studies may be misleading
because of ineffective knockdown and the
propensity of the TRAFs to promiscuously
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oligomerize on overexpression. Definitive an-
swers to these important questions in a physio-
logical context will likely require the generation
of RING-mutant knock-in mice and careful
analysis of any compromise in ubiquitin chain
generation and in NF-kB signaling. Finally,
what regulates the negative regulators like A20
and CYLD? Both DUBs may be modulated by
phosphorylation (Reyes-Turcu et al. 2009; Sun
2009), but is this their only mode of regulation?
Whatever the answers, the field promises to
teach us much about how NF-kB, and cellular
signaling in general, is regulated. Most impor-
tantly, much of what we learn is likely to have
therapeutic benefits.
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